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Editorial on the Research Topic 


Soil-plant-microbe interactions: An innovative approach towards improving soil health and plant growth


The loss of soil health is one of the major obstacles to attaining agricultural sustainability. This loss is typically caused by the adoption of poor farming practices and the excessive use of chemicals, such as fertilizers and pesticides (Kumar et al., 2017; Kumar et al., 2018). One potential strategy to stop this deterioration in soil quality is the application of microbial inoculants to the soil or plant parts (Banik et al., 2019). Understanding how microbes function in the plant-soil system’s biogeochemical cycling, as well as in processes like the reduction of toxins, nutrient dynamics, antioxidant activity, systemic induction of resistance, pathogen suppression, etc., is essential if we are to fully utilize their potential (Govindasamy et al., 2008). In addition to improving product quality and environmental health, these interactions will lessen the toxicity of synthetic chemicals and other pollutants. This special issue covers the aspects related to the relationship between soil, plants, and microbes to enhance soil health and plant growth, which is especially helpful for comprehending the sustainability of agricultural systems.

In this Research Topic, the prevalence and potential management strategies of plant diseases in horticulture crops, including tomato fusarium wilt, apple replant disease (ARD), and kiwifruit early decline syndrome, have been examined. The factors of kiwifruit early decline syndrome were triggered due to the interaction between climatic conditions and agronomic soil management. Hence, properly managing these conditions might be useful to suppress the kiwifruit early decline syndrome (Bardi et al.). Whereas ARD disease was overcome by creating a new microbial community structure favorable to plant growth when ZnO-NPs were added to the soil (Pan et al.). On the other hand, Chaturvedi et al. highlighted the application of bacterial endophyte consortium to protect the photosynthetic system in tomato against fusarium wilt.

Rhizospheric and endophytic beneficial microorganisms play a crucial role in promoting plant growth and improving soil health. The rhizospheric microbes improve soil fertility, regulate pH, and protect crops from phytopathogens. Meanwhile, endophytes can contribute to improved nutrient uptake and increased tolerance to biotic and abiotic stresses. According to Dounas et al., the biological invasion of sand dunes by the exotic shrub had favorable effects on the chemical makeup and functionality of the soil due to the activity of rhizobacteria in fixing atmospheric nitrogen and the bioavailability of phosphate by the native mycorrhizal community. Agbodjato et al. also showed that the addition of 25% chemical fertilizers after inoculation of mycorrhiza (strains of Glomeraceae and Acaulosporaceae) in maize plants had a favorable effect. Pseudomonas spp. in finger millet was found to promote plant growth by releasing lytic enzymes and secondary metabolites (Waghunde and Sabalpara). In another report, Malviya et al. discovered two potential sulfur-oxidizing bacterial species (Stenotrophomonas maltophilia DRC-18-7A and Stenotrophomonas pavanii DRC-18-7B) that could be utilized as inoculants in pigeon pea to boost its growth and yield. Potent local rhizobia isolates (Rhizobium tropici clone H53, Mesorhizobium sp. WSM3874, and Rhizobium pusense strain Nak353) in small-holder farms has the significant potential to enhance cowpea growth and yield in response to climate change (Nyaga and Njeru).

To reduce the impact of abiotic stress in different crops, it is increasingly imperative to isolate and characterize potent microorganisms that help plants to cope with adverse conditions. Five ACC deaminase-producing bacteria that can alleviate drought were discovered by Sharath et al. from the cotton phyllosphere. These bacteria included Pseudomonas stutzeri, Acinetobacter sp., Bacillus mojavensis, Pseudomonas chlororaphis, and Enterobacter asburiae. Like this, Nagaraju et al. also developed an ACC deaminase-positive fermentative halophilic bacterial consortium that improved chickpea plant growth and yield in saline environments.

According to Wang et al., parameters of soil physicochemical and plant qualities were substantially connected with soil microbial properties, demonstrating how these variables can respond favorably to the natural restoration process of reclaimed marshes. On the contrary, Kumar et al. hypothesized that the conversion of the Sundarban and Bhitarkanika mangroves into rice agriculture negatively impacted the microbial diversity, hence affecting natural sustainability. Following the harvest of faba bean or oilseed rape, Rothardt et al. found that substituting organic amendments with high C:N ratios (such as winter wheat straw and sawdust) for the initial crop residues can lower N2O emissions over the fall and winter by up to 45%. According to the report by Freidenreich et al., CO2 emissions, particularly during the growing season of cover crops, were significantly influenced by soil and air temperature.

In this Research Topic, Padbhushan et al. report on a few studies that are part of a meta-analysis that includes trend analysis of integrated nutrient management (INM) and land use changes (LUC) in Indian agriculture. The study demonstrated that INM might be an economically and environmentally sustainable farming system mode in India for enhancing crop yield, raising soil carbon sequestration, and enhancing microbial activity. Following a decrease in the usage of chemical fertilizers, Kumar et al. integrated the fertilization of potassium through farmyard manure and murate of potash, which showed the most promising influence on soil biological activity and yield of wheat crop. Padbhushan et al. also revealed that the soil carbon pools decreased as LUC transitioned from native forestland to other LUs and suggested to adopt crop-production systems that can reduce CO2 emissions from the intensive LUs under Indian Agro-climatic conditions.

In the acid soils of the Indian sub-Himalayan area, agroforest systems (AFSs) based on hedges and alder may be encouraged to achieve climate-smart agricultural practices (Parmar et al.). In order to combat widespread malnutrition and acute zinc deficiencies in humans and livestock in the North-Western Himalayas, Choudhary et al. demonstrated how the system of rice intensification (SRI) in combination with the recommended dose of fertilizers and zinc in hybrid rice assumed a greater significance.

In the eastern Indo-Gangatic plans, Sahoo et al. hypothesized that an appropriate combination of irrigation and nitrogen levels in zero-till wheat may not only produce high yields and N usage efficiency but also effectively reduce NO3-N leaching under acidic alluvial soils. According to Sahoo et al., alternate tillage treatments with recommended levels of crop residue and fertilizer (75% of the recommended N as fertilizer and 25% of the recommended N as vermicompost) were found to improve soil microbiological activity and maintain soil carbon and nitrogen levels. Therefore, farmers in India’s Terai region should be advised to use various tillage techniques and integration of chemical and organic fertilizers. Diversification of production systems through the adoption of conservation agriculture and organic farming has been reviewed by Shahane and Shivay, which is worth considering their role in soil health improvement.

In contrast to fungus and actinomycetes, bacteria dominated the soil microbial communities. Bacteria and actinomycetes populations in Prunus fruticose rhizosphere and non-rhizosphere soil showed a decreased trend with elevation (Liu et al.). Recent research suggests that the host genetic factor may facilitate the study of microbiome diversity and structure, which may aid in selecting microbiomes based on various features (Sharma et al.). Advanced integrated novel molecular approaches, such as ecological models, meta-omics, genome editing, and bioinformatics, are required to explore broader knowledge of host-specific plant-microbe interactions (Shelake et al., 2019). These approaches could connect the relationship between the microbial community and environmental function. A review on the Synthetic Microbial Communities (SynCom) technique has been published in this issue by Shyanthan et al. SynCom is a new method that comprises co-cultures of several taxa under certain conditions to imitate the composition and operation of a microbiome (Shyanthan et al.). Through synergistic interactions amongst its members, the SynCom approach aims to strengthen the stability of microbial communities, and its practical use in agriculture will be taken into consideration.

Finally, we believe that this Research Topic on “Soil-Plant-Microbe Interactions” will provide insights into recent advances in the use of microbial inoculants to enhance crop yields while preserving soil health.
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Kiwifruit early decline syndrome is a widespread disorder that affects worldwide kiwifruit orchards. During the last few years, the seriousness and diffusion of this disorder worsened; as a consequence, in several rural areas the economic sustainability of farms was seriously affected. The early symptoms involve leaves (epinasty, chlorosis, desiccation, and abscission), fruits (decrease of number, size, and sugar content), and roots (anomalous morphology and anatomy). After symptoms occurrence, in a short time plants collapse and die: frequently this happens in the same or in the following year. Even though several phytopathological or agronomical studies have been carried out, a clear and univocal explanation of the causes and the possible remedies are yet to be understood. A field trial was carried out in an experimental kiwifruit orchard, in which several soil management practices (ridging, amendment with compost, bioinoculation with selected rhizospheric microorganisms) were tested to evaluate their effect on early decline symptoms occurrence. The analysis of plant growth parameters, root morphology and anatomy, and symptoms onset were related to environmental data (air and soil temperature, soil water tension). The results pointed to a possible role and interaction between agronomic soil management and climatic conditions as the triggering factors of kiwifruit early decline syndrome.

Keywords: soil bioinocula, soil ridging, compost, abiotic stress, physiological disorder, root anatomy, raphides, climatic conditions


INTRODUCTION

Kiwifruit is an economically important fruit crop, totaling more than 4 million tons of fruits produced annually world-wide, 14% of which are produced in Italy (Ferguson, 2016; FAO, 2018). However, in the last decade, kiwifruit cultivation has been challenged by several threats. Serious damages to kiwifruit orchards arose from the bacteria Pseudomonas syringae pv. actinidiae (Scortichini et al., 2012) and from the insects Halyomorpha halys (Haye and Weber, 2017). More recently, a syndrome resulting in an early decline of the plant occurred, hereafter called kiwifruit early decline syndrome (KEDS). The plants affected by KEDS suddenly collapse and die (Montanaro et al., 2014; Tacconi et al., 2014; Tosi et al., 2015; Sorrenti et al., 2016; Nari and Vittone, 2017; Bardi, 2020; Spigaglia et al., 2020).

The plant of kiwifruit is frequently prone to physiological disorder symptoms that have been associated with anomalous root morphology and rotting of structural roots, attributed to soil-borne pathogens (Reid et al., 1991; Tacconi et al., 2015; Donati et al., 2019; Prencipe et al., 2020; Spigaglia et al., 2020) as well as to soil-borne abiotic stresses (Savé and Serrano, 1986; Smith et al., 1989; Reid et al., 1991). Among abiotic stresses, soil structure and texture (Reid et al., 1991), nutrients availability, organic matter content, heavy metal content, xenobiotics phytotoxicity, water availability, and temperature (Xyloyannis et al., 1986; Smith et al., 1989), as well as management practices, e.g., overpruning and overcropping (Black et al., 2012), have been considered as possible factors inducing KEDS (Bardi, 2020). None of these factors was clearly identified as the sole KEDS cause; however, almost all of them can be directly or indirectly related to the extreme sensitivity of kiwifruit to low oxygen availability in soil (Savé and Serrano, 1986; Smith et al., 1989; Reid et al., 1991). Therefore, soil management practices improving root aeration, limiting the risk of waterlogging and reducing the development of soil-borne diseases have been proposed to avoid KEDS occurrence (Reid et al., 1991; Sorrenti et al., 2016; Tacconi et al., 2019a). However, over the last few years these practices were not sufficient to prevent the worsening of KEDS occurrence in both young and adult orchards (Spigaglia et al., 2020). As a consequence, the kiwifruit area steadily and dramatically decreased across Northern and Central Italy. 12.6% Italian kiwifruit orchards were uprooted in 2018; the most affected region was Veneto where 70% kiwifruit orchard were uprooted, followed by Piedmont where the loss of the land area dedicated to kiwifruit production was 28% (Tacconi et al., 2019b; Spigaglia et al., 2020).

An unusual “rapid apple decline,” with symptoms similar to KEDS, has become a major concern for apple growers, particularly in the northeastern United States (Singh et al., 2019). None of the several biotic and abiotic factors analyzed has been clearly identified as the cause of this decline, and it is speculated that differences in soil abiotic factors affecting moisture levels in roots, in combination with extreme weather conditions, might be the cause of rapid apple decline (Singh et al., 2019).

As a consequence of the global climate change, also in Italy a significant rise in temperature was observed over recent years, in particular during the summer season (RAN, 2010–2020). The role of climate, and in particular of high summer temperatures, on the onset of KEDS has not been studied yet. In order to verify how weather profiles can interfere with the kiwifruit orchard agronomical management and to look for possible solutions to KEDS occurrence, a trial was carried out in which different agronomical practices affecting the physical, chemical and biological characteristics of the soil were tested and weather data monitored, in particular the air and soil temperatures. Soil ridging was evaluated in comparison to traditional flat soil management, and the effect of soil biological fertility improvement by addition of compost or selected rhizospheric microorganisms was assessed. As the tested practices, in general, show a positive impact on root functionality (Diacono and Montemurro, 2011; Chaparro et al., 2012), an improvement of plant resilience against potential soil pathogenic or opportunistic microorganisms, as well as against abiotic stresses induced by extreme weather conditions, was hypothesized.



MATERIALS AND METHODS


Trial Set Up and Experimental Design

The trial was established in 2017 on a field (Saluzzo, Piedmont Region, North-West Italy, 44°38′49.8″N 7°31′52.6″E) located in a high risk area, i.e., characterized by high incidence of KEDS symptoms (Nari and Vittone, 2017). The field was a 30-years old kiwifruit orchards until 2016, when it was uprooted due to KEDS damages.

The soil was classified as loamy according to USDA classification (USDA, 1975) on both 0–30 and 30–60 cm depth. The major chemical and nutrient content characteristics of the 0–30 cm layer were: pH 6.8, 2.9% organic matter content, 87 ppm exchangeable K, 64 ppm soluble P and 2,409 ppm exchangeable Ca.

The trial was set up as a block design with 5 treatments and 4 replicates per treatment; 6 plants were analyzed for each replicate, with a total of 24 plants per treatment.

The soil was plowed up and tilled to assure suitable conditions for planting.

The following treatments were applied to the soil just before planting:

a) Soil without any additional tillage nor addition of compost (Control, C)

b) Soil tilled to form raised ridges of about 50–60 cm in rows (Ridged, R)

c) Soil without any additional tillage, with addition of compost (130 t ha−1, No-Ridged + Compost, CC)

d) Soil tilled to form raised ridges of about 50–60 cm in rows, with addition of compost (80 t·ha−1, Ridged + Compost, RC)

e) Soil tilled to form raised ridges of about 50–60 cm in rows, with addition of a microbial consortium (Micosat, CCS Aosta) composed of 40% mycorrhizal fungi (crude inoculum composed by Glomus spp. GB 67, G. mosseae GP 11, G. viscosum GC 4), 21.6% saprophytic fungi (Trichoderma harzianum TH 01, Trichoderma viride TV 03, Pochonia chlamydosporia PC 50) and 4,85 × 107 C.F.U. g−1 plant growth promoting bacteria (Bacillus amyloliquefaciens BA 41, Pseudomonas fluorescens PN 53, Pseudomonas spp. PT 65, Streptomyces spp. SA 51, SB 14 e ST 60) at a dose of 10 g·plant−1 (Ridged + Inoculum, RI). Each plant was supplemented with 40 ml of a mixture composed by 20 ml of an organic N fertilizer (4% N, 14% C—Eutrofit, AGM s.r.l.) and 20 ml of a humic extract (0.5% N, 1.5% C—Red radicale, Germina). The role of this supplement was to support the establishment of the microbial inoculum. The mixture was applied three times: at planting and twice again, with an interval of about a month between applications. In 2018 and 2019 the treatment was repeated with the same doses and timing.

The compost applied in treatments CC and RC contained 23% organic C, 2.55% N (93% in organic forms), 1.6% P2O5 and 1.2% K2O; the pH was 8.2.

Potted kiwifruit plants cv Hayward derived from micropropagation were planted at the beginning of May. The orchard was managed according to usual agronomical practices for 3 years.

The environmental parameters were monitored throughout the 3 years. The watering management was conducted by controlled localized irrigation under the monitoring of soil water potential, in order to avoid excess moisture as a possible cause of roots hypoxic stress. On 2019 (third growing seasons) plants were analyzed for growth, KEDS symptoms and roots morphology and anatomy.

The primary role of soil borne pathogens on KEDS onset was excluded by assays carried out on randomly selected samples of soils and roots before (soils) and after (soils and roots) the experiment (unshown data).



Plant Growth and KEDS Symptoms Development

Plant growth was evaluated five times during the vegetative season. The collar diameter was measured with a caliber. The diameter increase at each stage was calculated, and daily growth rate was determined as the diameter increase divided by the number of days of the period between the two consecutive measures. Results are shown referred to the day of mid bloom (DAMB = days after mid bloom), which occurred on May 31 (bloom started on 26 May and finished on 2 June).

KEDS symptoms were assessed three times during the vegetative season at 53, 82, and 123 DAMB in all plants of the orchard. All the plants of each treatment were classified by a qualitative scoring in three categories: (1) plants without KEDS symptoms, (2) plants showing KEDS symptoms, (3) dead plants.

Nutrient status of plants was assessed by measuring the chlorophyll index using a SPAD-502 m (Ling et al., 2011). Thirty leaves per plant were measured and the measure repeated on 4 plants per repetition.

At the end of the season, a plant representing the average growth expressed by the plants in each treatment (according to collar growth data) was uprooted carefully to assess the overall plant biomass (roots, shoots, and fruits).



Scanning Electron Microscopy of Root Sections

Root segments obtained from the uprooted plants were cut from roots having about 1 cm diameter with a steel razor blade. The so prepared, fresh, cross sections of each cut piece were placed on an aluminum stub and coated with few nanometers of gold (about 10–15 nm) in order to prevent any charging effect during the analysis. A Zeiss EVO 50 XVP scanning electron microscope (SEM) equipped with LaB6 source was used for the analysis. The microscope is endowed with detectors for secondary and backscattered electrons for image acquisition and Energy Dispersion Spectroscopy (EDS) for elemental analysis. All the samples were observed under a voltage of 5 kV and an intensity of 50pA with the purpose to enhance the surface topography. For the same reason, secondary electron detector was used for the micrographs acquisition. Indeed, it is well-known that the backscattered electrons provide information on a higher mean depth of the sample, so that details on the surface topography can be lost. In addition, these signals are mainly useful for materials containing elements with significant differences in atomic number (indeed the images acquired in backscattered mode are also called Z-contrast images). As for the elemental analysis, the intensity was increased up to 100 pA based on the need to obtain a good signal/noise ratio.



Environmental Measures

Weather data were recorded throughout the 3 years (2017–2019) with a station (METOS®, Pessl Instruments GmbH) positioned in the orchard. Soil temperature was monitored using a temperature probe positioned at 20 cm depth. Soil water potential was measured using tensiometers (Watermark, Irrometer Company Inc.) positioned at 10, 20, 30, and 40 cm depth in the Control and Ridged plots. Daily mean values were calculated from hourly measures.



Processing of Data and Statistical Analysis

ANOVA and least significant difference (LSD) analyses were carried out using PRISM (GraphPad Software, 2016) and Excel (MS Software, 2016) software assuming a p-value threshold ≤ 0.05.




RESULTS


KEDS Shoot Symptoms and Plant Growth

The onset of KEDS symptoms (epinasty, chlorosis, desiccation, and abscission of leaves) appeared at second year of plant growth (2018). On the third year (2019), at mid July (53 DAMB) initial symptoms of KEDS were visible only on 8.3% of plants grown on ridged plots with (RI) or without (R) inoculation of microorganisms, while no symptoms were observed in plants grown on ridged plots with the compost addition (RC) (Figure 1). A striking symptoms occurrence was instead recorded in non-ridged plants (C and CC), where about 83 and 50% of plants were affected respectively.


[image: Figure 1]
FIGURE 1. Qualitative scoring of KEDS symptoms in kiwifruit plants at different days after mid bloom (DAMB). C, Control; CC, Control + Compost; R, Ridged; RC, Ridged + Compost; RI, Ridged + Inoculum.


A general worsening of symptoms was observed throughout the season, and collapsed plants also appeared: in the not ridged plots (C and CC), dead plants (16.7%) were observed already in August (82 DAMB), and after a month (123 DAMB) they were more than 40%. In ridged plots, dead plants were not recorded in any assessment date. The addition of compost (RC) reduced the gravity of KEDS symptoms in comparison to the other two treatments (R and RI) (Figure 1).

The growth of the plants, measured with the increase of the trunk collar diameter, was significantly higher in ridged soils in comparison to not-ridged treatments (Figure 2A). The growth rate peaked around mid-July, 48 DAMB (Figure 2B), but a strong reduction of growth rate induced by the addition of the compost was observed in ridged plots; a similar growth reduction, even if not statistically significant, was observed also 48 DAMB in not-ridged treatment (CC). At the end of the season, the plants in ridged plots appeared more developed. One plant was chosen as representative for each treatment and uprooted, and the analysis of biomass was performed: it revealed that the plants from ridged plots produced a higher root biomass, and fruits were produced only in treatments in which soil biological fertility was improved with addition of compost or bioinocula (CC, RC, and RI) (Table 1).


[image: Figure 2]
FIGURE 2. Effect of soil management practices on trunk collar diameter growth of kiwifruit plants measured at different days after mid bloom (DAMB). (A) Total diameter increase; (B) average daily diameter growth rate. C, Control; CC, Control + Compost; R, Ridged; RC, Ridged + Compost; RI, Ridged + Inoculum. Different letters mean significant differences (p < 0.05).



Table 1. Biomass (total roots, leaves and fruits; g, fresh weight) produced by a single plant, chosen as representative for each treatment, uprooted at the end of the third growth season.

[image: Table 1]

The value of the chlorophyll index was similar in all treatments at the beginning of the vegetative growth (0 and 20 DAMB) (Figure 3). At mid-summer (53 DAMB), the chlorophyll index significantly increased in all treatments in which soil biological fertility was improved with addition of compost or bioinocula (CC, RC, and RI) (Figure 3).


[image: Figure 3]
FIGURE 3. Effect of the soil management method on the chlorophyll index determined by a SPAD-502 m on kiwifruit plants at different days after mid bloom (DAMB). C, Control; CC, Control + Compost; R, Ridged; RC, Ridged + Compost; RI, Ridged + Inoculum. Different letters mean significant differences (p < 0.05).




KEDS Root Symptoms and Microscopic Analyses

KEDS symptoms and differential shoots' growth were paralleled by a contrasting architecture and development of the root system in plants growing under the different trial treatments (Supplementary Picture 1). The plants growing on not-ridged soil showed typical symptoms of KEDS: a strongly reduced development of the root system, with a very limited occurrence of fine roots, fibrous roots with cortical decay, loss of rigidity and detachment of the cortex from the central stele. Moreover, the roots surface appeared covered by a viscous mucilage that entrapped rhizospheric soil (Supplementary Picture 2A) and formed clumps mixed to rod-shape crystals (Supplementary Picture 2B). Contrastingly, the root system of plants grown on ridged plots appeared better developed, with production of fine roots, particularly when compost or the microbial consortium were added.

The SEM analysis of roots segments showed an anomalous root anatomy structure, particularly evident in plants from flatted soils treatment (C) (Figure 4). A detachment of tissue layers was observed in correspondence of the root meristems: xylem was detached from phloem and phloem was detached from cortex (Figure 4A). The layers detachment was less pronounced in the roots of plants from ridged plots (Figures 4B–D). The xylem vessels in the roots of the C plant (Figure 4A) were characterized by a reduced diameter in comparison to R, RC and RI (Figures 4B–D). Phloem of C roots appeared destructured, with wide collapsed areas in which the cells appeared distorted or dissolved. In this layer, abundant bundles of crystals were present (Figure 5A), identifiable as raphides, i.e., crystals of calcium oxalate. EDS analysis confirmed the presence of calcium, oxygen and carbon in the crystals. Although a correct stoichiometric assessment cannot be performed with this semi-quantitative method, the presence of these elements, particularly calcium, not observed in other parts of the roots, indicated that the crystals were composed of calcium oxalate (Figure 5B). SEM analysis allowed to observe that raphides boundles were frequently associated to collapsed areas of phloem: in roots from the most symptomatic plants, empty areas were observed in shape of canals, likely formed from cells dissolution; in the inner lumen of these canals, raphides were abundant (Figure 5A) and sometimes associated to mucilage (Figure 5B). The phloem parenchyma of roots from ridged plots appeared loaded with starch granules (Figure 6A), while in control plants starch granules were present in a lower amount and were absent in proximity of the detachment layers (Figure 6B).


[image: Figure 4]
FIGURE 4. SEM micrographs showing modifications of the root anatomy in kiwifruit plants grown under different soil management conditions. Arrows are showing detachment in correspondence of the meristematic layers between xylem-phloem and phloem-cortex. (A) Control (C), (B) Ridged + Compost (RC), (C) Ridged + Inoculum (RI), (D) Ridged (R), (E) root of a healthy plant from a private garden.



[image: Figure 5]
FIGURE 5. SEM micrographs showing canals formed in phloem layers of KEDS symptomatic plants with raphides in the inner lumen without (A) or with mucilage (B). Results of the EDS analysis of both raphides and mucilage are presented in (B).



[image: Figure 6]
FIGURE 6. SEM micrographs showing the phloem layer with (A) or without (B) starch granules of roots from Ridged + Compost (RC) or Control (C) treatments, respectively.


None of the described anatomical oddities were observed in roots collected from a healthy plant grown in a private garden, showing a vigorous growth and fruitset and lacking any visible symptom of KEDS; these roots evidenced larger and more numerous xylem vessels than all the other samples analyzed (Figure 4E).



Weather Data

From the analysis of air temperature data from 1 to 168 DAMB it appeared evident that the average daily temperature remained almost continuatively above 20°C until about 90 DAMB during all three growing seasons, and the maximum daily temperature largely continuously exceeded 25°C, reaching 30–35°C, particularly in 2019 (Figure 7). This meteorological condition was reflected on soil temperature: in 2019 it was exceeding 20°C for more than 3 months after bloom (Figure 8A).


[image: Figure 7]
FIGURE 7. Air temperatures profiles recorded in the kiwifruit orchard after mid bloom during the growth seasons concerned by the trial (Min, minimum; Max, maximum; Avg, average).



[image: Figure 8]
FIGURE 8. Soil temperature monitored at 20cm depth (A) and soil water potential measured at 10, 20, 30, and 40 cm depth in the Control (C) and Ridged (R) plots (B). The red line indicates the temperature at which root growth stops (Smith et al., 1989) (A) or the soil water potential at the field capacity (B).


Soil water potential in control plots remained at low levels, below the limit corresponding to soil field capacity, indicating an excessive soil moisture. In contrast, in ridged plots it exceeded the field capacity limit during the summer, indicating a good drainage (Figure 8B). However, unexpectedly, in ridged soils the soil water potential was highest at 40 cm depth and progressively lowered toward the surface layer.




DISCUSSION

The soil management played a major role in improving the kiwifruit plant resilience against the stresses causing the onset of KEDS symptoms: the incidence and the gravity of symptoms was significantly lower in ridged than in flatted treatments (Figure 1). Ridging is useful to improve the soil aeration and to prevent flooding conditions, as it was evidenced by the soil water potential, that was higher in ridged than in flatted soil (Figure 8B). Thus, it can be stated that ridging created most favorable conditions for kiwifruit roots growth and activity. However, it was not sufficient to prevent the onset of KEDS, not even after the addition of a massive amount of compost or of a consortium of selected beneficial rhizospheric microorganisms.

When the KEDS symptoms appeared on the above-ground part of the plant, a parallel deterioration of the root tissues was always visually observed and confirmed by microscopic and micrographic evidences of a roots anatomical disorder. In control plants (C), showing the worst KEDS symptoms, the anomalous root anatomy observed by SEM was particularly evident, indicating a stress to meristems as well as to xylematic and phloematic tissues (Figure 4A). Kiwifruit is characterized by a very high root oxygen demand (Smith et al., 1989). Meristems are the tissues most sensitive to oxygen depletion, as they are characterized by high cell density and metabolic activity which expose them to hypoxia, when cell metabolism shift from respiration to fermentation (Bailey-Serres and Voesenek, 2008). As a consequence, the high sugar demand, typical of these tissues, is further increased because of the lower energy yield due to the fermentative metabolism. Under such conditions, carbohydrates from photosynthesis are rapidly exhausted, followed by storage carbohydrates such as starch. As a consequence, if the hypoxic condition continues, cell death follows (Bailey-Serres and Voesenek, 2008). The anomalous xylem and phloem development and the damage to tissues contiguous to cambium observed in KEDS symptomatic plants (Figure 4) could be explained by insufficient sugars availability to secondary cambium and phellogen. Therefore, the stunted roots growth and progressive loss of functions in KEDS-symptomatic plants could be explained by the shortage of starch reserves evidenced by SEM analysis (Figure 6). In fact, the damage to root tips is particularly harming to kiwifruit, because it prevents the reactivation of suberized root tips that, typical in this species, ensures the persistence for more than 1 year of fibrous roots (Smith et al., 1990; Lemon and Considine, 1993; Bailey-Serres and Voesenek, 2008). Moreover, in kiwifruit the failure in the activation of secondary cambium, initiation of phellogen and reactivation of cell division in endodermis lead to rootlets death and progressive roots weakening over the years until plant death (Lemon and Considine, 1993).

In kiwifruit it is known that roots are the weakest sink in the competition within the vine for available photosynthates (Smith et al., 1989). The disproportionate allocation of photosynthetates to the developing fruit has a dominating influence over root activity (Buwalda and Smith, 1987), and root growth peaks only after the flush of fruit growth has been completed: the peak of growth of fibrous roots occurs at mid-summer, when the relative growth rate of the shoots and fruits have fallen to low levels (Buwalda and Hutton, 1988). However, it has been postulated that shoots have a stronger sink strength (ability to attract carbohydrate when supply is not limited) and sink priority (ability to compete when carbohydrate supply is limited) over fruits during the first 120 DAMB (Lacointe and Minchin, 2008). Afterwards, in case of competition for limited resources, vegetative growth continues at the expenses of fruit growth (Snelgar et al., 2012). Moreover, high temperatures strongly influence the photosynthates allocation between fruits and shoots, with increased vegetative vigor stimulated by high temperatures at the expenses of sugars accumulation in fruits, whose dry matter at harvest is lowered (Hall and Snelgar, 2008). Even though the effect of temperature on sink strength of roots with respect to fruits or shoots has not been thoroughly studied, it was reported that soil temperature above 20°C strongly reduced root growth in kiwifruit and increased shoot/root ratio (Smith et al., 1989). Therefore, considering the lower sink priority of roots over shoot growth (Smith et al., 1989), it could be speculated that growth and starch accumulation (Figure 6) in roots were dramatically hindered due to high temperatures occurred during summer over the 3 years of the experiment. Indeed, during all 3 years the temperature was very high from 1 to 90 DAMB, with the average daily temperature above 20°C and the maximum daily temperature largely exceeding 25°C, sometimes reaching 30–35°C, particularly in 2019 (Figure 7). Also soil temperature exceeded 20°C for more than 3 months after bloom (Figure 8A). High temperatures during summer also reduce accumulation of reserve carbohydrates in vines, causing a severe reduction of growth and flowering in the following season (Richardson et al., 2004). Based on these observations, we hypothesize that high summer temperatures could be considered the main triggering factor of the observed reduced root growth and functionality and general plant weakening, leading to KEDS onset.

The trunk growth peaked in summer (Figure 2), when the highest seasonal temperatures occurred (Figure 7), as previously observed by other authors (Smith et al., 1989; Hall and Snelgar, 2008) that reported a consequent unbalanced shoot/root development. In our trial, plants on ridged rows showed a significantly higher growth in comparison to those grown on flatted soil; however, the addition of the compost in the ridged treatment (RC) strongly reduced the trunk growth at mid July and delayed the growth rate curve of about a month with respect to both the not amended (R) or inoculated (RI) plants. The compost addition induced a slight decrease of trunk growth rate during hot summer also in flatted treatments, where growth was very poor, but allowed to induce a slight increase of growth rate when temperatures were milder.

The root development observed on a representative plant at the end of the season (Supplementary Picture 1) was higher in the ridged treatments, and the RC plants showed the largest root biomass and the most balanced shoot/root growth (Table 1). The root anatomy observed by SEM can be considered a further indication of a better root functionality in plants from ridged treatments, sufficient to sustain the more active vegetative growth induced by high temperatures. It can be deduced that ridging is strongly favorable to growth of both shoot and root, and that the improvement of biological fertility, in particular by compost addition, can favor a more balanced growth in response to high temperature stress. A possible explanations of this phenomenon could be the modification of the pattern of nutrient availability (Griffin and Hutchinson, 2007).

High temperatures also reduce oxygen diffusion in soil (Ponnamperuma, 1984; Smith et al., 1989). The presence of numerous canals in the phloem layer of roots from plants showing strong KEDS symptoms (Figures 4, 5) could represent the plant response to hypoxic conditions through aerenchyma formation to facilitate oxygen diffusion from leaves to root tips (Bailey-Serres and Voesenek, 2008). Lysogenic aerenchyma formation occurs through programmed cell death, mediated by ethylene-induced increase of cytoplasmic Ca2+ (Bouranis et al., 2006; Bailey-Serres and Voesenek, 2008; Pegg et al., 2020). This involves the death, and often complete lysis, of cells with the disappearance of all cell components, including the cell walls (He et al., 1994). Numerous canals in the root phloem layer (Figures 4, 5) and abundant bundles of raphides in the inner lumen of these canals (Figure 5A) were observed in SEM micrographs of symptomatic plants. Kiwifruit is accumulating calcium oxalate (Ferguson, 1984) in specialized cells (idioblasts), which act as high capacity sinks for removal of excess calcium from nearby tissues (Kostman et al., 2001). As lysogenic aerenchyma formation follows a calcium-mediated cell death, it can be speculated that raphides form as a consequence of increased calcium concentration in lysogenic tissues, where lysed cells collapse, forming empty canals. This hypothesis is supported by the presence of mucilages associated to raphides in the inner lumen of phloem canals observed in SEM micrographs (Figure 5B). Viscous or jelly-like mucilage is typically found in kiwifruit vines and roots, and they have been characterized as composed by oligosaccharides (glucuronosylmannose, arabinose, fucose, galactose, and traces of xylose) (Ferguson, 1984), which are products of the cell walls degradation. Interestingly, the activity of cellulase, pectinase and xylanase increased in roots upon exposure to hypoxia or ethylene (Smith et al., 1990; He et al., 1994; Bragina et al., 2003; Bailey-Serres and Voesenek, 2008). Fine roots “coated” with a mucilaginous layer in the root-soil interface, which maintained a humid and reduced (bluish/grayish) micro-environment, were observed in symptomatic plants (Supplementary Picture 2). This can be considered a consequence of abundant cell lysis that follows the induction of the pseudo-aerenchyma formation. Since this was observed also in treatments where the soil conditions were inducive of good aeration (ridging, high water potential, high organic matter content), the high soil temperature could be hypothesized as the only possible cause of roots hypoxic stress. It has been observed in the uprooted plants, as well as in several kiwifruit orchards showing KEDS symptoms, that the soil near the roots appears wet, even when weather conditions are hot and dry and bulk soil is dry (Nari, personal observation). The presence of mucilages in the soil could also account for the unexpected difference in water potential between the surface and deep soil layers observed in ridged soil treatment: indeed, it was higher in deep layers than at surface during the hot summer period (Figure 8B). The surface tension and viscosity of mucilage can play a role in maintenance of root-soil contact in drying soils (Read and Gregory, 1997). The possible effects of these soil modifications on the roots water uptake capacity requires further studies.

The application of the microbial inoculum affected root growth synergistically with ridged tillage as well, but to a lesser extent in comparison to compost. The positive effect of microbial inocula on root development has been reported for several fruit crops, including kiwifruit (Liu et al., 2020). The inoculation of soil with the microbial consortium promoted the root growth, and the xylem and phloem layers appeared less destructured than control roots, even though mucilage and raphides were still present. The positive effect of the application of the microbial inoculum, as well as of compost, on the plant physiology was confirmed by the chlorophyll index, an indicator of the nutritional status of the plants (Porro et al., 2001), that significantly increased in CC, RC an RI treatments (Figure 3). The better physiological and growth conditions were reflected in fruit production, which was observed only on plants receiving compost or the microbial inoculum. It can be deduced that rhizospheric microorganisms can play a significant positive role in preventing or alleviating KEDS by increasing the resilience of plants to abiotic stresses, as previously reported for several plant growth promoting microorganisms (Bardi and Malusà, 2012).



CONCLUSIONS

All the evidences described support the hypothesis of KEDS as a climate change-derived phenomenon, through high temperature stress, directly affecting the kiwifruit plant growth and physiology and photoassimilates allocation, and indirectly inducing hypoxic soil conditions. Agronomic interventions, aimed at improving soil biological fertility and physical characteristics, can help to protect kiwifruit plant from this stress, but might be insufficient under prolonged and consecutive hot summer seasons, which are triggering KEDS in the following years. Therefore, other agronomic interventions would be necessary to counteract or avoid KEDS development. Reducing excessive warming of the plant/orchard microenvironment could be a strategy to be adopted through overtree microsprinkler irrigation, eventually associated to common soil microsprinkler irrigation; this would not negatively impact on the risk of PSA infection, being the bacterium strongly inhibited during summer (Scortichini et al., 2012). The positive effect of such strategy has been empirically observed in few commercial orchards, present in high risk areas, where any KEDS symptoms could be spotted. Alternatively, a more agro-ecological approach to orchard management (Malézieux, 2012) could also represent a technically and economically feasible solution to halt the spread of KEDS in kiwifruit orchards, by recreating the natural environmental conditions where Actinidia sp. thrives. All these options are currently under evaluation.
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Supplementary Picture 1. Root system development of a representative plant for each treatment applied to the kiwifruit orchard after 3 years of growth. The white sheet on the background measured 0.5 m2.

Supplementary Picture 2. Root surface from KEDS symptomatic plants appearing clotted due to mucilage secreted by the root (yellow arrows) and showing a reduced (blue/grayish) rhizospheric soil (white arrows) (A). Clumps of mucilage mixed to rod-shape crystals (yellow arrows) on the root surface and rhizospheric soil (B).
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Cowpea [Vigna unguiculata (L.) Walp] is an important crop for smallholder farmers in the marginal areas of sub-Saharan Africa. However, the crop growth and production are affected by low soil fertility due to poor soil management practices. Here, we assessed the effect of native and commercially available rhizobia inoculants on cowpea nodulation, growth, and yields on three local cowpea genotypes (K-80, M-66, and KVU 27-1) in the semiarid areas of Kenya. Field experiments were set in smallholder farms during the 2019 and 2020 cropping seasons. Native rhizobia were isolated from root nodules of cowpea plants used as trap cultures. The isolates were further assessed for symbiotic efficiency (SE) in the greenhouse and field experiments carried out during the short and long rain seasons. Field experiments were laid out in a randomized complete block design with three replications. The treatments consisted of the commercial inoculant (Biofix), native isolates, native + Biofix (consortium), and an uninoculated control. In the greenhouse, the native isolates significantly increased nodule number and dry weight (DW), shoot DW, and root DW when compared to the uninoculated control. Additionally, 50% of the isolates recorded SE of >80%, while 35.7 and 14.3% of the isolates had SE of 51–80 and <50%, respectively. In the field, rhizobia inoculation significantly (P < 0.05) increased nodulation and shoot DW compared to the uninoculated controls. Remarkably, rhizobia inoculation significantly increased yields where inoculation with native isolates recorded 22.7% increase in yield when compared to uninoculated control in the first season and 28.6% increase in yield in the second season. However, the rhizobia inoculants did not show a preference for any of the cowpea genotypes, and their performance was influenced by season and the study location. Our results demonstrate the existence of superior native isolates with potential to be developed to low-cost biofertilizer for sustainable cowpea production.

Keywords: cowpea, native rhizobia, smallholder, sustainability, nitrogen fixation


INTRODUCTION

Cowpea [Vigna unguiculata (L.) Walp] is an indigenous leafy vegetable and a grain legume widely grown in the semiarid areas of sub-Saharan Africa (Da Silva et al., 2018). The crop is vital in these areas due to its drought tolerance and ability to grow under water stress conditions, which are frequently experienced due to the global climate change (Agbicodo et al., 2009; Carvalho et al., 2017). Cowpea production in Africa accounts for over 95% of the global production, thus serving as a major source of food to millions of people globally (Samireddypalle et al., 2017). The crop provides both nutritional and nutraceutical benefits, including quality and cheap dietary proteins when consumed both as a vegetable and grain legume (Baptista et al., 2017; Da Silva et al., 2018). Considering its nutritional benefits and resilience under changing climate, cowpea has been recommended as one of the underutilized crops with the potential to alleviate food insecurity, malnutrition, and poverty in sub-Saharan Africa (Owade et al., 2020). In West Africa, the dual-purpose varieties also serve as a source of fodder for the livestock, making cowpea production an attractive venture to the farmers (Samireddypalle et al., 2017). Besides, when integrated into crop rotation systems, cowpea promotes buildup of soil organic matter and carbon and nitrogen fixation. This, in turn, promotes soil fertility and improve the soil physical characteristics such as the water infiltration and retention capacity (Sánchez-Navarro et al., 2019a,b).

The growth and production of cowpea are significantly limited by extreme weather conditions such as drought and heat stress caused by the changing climate (Farooq et al., 2017). Coupled with low soil fertility, this has continuously limited cowpea production primarily due to the high cost associated with inorganic fertilizers (Oruru et al., 2018). Unlike drought, soil fertility in the semiarid areas can be improved to enhance the cowpea production. Nitrogen (N) is one of the limiting nutrients in the semiarid regions, which adversely affect plant growth (Kwena et al., 2019). The ability of cowpea to fix nitrogen through biological nitrogen fixation is a cheap and sustainable alternative to inorganic fertilizers. This is because the performance of cowpea depends on the rhizospheric characteristics; hence, it is able to form a beneficial association with microorganisms present in the rhizosphere (Abdel-Fattah et al., 2016). Rhizobia, a Gram-negative soil rhizobacteria is among the microorganisms present in the cowpea rhizosphere, which establishes a symbiotic association with cowpea (Hamza and Alebejo, 2017). The association between cowpea and rhizobia results in the biological nitrogen fixation (BNF), which benefits the plant by supplying N. Nevertheless, in many smallholder agroecosystems, the indigenous rhizobia isolates are low in population or are not efficient in N fixation (Ngakou et al., 2007), necessitating inoculation with commercial isolates.

Rhizobia inoculation has been regarded as a sustainable and cost-effective technology to augment the plants' N needs (Ondieki et al., 2017). Several studies have reported that inoculation with rhizobia improves legume growth, nutrition, and production (Takács et al., 2018; Aserse et al., 2020). However, inoculation with proven rhizobia inoculants as well as some commercial inoculants has at times failed to yield positive results when inoculation is done in regions with different agroenvironmental conditions to the original habitat. In cowpea, failed response to commercial inoculants has mainly been associated with the availability of more effective native rhizobia (Mathu et al., 2012). The ability of the native rhizobia strains to establish positive interactions with other soil microorganisms and their adaptability to the soil and environmental conditions often explicates their superior characteristics over the introduced strains (Meghvansi et al., 2010).

Native rhizobia inoculated on different legumes including cowpea, common bean, green grams, soybean, and lentils have enhanced legume productivity (Mathu et al., 2012; Ouma et al., 2016; Tena et al., 2016; Koskey et al., 2017). This has been linked to the native rhizobia growth-enhancing traits as well as being well-adapted to the soil and environmental stresses, hence forming effective interactions with the host crops (Mwangi et al., 2011). The effectiveness of rhizobia in fixing N in the soil is also influenced by the cowpea genotype (Leite et al., 2009). The compatibility between rhizobia and the host crop is critical to avoid neutral or negative plant–microbe interactions that do not support crop growth (Xavier and Germida, 2003; Wang et al., 2011). Accordingly, most legume genotypes are non-promiscuous and nodulate with specific rhizobial strains in the rhizosphere (Fauvart and Michiels, 2008). Therefore, the use of a compatible host–rhizobia association may lead to better optimization of the host nutrition, leading to superior plant growth and yield. This necessitates identification of rhizobia isolates and cowpeas genotypes that best responds to this association in terms of growth and production, especially in adverse environmental conditions such as semiarid areas.

The arid and semiarid areas cover about 35% of the global landmass and support over 20% of the global population (Tchakerian, 2015). Much of these areas are highly degraded and eroded, hence underutilized owing to the low soil fertility, including N deficiency and drought experienced in these areas. Cowpea, being a drought-tolerant crop, is suited for the semiarid regions. Enhancement of soil fertility is vital to improve its production to meet the increasing food demands of the growing global population. With cowpea relying on BNF for its nutrition (Pule-Meulenberg et al., 2010), use of rhizobia forming effective symbiotic interaction is a potential sustainable technique to enhance its production in the semiarid areas. We hypothesized that native rhizobia inhabiting the smallholder farms in the semiarid regions of Kenya have different N fixing abilities, and inoculation of rhizobia with cowpea would improve cowpea growth and production. Therefore, the main objective of this work was to identify effective native rhizobia isolates and determine their effect on the nodulation, growth, and yield of different cowpeas genotypes in semiarid areas of Kenya where cowpea is mainly grown.



MATERIALS AND METHODS


Experimental Sites and Soil Characteristics

The study was carried out in the semiarid areas of Eastern Kenya, which is part of sub-Saharan Africa. Field experiments were set up in 15 selected smallholder farms situated in the semiarid zones of three counties, namely, Tharaka Nithi, Kitui, and Embu. The experiments were conducted during the short and long rain seasons running from October 2019 to February 2020 and March 2020 to July 2020, respectively. The five farms in Tharaka Nithi were situated in the Tunyai area (0°10′33″ S, 37°50′12″ E), which lies at an elevation of 600–1,500 m above sea level (asl). The area is characterized by shallow, stony, and low fertile soil, which requires frequent replenishment of nutrients through the application of organic or inorganic fertilizer (Smucker, 2002; Jaetzold et al., 2006). The soils are sandy loam with physicochemical characteristics ranging from clay, 12–18%; sand, 44–76%; silt, 8–12%; pH 5.7–7.1; total organic carbon (TOC), 1–2.07%; total N, 0.12–0.18%; and P, 15–23 mg kg−1. In Kitui, the five farms were situated at Matinyani (1°18′30.6″ S 37°59′30.2″ E). Matinyani is 400–1,800 m asl with soils characterized by a loose structure and good water infiltration. The soils have sandy loam to sandy clay loam characteristics with physicochemical characteristics ranging from clay, 16–34%; silt, 2–6%; sand, 62–82%; pH 5.74–6.7; TOC, 0.67–1.04%; total N, 0.05–0.11%; and P, 20–100 mg kg−1. In Embu County, the farms were located in Karurumo area (0°29′12″ S, 37°41′50″ E), which lies at an elevation of 1,174 m asl. The soils are sandy clay with physicochemical characteristics ranging from sand, 46–50%; clay, 42–46%; silt, 6–14%; TOC, 1.33–1.77%; pH 5.4–6.1; total N, 0.14–0.16%; and P, 25–50 mg kg−1. The three sites are in the lower midland agroecological zone, receive bimodal rainfall, and are relatively hot and dry. The mean monthly rainfall and the maximum and minimum temperature during the experimental period are given in Figure 1 has been provided in the article. The major crops cultivated in the three areas include maize, sorghum, millet, common beans, green grams, cowpea, and mangos. However, cowpea is the most preferred legume due to its ability to grow in relatively low soil moisture and its drought tolerance.
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FIGURE 1. Rainfall and temperature in Kitui, Embu, and Tharaka Nithi study sites from October 2019 to June 2020.




Native Rhizobia Trapping

Field trap cultures were set in selected smallholder farms in the three counties using three cowpea genotypes: Katumani 80 (K80), Machakos 66 (M66), and KVU 27-1. These genotypes are locally grown by smallholder farmers in the study areas and also recommended by the Kenya Agricultural and Livestock Research Organization (KALRO) for the regions. The trapping experiment was done between June and July 2019. The farms were plowed, followed by demarcation into planting plots measuring 2 × 2 m. Cowpea seeds were planted at a spacing of 40 × 15 cm, with each genotype being replicated three times in each farm. Six weeks after planting, three cowpea plants per plot were randomly uprooted, and the root nodules were detached and wrapped with an absorbent paper towel. The nodules were then placed in khaki bags, labeled, and transported to the Kenyatta University, Microbiology Laboratory for rhizobia isolation.


Isolation of Rhizobia

The detached nodules were washed with sterile distilled water to remove adhering soil particles and soaked for 2 h to imbibe and soften for eased crushing. The softened nodules were surface sterilized using 70% ethanol, rinsed with sterile distilled water, and placed in 3% sodium hypochlorite for 2 min. The sterilized nodules were then serially rinsed in six changes of sterile distilled water. After sterilization, the nodules were crushed and plated on the yeast extract mannitol agar (YEMA) containing Congo red dye (0.025 g in 1 L). The Petri plates were incubated at 28 ± 1°C in the dark for 48 h. Single colonies identified on the plates were restreaked three to four times on plates containing freshly prepared YEMA until pure isolate cultures were obtained.



Morphological and Biochemical Characterization

The pure isolates were grouped according to their morphological and biochemical features as described by Ondieki et al. (2017). Individual colonies incubated for 48 h were characterized based on their size, shape, color, elevation, transparency, and margin. The isolates were also classified as fast or slow growing by plating them in YEMA containing bromothymol blue (BTB) (0.025 g/L) followed by a 3-day incubation at 28°C in the dark. Gram staining of the isolates was carried out following the procedure described by Beck et al. (1993). Isolates with similar morphological and biochemical characteristics were grouped together.




Authentication and Symbiotic Efficiency of the Isolates

Authentication and symbiotic efficiency assessment were done in an even span greenhouse with roll-up sides having natural lighting of 12 h. The temperature and relative humidity of the greenhouse ranged from 22 to 28° and 61 to 80%, respectively. A representative isolate in each group was selected for authentication as nodule-forming isolate. Axenic broth cultures of the isolates were inoculated on 7-day-old cowpea seedling grown in sterile vermiculite and supplemented with N-free nutrient solution and maintained for 45 days. The plants were then uprooted and scored for nodulation. Isolates that initiated nodule formation were selected to assess their symbiotic efficiency.

Cowpea seeds of high quality were sterilized using 70% ethanol followed by 3% sodium hypochlorite and finally rinsed in six changes of sterile distilled water. Two seeds were planted in sterile N-free vermiculite in each Leonard jar assembly and supplied with sterile N-free nutrient solution (Broughton and Dilworth, 1971). The assemblies were then put in khaki bags for insulation. Seven days after planting, the seedlings were inoculated with 1 ml [109 colony forming units (CFU)/ml] of broth culture per seedling of the authenticated isolates. Uninoculated plants supplemented with potassium nitrate (KNO3) (1 g/L) as well as those inoculated with a commercial strain (USDA 3456 from MEA Limited Kenya, which is marketed as Biofix) served as positive controls. Uninoculated plants with the N-free nutrient solution served as the negative control. Each treatment had four replicates laid out in a completely randomized design (CRD). Forty-five days after inoculation, the plants were carefully uprooted and the roots washed under running water. The nodules were then detached from the roots and counted. The obtained nodules, roots, and shoots were air dried and their weights determined. The symbiotic efficiency (SE) of the rhizobia isolates was determined following the procedure described by Karaca and Uyanöz (2012). The total dry weight of inoculated plants/total dry weights of N-supplied plants ×100. Isolates that recorded SE higher than 80% were rated as very effective, those with 51–80% as effective, 35–50% as lowly effective, and those with < 35% as ineffective (Koskey et al., 2017).



Land Preparation in the Field

The study sites were prepared before the onset of the rains in September 2019 and February 2020 during the first and second season, respectively, where all the farms were cleared of existing vegetation, followed by plowing and leveling. Cowpea crop was grown in the same farms in both seasons with the change in the specific location on each of the farms in the second season. Plots measuring 2 × 2 m were demarcated with a 1-m space between the plots. Planting holes were prepared at a spacing of 40 × 15 cm in each plot. This is because the soil in the study sites is easily eroded by wind and water; hence, planting holes are necessary to prevent loss of seeds through erosion.


Experimental Design and Treatments

The study comprised three cowpea genotypes, Katumani 80 (K80), Machakos 66 (M66), and KVU 27-1, and four rhizobia treatments arranged in a randomized complete block design (RCBD) with three replications. The rhizobia treatments included Native isolates, Biofix, a mixture of the Biofix and Native (Consortium), and no inoculation (control). The native isolates consisted of a consortium of three highly effective isolates identified from the greenhouse experiment, which also associated with all the three cowpea genotypes in all the three study sites, which were Is2, Is16, and Is19 (Native). Based on 16S ribosomal RNA (rRNA) gene sequencing, these isolates were identified as Rhizobium tropici clone H53, Mesorhizobium sp. WSM3874, and Rhizobium pusense strain Nak353, respectively.



Inoculum Application and Planting

Application of the inoculum on the cowpea seeds was done in the field under a shade before planting. Native isolates were inoculated on the seeds as broth using sugar as the sticker material for the rhizobia inoculum. Biofix was applied to the seeds following the manufacturers' guidelines (100 g of inoculum per 15 kg of seeds). The control plots with no rhizobia treatment were planted first to avoid cross-contamination, followed by other treatments. Two cowpea seeds were planted per planting hole.



Cowpea Crop Management

Gapping was done immediately after germination in both seasons. The plots were kept free of weeds by occasionally weeding as needed. At the onset of flowering, the plants were sprayed with Aceprid 20 WSP (Acetamiprid 200 g/kg) to prevent attack by thrips that infest the cowpea flowers, causing flower abortion and subsequently leading to declined yields. A second spray with Evisect (Thiocyclam hydrogen oxalate) was done to control the whiteflies that had infested the cowpea plants. The experiment was rain fed with the rainfall and temperature averages during the growing seasons indicated in Figure 1 has been provided in the article.




Field Sampling

Six weeks after germination, during the flowering stage, the cowpea plants were sampled to collect data on their growth and nodulation. Three plants per plot were randomly selected and carefully uprooted. All the nodules were detached from the roots, counted, wrapped in an absorbent paper towel, and placed in labeled khaki bags. The height and the number of leaves per plant were also determined. The samples were transported to Kenyatta University Microbiology Laboratory, where the shoots and nodules dry weights were determined.



Harvesting

Cowpea was harvested in February 2020 and July 2020 in the first and second season, respectively, when the plants had reached physiological maturity. Three cowpea plants per plot were randomly selected and harvested. For each plant, the seeds were separated from the pods. The seeds and the stover were then transported to the laboratory where they were dried and weighed. In addition, the 100 seed weight per plot was determined.



Statistical Analysis

The data on nodulation, shoot dry weight, yield, and stover weight were analyzed using analysis of variance (ANOVA) in statistical analysis software (SAS) version 9.1. Before data analysis, data were tested for homogeneity of variance using the Bartlett test. To fulfill assumptions of analysis of variance, log transformation was done where necessary and later back-transformed for presentation in tables. The means were separated at a 5% level of significance by the Tukey's honest significance difference (HSD).




RESULTS


Rhizobia Isolation and Morphological Grouping

One hundred and three isolates were obtained from the root nodules of the three cowpea genotypes (K80, M66, and KVU 27-1) in the three study regions. Out of these, 38 isolates were from Tharaka Nithi County, 36 from Embu County, and 29 from Kitui County. The isolates had colony and growth characteristics of rhizobia as described by Somasegaran and Hoben (1994). Based on these characteristics, the isolates were grouped into 20 distinct groups. Group 19 had the highest number of isolates (16.5%), while groups 12, 13, and 15 had the least with (0.9%) (Table 1). All the isolates were Gram-negative and did not absorb Congo red dye when cultured in YEMA containing the dye and turned YEMA-BTB media from green to yellow. Sixteen isolates changed YEMA-BTB from green to yellow within 3 days, while the other four had the media change between 7 and 10 days. The isolates exhibited diverse characteristics, as indicated in Table 1.


Table 1. Morphological and Biochemical characteristics of the isolates.
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Authentication and Symbiotic Efficiency of the Native Isolates

Authentication was based on the presence of at least one nodule in the roots of the cowpea plants. Out of the 20 representative group isolates, nodulation was positive in 14 groups with no presence of nodules observed in groups 4, 5, 8, 9, 11, and 18. Further, the symbiotic efficiency of the isolates that induced nodulation was determined together with their effect on cowpea nodulation and shoot and root dry weights upon inoculation. There were significant differences (P < 0.05) in nodule number (Nod No), dry nodule weight (Nod DW), shoot dry weight (DW), root DW, and symbiotic efficiency (SE) (Table 2). Is13 recorded the highest Nod No (50.00 ± 8.15), which was not statistically different from the rest of the isolates except for Is15, which had the least number of nodules (0.75 ± 0.48). Biofix recorded the highest Nod DW, which was similar to all the tested isolates except Is6, Is15, and Is16. As expected, uninoculated control and KNO3-supplemented plants did not form any nodules. Inoculation with the different native rhizobia isolates increased the shoot DW. Is1, Is2, Is3, Is14, Is16, and Is19 recorded shoot DW statistically similar to that of Biofix and KNO3-supplemented plants. The rest of the isolates recorded shoot DW significantly lower than that of Biofix and KNO3-supplemented plants with the uninoculated control having the least shoot DW (0.20 ± 0.03 g plant−1) (Table 2). Is13 recorded the highest root DW, which was statistically similar to Is1, Is2, Is7, Is14, Is16, Is19, and Is20, while the uninoculated control recorded the least root DW. Out of the 14 isolates tested, 7 had SE higher than 80%, hence classified as very effective (Table 2). This represented 50% of the isolates. Five other isolates with SE ranging between 51 and 80% were rated as effective. Only two isolates had SE below 50% (Is6 and Is12) and were both rated as lowly effective in fixing N.


Table 2. Symbiotic effectiveness of native rhizobia isolates.
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Cowpea Nodulation and Growth

The Nod No and Nod DW were significantly increased by rhizobia inoculation (P < 0.0001) during season 1 when compared to the control (Table 3). However, in season 2, rhizobia inoculation recorded no significant effect on the Nod No. Nevertheless, native and consortium recorded the highest Nod DW, while the control had the least Nod DW in season 2. Overall, better nodulation was observed in season 1 compared to season 2. For example, the consortium that had the highest number of nodules in both seasons recorded 41.58 ± 3.60 and 14.02 ± 0.82 nodules plant−1 in seasons 1 and 2, respectively. Of the three genotypes, K-80 and KVU 27-1 registered statistically high Nod No when compared to M-66 in both seasons (Table 3). While no significant difference in Nod DW among the three genotypes was recorded in season 1, in season 2, KVU 27-1 showed the highest Nod DW (0.05 ± 0.01 g plant−1), while M-66 had the least (0.036 ± 0.00 g plant−1). The Nod DW in K-80 was not significantly different from the other two genotypes. The nodule number and dry weight also differed significantly among the three sites in the two seasons. In season 1, Tharaka Nithi recorded the highest Nod No and Nod DW, while in season 2 Embu recorded the highest Nod No and Nod DW (Table 3). Kitui County recorded the least Nod No in both seasons. Additionally, the site × rhizobia inoculant interaction significantly (P < 0.05) affected Nod No in season 1 (Table 3). During this season, plants inoculated with consortium recorded a higher nodule number in all the sites than when inoculated with native and Biofix. Moreover, the site × inoculant interaction was also significant for Nod DW in both seasons, whereby plants inoculated with native showed increased Nod DW in all the three study locations.


Table 3. Effect of rhizobia inoculation on nodule number and nodule dry weight at flowering stage on three cowpea genotypes in three field sites.
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Rhizobia inoculation led to increased shoot DW at flowering when compared to the uninoculated controls. However, no significant effect was recorded on the number of leaves per plant and the height of plants in both seasons (Table 4). Additionally, the number of leaves, plant height, and shoot DW were statistically similar among the three cowpea genotypes in season 1. Among the study locations, cowpea inoculated with rhizobia in Tharaka Nithi County recorded the highest (32.51 ± 1.40 g plant−1) shoot DW, while those in Kitui had the least (8.18 ± 0.29 g plant−1). Embu County recorded the highest number of leaves and plants heights, followed by Tharaka Nithi and Kitui, respectively (Table 4). In season 2, there was no significant difference in the shoot DW and plant height among the three genotypes. However, K-80 and KVU 27-1 were more productive in terms of the number of leaves, while M-66 had the least number of leaves per plants. Among the study locations, the number of leaves and shoot DW recorded in Embu and Tharaka Nithi were not statistically different. Cowpea plants in Kitui County recorded the least number of leaves, plants height, and shoot DW (Table 4).


Table 4. Effect of rhizobia inoculation on cowpea plants height, leaf number and shoot dry weight at flowering on three cowpea genotypes in three field sites.
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Moreover, the site × inoculant interaction on the shoot DW was significant at P < 0.05 in both seasons (Table 4). In season 1, plants inoculated with the consortium and native isolates in all the three sites recorded significantly high shoot DW. In comparison, cowpea plants inoculated with native isolates recorded the highest shoot DW in all the three locations in season 2.



Effect of Rhizobia Inoculation on Cowpea Yield

Rhizobia inoculation significantly (P < 0.05) increased cowpea yields in both seasons. In season 1, cowpea inoculated with the native isolates recorded the highest yields (940.90 ± 71.88 kg ha−1), while the control had the least (766.60 ± 61.86 ha−1), which is a 22.7% increase when compared to the uninoculated control. Consortium and Biofix recorded an 18 and 7.8% increase, although this did not differ significantly from the uninoculated control (Table 5). Similarly, cowpea inoculated with native isolates recorded the highest yields in season 2 (800 ± 79.75 kg ha−1), which was a 28.6% increase over the uninoculated control. This was not significantly different from yields of plants inoculated with the consortium (716.83 ± 68.77 kg ha−1). However, this differed significantly from those inoculated with Biofix and the uninoculated control (Table 5). Additionally, cowpea plants inoculated with Biofix produced seeds with the highest 100 seed weight in season 1. However, their weights did not differ significantly with those inoculated with native and consortium at P < 0.05. Uninoculated plants recorded the least 100 seed weight in season 1. In contrast, all treatments recorded similar 100 seed weight in season 2 (Table 5). Similarly, the influence on rhizobia inoculation on the stover weight was only recorded in season two (Table 5).


Table 5. Effect of rhizobia inoculation on yield, 100 seed weight, and dry stover weight over two growing seasons on three cowpea genotypes in three field sites.
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The seeds' quality in terms of the 100 seed weight depended on the cowpea genotype (Table 5). KVU 27-1 and K-80 recorded the highest and lowest 100 seed weight across the two seasons. A significant genotype × inoculant interaction was recorded on the 100 seed weight in both seasons. In this case, plants inoculated with native and Biofix yielded the highest 100 seed weight in seasons 1 and 2, respectively. While no significant difference in stover weight was observed in season 1 among the three genotypes, K-80 recorded the highest stover weight at harvest in the second season.

Additionally, cowpea yield, 100 seed weight, and the stover weight were significantly (P <0.0001) influenced by the study site in both seasons. In the first season, Tharaka Nithi and Kitui regions recorded the highest yields, while Embu recorded the least yields (55.62 ± 7.23 kg ha−1). Tharaka Nithi recorded the highest yields during the second season, which was significantly higher than that of Embu, while Kitui recorded the lowest yields (Table 5). Additionally, there was a significant interaction between site and inoculant in both seasons (Table 5). In both cases, inoculation with native isolates led to better yields when compared to the other inoculants. Correspondingly, Tharaka Nithi and Kitui regions had the highest 100 seed weight, while Embu had the least during the first season. In the second season, Kitui recorded a significantly low 100 seed weight compared to Tharaka Nithi and Embu. The highest stover weight was recorded in the Embu region during the two seasons. It was significantly higher than in the other two areas. However, no significant difference in stover weight between Kitui and Tharaka Nithi was observed in season 1, although they differed significantly in season 2. A significant site × genotype interaction on stover weight was recorded in the second season. In this case, K-80 plants recorded the highest stover weight in Embu and Tharaka Nithi, while M-66 plants recorded the highest stover weight in Kitui.




DISCUSSION


Morphological and Biochemical Classification

In this study, we sought to identify effective native rhizobia isolates and determine their potential to promote nodulation, growth, and yield of different cowpeas genotypes, which are grown in semiarid areas of Kenya. The results of the field trapping experiment identified morphological and biochemical characteristics of native rhizobia associating with the cowpea genotypes on YEMA media (Somasegaran and Hoben, 1985). All the isolates were Gram-negative and did not absorb Congo red dye when incubated in the dark. The isolates were white, cream white, or milky white, which is an indication that they did not absorb Congo red. According to Somasegaran and Hoben (1985), one of the distinctive characteristics of rhizobia is their inability to absorb Congo red dye. Further, the isolates turned YEMA-BTB media from green to yellow. This indicated that all the isolates were fast growing and were producing acid while growing. Fast-growing rhizobia acidify YEMA-BTB, turning it from green to yellow, while the slow growing alkalize the YEMA-BTB from green to blue (Boakye et al., 2016). The fast growth characteristic of rhizobia has been found as an adaptive characteristic of rhizobia growing in arid and semiarid areas as a survival strategy that enables them to multiply rapidly over a short duration of time (Borges et al., 2010). The significant difference in the isolates' morphological characteristics could be an indicator of the existence of diverse native rhizobia-nodulating cowpea in the study locations. Isolates well adapted to the local environmental and climatic conditions with a high BNF could be considered for the development of commercial rhizobia inocula (Berrada et al., 2012).



Authentication and Symbiotic Efficiency of the Isolates

Results of the greenhouse experiment showed that inoculation with the native isolates significantly increased nodulation and shoot and root DW when compared to the uninoculated control. The potential of the symbiotic interaction in benefiting the legume crop is dependent on the effectiveness of the rhizobia to fix N into ammonia. The most effective rhizobia strains on the legumes have been utilized through the application as biofertilizer, which is a sustainable technique for promoting legume production (Stajkovic et al., 2011). Most of the native isolates exhibited superior performance in nodulation, shoot DW, root DW, and SE. This reflects the existence of superior rhizobia strains in the family farming systems, which have the potential for exploitation as low-cost inoculants to improve cowpea production. The isolates that yielded the highest nodule numbers also translated to a high nodule dry weight. This mirrors effective symbiosis between the host and rhizobia especially in cases where it translates to higher biomass production (Gyogluu et al., 2018). However, for isolate Is13, the high nodule number did not translate to a high shoot DW. This indicates that the nodule number alone may not reflect the effectiveness of an isolate in fixing N. Some rhizobia strains can form a large number of nodules but have little or no N fixing abilities (Abd El-Maksoud and Keyser, 2010). These strains may have parasitic behaviors; hence, they nodulate with their host but are not efficient in N fixation (Denison and Kiers, 2004). This is especially because legumes cannot consistently discriminate against strains with low N fixation abilities.

Compared to uninoculated control, inoculation of cowpea with native rhizobia increased the shoot DW and root DW. The increased shoot DW on legumes following inoculation with native rhizobia could be attributed to the fact that rhizobia enhanced plant growth leading to increased biomass production (Kawaka et al., 2014; Jalloh et al., 2020; Matse et al., 2020). The high root DW and high shoot DW of native treated plants could be due to the production of plant-growth-promoting hormones such as 3-indoleacetic acid (IAA) by the native isolates (Mabrouk et al., 2018). In KNO3-treated plants and the negative controls, no nodules were formed, which confirmed the absence of any contamination. The use of sterile vermiculite ensured the absence of any rhizobia contaminants in the controls, hence the lack of N fixation attributing to the reduced biomass formation and, subsequently, the low shoot DW in the negative control (Muleta et al., 2017). The better growth of cowpea recorded in native isolates compared to the Biofix and the uninoculated controls indicate that the native isolates are superior, hence have the potential for exploitation as rhizobia inoculants to enhance cowpea production.



Effectiveness of Rhizobia in Field Conditions

Rhizobia inoculation enhanced cowpea nodulation and increased shoot dry weight at flowering when compared to the control plants. The consortium and native isolates showed superior performance in all the tested parameters at the flowering stage. While their performance did not differ significantly from the performance of Biofix, the Nod DW and shoot DW in seasons 2 and 1, respectively, following Biofix inoculation was not significantly different from the uninoculated controls. Consortium's enhanced performance could be associated with the native and commercial rhizobia strains working synergistically to infect and induce nodule formation on cowpea. Due to this positive synergistic interaction, the Biofix was able to form a positive interaction in a new environment with native rhizobia in the soil, hence forming an association with cowpea, which led to increased nodulation and nodule dry weights although not as effective as the native isolates. Commercial rhizobia strain effectively nodulate and fix N with other different legume crops (Ulzen et al., 2016; Kyei-Boahen et al., 2017). However, in the presence of more superior native rhizobia than the introduced strains, inoculation causes no significant effect on nodulation when compared to the uninoculated controls (Mathu et al., 2012). The superiority of the native isolates could be linked with good adaptability to the local agroecological environment. Therefore, their reintroduction increases their numbers in the fields, leading to increased N fixation. Reintroduction of well-adapted rhizobia strains on legumes from which they were isolated has been reported to result in the formation of effective symbiotic associations leading to increased nodule formation and nodule dry weight (Matse et al., 2020).

Nodule formation on the roots of control plants could be associated with the free-living rhizobia present in the soil before planting. Therefore, the increased nodule formation following inoculation could result from increased rhizobia occupancy in the cowpea root nodules due to increased rhizobia population in the soil. The increased nodule occupancy leads to better N fixation, which is necessary for shoot development in plants (Abou-Shanab et al. (2019). Among the three cowpea genotypes, K-80 and M-66 formed the highest and lowest nodule number and nodule dry weight, respectively. The differences in legume varietal response to inoculation in terms of nodulation has been reported as an important trait in legume crop that can be exploited by plant breeders to have crops with a high N fixation ability (Hossain et al., 2016). This is especially in cowpea, where nodulation has been reported to be dependent on the cowpea genotype (Njeru et al., 2020). Although M-66 genotype had the least number and dry weight of nodules, the dry shoot matter did not differ significantly with the other two genotypes. This could be because all the three genotypes are well-adapted to both the study regions' environmental and ecological conditions (Recha et al., 2013). In addition, it seems all the three genotypes did not discriminate against the inoculants; thus, no interaction of inoculant by genotype was present, which suggests that the cowpea genotypes' response to inoculation was the same across the three study sites. However, in the study locations, significant differences were present in the nodulation and shoot dry weight. This could be associated with the varying soil physicochemical characteristics in the study sites. The performance of individual genotype did not differ across the location. However, a better response to inoculation was present in Tharaka Nithi when compared to the other two regions.

Similarly, the season of planting greatly influenced nodulation and the shoot dry matter. Tharaka Nithi and Kitui regions recorded a significantly low nodule number and dry weight in the second season. This could be associated with the unexpected low rainfall received in these region during the second season. Moisture stress and drought has been reported to limit nodule formation, subsequently limiting N fixation (Sindhu et al., 2020). This has been linked to increased acid phosphatases and antioxidant activity in the root nodules during drought conditions (Mouradi et al., 2018).

Cowpea yield in the field increased with inoculation. Remarkably, native isolates R. tropici clone H53, Mesorhizobium sp. WSM3874, and R. pusense strain Nak353 recorded the highest yield per hectare. At the same time, the performance of consortium and Biofix did not differ significantly from the control plants. This superiority of the native rhizobia isolates indicates that there exist effective rhizobia in these regions with the potential to enhance cowpea production. This could be associated with the better adaptability of native rhizobia to the ecological surrounding, hence their ability to infect and form a positive association with cowpea under the prevailing conditions (Koskey et al., 2017; Matse et al., 2020). Besides, the native rhizobia can form positive interactions with the naturally occurring soil microbiota, which enhances the host crop nutrition and health. This includes interactions with plant-growth-promoting bacteria and bioenhancers such as arbuscular mycorrhizal fungi, which increase the supply and access to other nutrients (Yadav and Verma, 2014; Karthikeyan and Arunprasad, 2019). According to Koskey et al. (2017), inoculation of common bean with native rhizobia outperformed other inoculants in respect to yield, which is in agreement with the findings of our study. The average performance of Biofix is linked to moderate adaptability and unfavorable agroecological setting in the study area, which negatively impacted the Biofix–cowpea association (Koskey et al., 2017). This is also seen in the cowpea response to inoculation with the consortium. This is mainly because the effectiveness of rhizobia inoculants on the improvement of yields is not dependent on the diverse rhizobia population of the inoculant. Inoculation with a diverse rhizobia population increases chances of incompatibility and negative interactions, which occurs at the expense of N fixation (Martinez-Romero, 2003). Additionally, cowpea is a promiscuous legume that enables it to nodulate with many rhizobia strains, including the ineffective strains that lead to poor responses to rhizobia inoculation (Kanonge-Mafaune et al., 2018). Therefore, it is necessary to use effective rhizobia adapted to the agroecological condition for maximum cowpea production. Besides the influence on yield, all the three inoculants significantly increased the stover weight at harvest during the second season when compared to the control. The stover is important, as it supplements the soil with nutrients and organic matter upon decomposition needed for the subsequent crop and soil structure improvement.

The rhizobia inoculants did not show any preference for any cowpea genotype in yields, as no significant interaction of rhizobia inoculant and cowpea genotype was observed. This could be attributed to the fact that all three genotypes have been bred to suit the environmental and climatic conditions of our study sites. There is a likelihood that these genotypes have been empirically selected to form efficient interaction with the indigenous rhizobia (De Freitas et al., 2012). This opposes the finding by Karasu et al. (2011), who reported a significant interaction between genotype and rhizobia inoculant. Further differences in the 100 seed weight could be attributed to the varying sizes of the seeds in each of the cultivars.

Additionally, the associated difference in stover weight among the genotypes could be linked to the different growth forms of these genotypes in the field. Similarly, significant differences were recorded in all the parameters across the three study sites between the two seasons. These differences can be attributed to the varying climatic conditions in the three locations in the two growing seasons. The significant differences in yields between seasons could be attributed to the extreme rainfall during the flowering and podding stage during the first season. The associated rainfall impact on the flowers and small pods causes flower and pod abortion, reducing the number of pods that reach maturity. This consequently affects the yields achieved per plant and, subsequently, the yield achieved per hectare.



Conclusion

Our study has demonstrated the existence of effective native rhizobia isolates in the smallholder farms with great potential to improve cowpea growth and yield under a changing climate. Interestingly, while all the inoculants enhanced nodulation, shoot DW, and yields, native isolates R. tropici clone H53, Mesorhizobium sp. WSM3874, and R. pusense strain Nak353 showed more superiority in all the tested parameters. Although the cowpea genotypes did not show any preference for any of the inoculants, the increased nodulation and yields following inoculation show that all genotypes performed similarly, and inoculation enhances their growth and yields. Further studies should focus on extensive field testing of the native isolates to identify the “best bet” isolates for the development of cheap and effective biofertilizer that will augment sustainable cowpea production in smallholder agroecosystems.
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Restoration of reclaimed marshes has great effects on soil biological processes. However, the responses of soil microbial properties (microbial biomass and enzyme activities) to natural restoration of reclaimed marshes is poorly studied, especially in a long restoration chronosequence. This study assessed the responses of soil microbial properties to natural restoration and investigated the relationships between soil microbial properties and soil physico-chemical and plant properties. We selected a restoration chronosequence (1, 4, 8, 13, 17, 27 years) after farmland abandonment, a soybean field, and a natural marsh in Sanjiang Plain, northeast China. For each site, we analyzed the soil microbial biomass carbon and nitrogen (MBC and MBN), four enzymes (β-glucosidase, invertase, catalase, urease) activities, soil physico-chemical properties at 0–50 cm depths, and plant properties (biomass, height, and coverage). The MBC and MBN contents increased with restoration time, but MBN content slowed down after 8 years of restoration. After 27 years of restoration, the soil MBC and MBN contents were 15.7 and 3.2 times of those in the soybean field, but the largest contents of MBC and MBN in the restored sites were 7.78%, 27.76% lower than those in natural marshes, respectively. Moreover, soil enzyme activities and the geometric mean of enzymatic activities (GME) also increased with restoration but slowed down after 13 years of restoration. After 27 years of restoration, the GME was 2.9 times than that in the soybean field, but the largest GME in the restored sites was 31.15% lower than that in the natural marsh. MBC and MBN contents, soil enzyme activities, and GME had significant relationships with soil C:N ratio, organic carbon, nutrients (total nitrogen, available nitrogen, total phosphorus), bulk density, moisture content, pH, plant properties, (i.e. biomass, height, and coverage) (p < 0.01). Redundancy analysis revealed that soil C:N ratio, pH, moisture content, total nitrogen and phosphorus were main factors affecting MBC and MBN contents and enzyme activities. In conclusion, soil microbial properties can respond positively to the natural restoration process of the reclaimed marshes and were significantly correlated with specific parameters of soil physico-chemical and plant properties.
Keywords: geometric mean of enzymatic activities, plant properties, restoration time, soil C:N ratio, sanjiang plain
INTRODUCTION
Wetland restoration has become more important in the past 2 decades (Euliss et al., 2006; Marton et al., 2014a), as disturbed/degraded wetland have been found to reduce the functions of water storage, flood control, carbon (C) and nitrogen (N) sequestration, biodiversity conservation, etc. (Jiang et al., 2015; Yu et al., 2017; Qi et al., 2021). The reclaimed wetlands can increase carbon emission (CO2), decrease soil moisture and C and N storage, and change microbiological properties (MBC and enzyme activities) (Song et al., 2012; Bai et al., 2013). Natural restoration is an effective way to restore the degraded ecosystem because it can reduce anthropogenic disturbance (Walker et al., 2007) and cost less compared to artificial restoration (Zahawi et al., 2014).
Soil microorganisms play a great role in the biogeochemical process of wetlands (Sousa et al., 2015) and can provide nutrients for the development and function of soil and plants (Li et al., 2015; Xu et al., 2020). Soil microbial properties such as microbial biomass and enzyme activities are essential components of wetlands (Xiao et al., 2015). They are considered to be more sensitive parameters than physico-chemical properties important indicators and thus could reflect the changes in soil properties after ecosystem restoration (Araujo et al., 2013; Zhang et al., 2015; Kabiri et al., 2016). Soil microbial biomass is indexed to measure the active components of soil organic matter (SOM). It is closely related to nutrient cycling and thus is extensively considered as an indicator of soil fertility and ecosystem productivity (Singh and Gupta, 2018). Soil enzymes are derived from the exudates of plant roots and microorganisms and the decomposition products of residues in the soil (Sinsabaugh et al., 2009; Joniec, 2018). In particular, β-glucosidase (GLU), invertase (INV), catalase (CAT) are the main enzymes in the cycling of soil C, while urease (URE) is a key enzyme in the cycling of soil N (Baddam et al., 2016; Zhao et al., 2018). Soil microbial properties can be affected by soil properties such as soil C and N content, pH, moisture content, bulk density, and nutrients (Kotroczó et al., 2014; Baddam et al., 2016; Wang et al., 2019). They can also be affected by plant properties such as plant biomass, species composition, and age (Yuan and Yue, 2012; Xu et al., 2020). Moreover, soil microbial properties can also be influenced by land use/cover change (Raiesi and Beheshti, 2014; Feng et al., 2019). For example, Babujia et al. (2010) and Zhang et al. (2018) found that soil microbial biomass and enzyme activities can be influenced by the ecosystem restoration after farmland abandonment.
Farmland abandonment accelerates plant recovery and increases the input of organic matter through above- and below-ground biomass (Novara et al., 2017; Romero-Díaz et al., 2017), which can increase the soil microbial biomass and enzyme activity (Jiang et al., 2009; Wang B. et al., 2011). Raiesi and Salek-Gilani (2018) showed that soil enzyme activities increased after 4–45 years of farmland abandonment. Feng et al. (2019) found that MBC and MBN contents and enzyme activities increased with restoration time in degraded forests, but some enzyme activities decreased after 11 year restoration. However, the effects of a long natural restoration time on soil microbial biomass and enzyme activities in abandoned reclaimed marshes after farmland abandonment are rarely reported. It is necessary to study the effects of marsh ecosystem on soil microbial properties after restoration, and help clarify the changes in SOM and soil function.
Sanjiang Plain is one of the most typical temperate marsh distribution areas in the world (Brinson and Malvárez, 2002). It is the region most severely affected by tillage and also the largest wetlands restoration area in China (Mao et al., 2018). We chose a restoration chronosequence (1, 4, 8, 13, 17, 27 years after soybean field abandonment), a soybean field (SF), and a natural marsh (NM) in Sanjiang Plain to investigate MBC and MBN contents and activities of four enzymes including GLU, INV, CAT, and URE. The objectives of this study were to: (1) assess how these microbial properties respond to restoration of reclaimed marshes after farmland abandonment; (2) investigate the relationships between soil microbial properties with soil physico-chemical and plant properties. We hypothesized that (1) soil MBC and MBN contents and the activities of GLU, INV, CAT, and URE will increase with restoration time and that (2) soil MBC and MBN contents and the activities of GLU, INV, CAT, and URE will have significant relationships with soil physico-chemical and plant properties.
MATERIALS AND METHODS
Study Area Description
The study was conducted in July 2019 at the Sanjiang National Nature Reserve of Fuyuan City. GPS was used to locate the study area (48°3′37.97″–48°9′05.82″N, 134°31′46.66″–134°36′05.51″E), which is located in the Sanjiang Plain of Northeast China (Figure 1). The study area belongs to a temperate climate, with an annual average temperature of 2.52°C and precipitation of 558 mm (falling mainly from June to September) (Song et al., 2009). In the past 50 years, the natural wetland has decreased from 3.53 million hm2 to only 0.81 million hm2 in Sanjiang Plain, becoming one of the fastest reduction areas of natural wetland in China, with 91% of the reduced wetland being transformed into farmland (Song K. et al., 2014). The cropping pattern in this area is one crop a year, sowing in mid-May, harvesting in mid-October, and plowing in November. However, the area of restored wetlands has gradually increased since the 1990s owing to the establishment of wetland nature reserves in the Sanjiang Plain.
[image: Figure 1]FIGURE 1 | Location of the sampling sites in Sanjiang Plain, Northeast China. SF, soybean field; R1, R4, R8, R13, R17, and R27, restored sites after 1, 4, 8, 13, 17, and 27 years of farmland abandonment; NM, natural marsh.
Sampling Method
We selected eight sampling sites: one reclaimed marshland which has grown soybean field for more than ten years, six sites that have been abandoned for 1, 4, 8, 13, 17, and 27 years after growing soybeans for about 10 years, and one natural marsh. All the sites we selected are adjacent to rivers with similar hydrological conditions and topographies, which were formed due to alluviation. The plants in restored marshes showed an obvious transition trend from weed meadow (Commelina communis, Polygonum persicaria, Bidens tripartite, Echinochloa caudate) to Deyeuxia angustifolia and Carex schmidtii (Jin et al., 2020). The vegetation information of the study site is shown in Table 1. The soybean field and restored sites had been planted with soybeans for about 10 years before they were abandoned. Restored sites mainly rely on both the remaining seed bank of the restoration land and the hydrological conditions and vegetation of the natural marsh to achieve natural restoration. The natural marsh is dominated by two local typical wetland species of D.angustifolia-C.schmidtii. In each site, three 20 × 20 m plots were randomly set, and fifteen soil cores were collected by stainless steel sampler (5 cm diameter) after litter on the soil surface was removed. Each collected soil core with five layers (0–10 cm, 10–20 cm, 20–30 cm, 30–40 cm, 40–50 cm). The soil samples were stored in ziplock bags and brought back to the laboratory. Each soil sample was divided into two portions with one portion being stored at 4°C for the measurement of soil microbial biomass carbon and nitrogen (MBC and MBN) and available nitrogen (AN, NH4+-N and NO3−-N), and the other portion being air-dried for enzyme activity analyses and soil physico-chemical analyses (Ma et al., 2020).
TABLE 1 | Properties of the plant in different sites.
[image: Table 1]In each sampling site, three 1 × 1 m quadrats were placed for the vegetation survey. Aboveground biomass was measured by harvesting all the aboveground plants. For belowground biomass in three quadrats, we obtained three complete cores of 0–50 cm depth at 10 cm intervals. The soil cores were put into 0.5 mm mesh sieve bags and cleaned. All plant samples were dried at 60°C to constant weight and weighed.
Laboratory Analysis
Soil bulk density (BD) was determined using the ring cutting method (5 cm inner diameter and 5 cm height). Soil moisture content (MC) was determined by drying the soil samples at 105°C for 24 h. Soil pH was determined using a potentiometric pH meter (SevenCompact S210, Swiss) (soil:water, 1:5). The total phosphorus (TP) was determined by the tcolorimetrical method with H2SO4-HClO4 as the digester. The available phosphorus (AP) was determinded by the colorimetrical method with HCl-H2SO4 as the digester. The total potassium (TK) was determined by acid fusion-flame spectrophotometry. Soil organic carbon (SOC) was determined by the dry combustion method and analyzed with a Multi N/C 2100 TOC analyzer (Analytik Jena, Germany). The available nitrogen (AN, NH4+-N and NO3−-N) was extracted with 1 mol/L KCl and then filtered. The total nitrogen (TN) was extracted by adding concentrated sulfuric acid and mixed catalyst to the soil sample, heating at high temperature, and then filtering. The filtrate of TN and AN was analyzed with an automatic continuous segmented flow analyzer (AA3, Seal Analytical, Germany). Soil MBC and MBN contents were determined by the fumigation-extraction method (Brookes et al., 1985; Vance et al., 1987). Soil information of the sampling site is shown in Table 2.
TABLE 2 | Soil physico-chemical properties at the 0–50 cm depth in the eight sites (mean ± SD, n = 3).
[image: Table 2]Soil β-glucosidase (GLU) activity was assayed using the substrate analogue para-nitrophenyl-β-d-glucopyranoside and expressed as μg p-nitrophenol (PNP) g−1.h−1 (Eivazi and Tabatabai, 1988). Soil invertase (INV) and urease (URE) activities were measured using conventional colorimetric methods (Song Y. et al., 2014). Before INV activity determination, soil samples were incubated with 15 ml of 8% sucrose solution and 5 ml of phosphate buffer (pH 5.5) at 37°C for 24 h, and INV activity expressed as mg glucose g−1.24 h−1. Before URE activity determination, soil samples were incubated with 10 ml of 10% urea solution and 20 ml of citric acid buffer (pH 6.7) at 37°C for 24 h, and URE activity expressed as mg NH4+-N g−1.24 h−1. Soil catalase (CAT) activity was determined by shaking soil samples with H2O2 as substrate for 20 min, then back-titration with a standard solution of 0.1 N KMnO4 and expressed as a mL.g−1 dry sample at 20 min (Wang et al., 2012).
To better illustrate the influence of restoration of reclaimed marshes on soil enzyme activities, we calculated the geometric mean of enzymatic activities (GME), because it can reflect the overall enzyme activity levels (Hinojosa et al., 2004). The GME was calculated as follows:
[image: image]
where GLU, INV, CAT, and URE represent β-glucosidase, invertase, catalase, and urease, respectively.
Statistical Analysis
One-way ANOVA was performed by the least significant difference (LSD) test (p < 0.05) to analyze the differences in soil microbial biomass carbon and nitrogen, enzyme activities, soil physico-chemical properties, and plant properties across different sites. The statistical analyses were performed by SPSS ver. 20.0 (SPSS Inc. United States). We applied the single sample K-S test in SPSS and the variance homogeneity test in one-way ANOVA to test the normal distribution and variance homogeneity of the data, respectively. Spearman correlation matrix was used to examine the relationships of soil microbial biomass, enzyme activities, the GME with the properties of soil physico-chemical and plant via the package “corrplot” in R 3.5.0 software. The influences of soil physico-chemical and plant properties on soil microbial carbon and nitrogen, and soil enzyme activities were evaluated by redundancy analysis (RDA). RDA was conducted using the Canoco 5.0 software (Microcomputer Power Inc. Ithaca, NY).
RESULTS
Soil MBC and MBN Contents
The restoration time had significant effects on MBC and MBN contents (p < 0.05, Figure 2). The average MBC and MBN contents had significant differences in all sites (p < 0.05, Figure 2C), except for the MBN content between R13 and R17 sites (p = 0.70). The average MBC content of restored sites increased with restoration time, except for soil MBC content in the R13 site which was lower than in the restored R8 site. MBN content increased before 8 years of restoration and then fluctuated. The MBC and MBN contents in the R1, R4, R8, R13, R17, and R27 sites were significantly higher than those in the soybean field (p < 0.05). After 27 years of restoration, the MBC and MBN contents were 15.7 and 3.2 times of those in the soybean field, respectively. The largest contents of MBC and MBN in the restored sites were 7.78%, 27.76% lower than those in natural marshes, respectively. Soil MBC and MBN contents decreased with soil depth at all sites (p < 0.05, Figures 2A,B). The highest contents of MBC (4,834.29 mg.kg−1) and MBN (373.27 mg.kg−1) appeared at 0–10 cm in the natural marsh, while the lowest contents of MBC (27.54 mg.kg−1) and MBN (10.71 mg.kg−1) appeared at 40–50 cm in the soybean field. The differences in MBC and MBN contents of different sites in the surface layers (0–30 cm) were more obvious than those in the bottom layers (30–50 cm). For example, the MBC and MBN contents showed no significant difference at 30–40 cm and 40–50 cm in the R4, R8, and R17 sites with the R1 site (p > 0.05).
[image: Figure 2]FIGURE 2 | Distribution of MBC (A) and MBN (B) at 0–50 cm depth of soil, and the average MBC and MBN contents in different sites (C). SF, soybean field; R1, R4, R8, R13, R17, and R27, restored sites after 1, 4, 8, 13, 17, and 27 years of farmland abandonment; NM, natural marsh. Different lowercase letters in (A) and (B) indicate significant differences between different layers in the same site (p < 0.05). Different uppercase letters in (C) indicate significant differences of the average value of the five layers between different sites (p < 0.05).
Soil Enzyme Activities
The average activities of GLU, INV, CAT, and URE in the restored sites were significantly higher than in the soybean field but lower than in the natural marsh (p < 0.01, Figures 3E,F). After 27 years of restoration, the activities of GLU, INV, CAT, and URE were 3.5, 4.7, 2.7, 1.5 times of those in the soybean field, respectively. The largest activities of GLU, INV, CAT, and URE in the restored sites were 34.3, 26.74, 36.07, and 7.38% lower than those in natural marshes, respectively. A similar trend was observed in that the fluctuation of the average GLU, INV, and URE activities increased with restoration time (Figures 3E,F). However, the restoration rate of GLU and URE activities was fast in the first 8 years of restoration and then slowed down. The CAT activity increased with restoration time except for the R27 site, in which it declined compared to R17 (Figure 3F).
[image: Figure 3]FIGURE 3 | Distribution of soil enzyme activity at the soil 0–50 cm depth (A–D) and average soil enzyme activity of different sites (E–F). GLU, β-glucosidase; INV, invertase; CAT, catalase; URE, urease. SF, soybean field; R1, R4, R8, R13, R17, and R27, restored sites after 1, 4, 8, 13, 17, and 27 years of farmland abandonment; NM, natural marsh. Different lowercase letters in (A–D) indicate significant differences between different layers in the same site (p < 0.05). Different uppercase letters in (E–F) indicate significant differences of the average value of the five layers between different sites (p < 0.05).
The activities of GLU, INV, CAT, and URE decreased significantly with soil depths in all sites (Figures 3A–D). The highest activities of GLU, INV, CAT, and URE appeared at 0–10 cm in the natural marsh, which were 6.6, 3.9, 2.9, and 1.6 times than those in 40–50 cm of the same site, respectively. The highest GLU and CAT activities of restored sites appeared at 0–10 cm of the R8 site, which were 9.2 and 5.0 times than those in 40–50 cm of the same site, respectively (Figures 3A,C). The highest INV and URE activities of restored sites appeared at 0–10 cm in the R27 sites, which were 5.6 and 1.6 times than those in 40–50 cm of the same site, respectively (Figures 3B,D).
The GME was obtained based on the calculation of four soil enzyme activities in this study. The variation of GME was affected by restoration time and soil depth. The average GME had significant differences among all sites (p < 0.05, Figure 4B) except for the GME between R8 and R17 sites and between R17 and R27 sites. The growth rate was fast in the first 8 years of restoration and then slower down. After 27 years of restoration, the GME was 2.9 times than that in the soybean field, but was 31.15% lower than the natural marsh. The GME declined with soil depths (Figure 4A). The largest GME appeared at 0–10 in the natural marsh, which was 3.2 times than that in 40–50 cm of the same site. The highest GME of restored sites appeared at 0–10 cm in the R27 sites, which were 5.0 times than that in 40–50 cm of the same site.
[image: Figure 4]FIGURE 4 | Distribution of the geometric mean of enzyme activity (GME) at the soil 0–50 cm depth (A) and the average GME in different sites (B). SF, soybean field; R1, R4, R8, R13, R17, and R27, restored sites after 1, 4, 8, 13,17, and 27 years of farmland abandonment; NM, natural marsh. Different lowercase letters in (A) indicate significant differences between different layers in the same site (p < 0.05). Different uppercase letters in (B) indicate significant differences of the average value of the five layers between different sites (p < 0.05).
Relationships of Soil Microbial Properties With Environmental Factors
The relationships of soil microbial biomass, enzyme activities with environmental factors (soil physico-chemical and plant properties) were shown by the Spearman rank correlation matrix (Figure 5). Soil microbial biomass, enzyme activities, and GME were negatively correlated with BD, pH, AP (p < 0.001), and TK (p < 0.05). Among enzyme activities, GLU activity was negatively related to AP (p < 0.05), and its relationship with TK was negative but not significantly.
[image: Figure 5]FIGURE 5 | Correlation matrix of soil microbial biomass, enzyme activities, soil physico-chemical properties, and plant properties. The correlation coefficient (r-value) is represented by different colors. ***p < 0.001; **p < 0.01; *p < 0.05. BD, bulk density; MC, moisture content; SOC, soil organic carbon; TN, total nitrogen; AN, available nitrogen; TP, total phosphorus; AP, available phosphorus; TK, total potassium; H, plant height, Cover, plant coverage; AGB, aboveground biomass; BGB, belowground biomass; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; GLU, β-glucosidase; INV, invertase; CAT, catalase; URE, urease; GME, geometric mean of enzyme activity.
Soil MBC and MBN contents, and enzyme activities were positively correlated with MC, SOC, TN, C:N ratio, AN, TP, AGB, BGB, H, and Cover (p < 0.001). The first two axes of the RDA (Figure 6) accounted for 99.6% of the MBC and MBN variance, with the first axis accounting for 99.54% of the variance (Figure 6A). Soil C:N ratio, pH, MC were the most important factors affecting soil MBC and MBN contents, explained 98.6% of the total variance. The first two axes of the RDA accounted for 99.68% of the enzyme activities variance, with the first axis accounting for 99.24% of the variance (Figure 6B). Soil C:N ratio, TN, and MC were the most important factors affecting soil enzyme activities, explained 98.9% of the total variance.
[image: Figure 6]FIGURE 6 | Redundancy analysis (RDA) of the effect of soil physico-chemical properties and plant properties on soil microbial biomass (A) and enzyme activities (B). BD, bulk density; MC, moisture content; SOC, soil organic carbon; TN, total nitrogen; AN, available nitrogen; TP, total phosphorus; AP, available phosphorus; TK, total potassium; AGB, aboveground biomass; H, plant height; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; GLU, β-glucosidase; INV, invertase; CAT, catalase; URE, urease; GME, geometric mean of enzyme activity.
DISCUSSION
Response of Soil Microbial Biomass to Restoration of Reclaimed Marshes
Our results showed an increasing trend of MBC and MBN with restoration time (Figure 2). The results support part of our first hypothesis that soil microbial biomass will increase over restoration time. This result is consistent with previous studies (Song et al., 2012; Zhang et al., 2018; Feng et al., 2019; Morales-Londoño et al., 2019) on the changes of soil microbial biomass in the process of ecosystem restoration after abandonment. Song et al. (2012) reported that the soil MBC content increased in the restored sites with restoration time after 12 years of farmland abandonment. Several recent studies also reported the increase of soil MBC and MBN contents after the ecosystem restoration (Zhang et al., 2018; Feng et al., 2019; Morales-Londoño et al., 2019). Our study also showed an increasing trend of soil MBC and MBN during the 27 years of restoration. However, after 27 years of restoration, the MBC and MBN contents were still lower than those of the natural marsh. Soil MBC and MBN contents increased with restoration time may be attributed to the following reasons. Firstly, the restoration of vegetation increased plant coverage and above and below ground biomass (Table 1), which caused the increase of SOM and nutrient elements availability (Table 2), thus improving the soil microbial environment and the soil microbial process (Allison and Jastrow, 2006; Wang et al., 2017; Li et al., 2020). Secondly, the increasing MC of restored sites creates an anaerobic condition of the soil, resulting in lower decomposition of SOM after the farmland abandonment (Yang et al., 2019), which is conducive to carbon and nitrogen accumulation. MBC and MBN were basic fractions of soil active carbon and nitrogen pools and were positively related to SOM (Schnürer et al., 1985). Therefore, the increase of carbon and nitrogen is beneficial to the increase of microbial biomass. The variation of MBC and MBN contents after farmland abandonment indicates that they can be used as sensitive indicators of ecosystem response to the natural restoration of reclaimed marshes.
The contents of MBC and MBN decreased with soil depth in all sites, which is consistent with findings of the recent studies (Feng et al., 2019; Mgelwa et al., 2019). This result may be related to the decrease of the substrate input of plant residues (such as roots and secretions) reduced with soil depth, which directly caused the MBC and MBN contents with soil depth (Wichern et al., 2003).
Response of Soil Enzyme Activities to Restoration of Reclaimed Marshes
Our results of soil enzyme activities partly supported our first hypothesis that soil enzyme activities of the restored sites would increase with restoration time though there were fluctuations in the later stage of restoration. Our results are similar to previous studies that soil enzyme activities increased during natural restoration after farmland abandonment in the restored rangeland ecosystems (Raiesi and Salek-Gilani, 2018). Plant restoration after farmland abandonment had a positive effect on the enzyme activities which was due to increased organic matter input and improved soil physico-chemical and microbial properties (Cao et al., 2008; Shang et al., 2014). Moreover, continuous and abundant input of organic matter can provide sufficient nutrients for the growth of microorganisms and also increase the surface adsorption of organic matter by enzymes and their substrates (Raiesi and Salek-Gilani, 2018; Yu et al., 2019). Our results indicate that even after 27 years of farmland abandonment, the four enzyme activities in the restored sites still could not reach the level of the natural marsh. The results are similar to a recent study showed that soil enzyme activities after 45 years of farmland abandonment were lower than those in the natural sites (Raiesi and Salek-Gilani, 2018). It may take a longer time (or hundreds of years) for the soil enzyme activities of abandoned farmland to recover to the level of natural marshes, because the hydrology, soil, and vegetation of these restored sites have not recovered to the same level as those of natural marshes.
Our results also showed that there were significant differences of soil enzyme activities across the five soil depths in all sites (p < 0.05, Figures 3A–D). The soil enzyme activities decreased with soil depth in all sites, which were consistent with the previous reports (Zhang et al., 2015; Bai et al., 2018). This result was related to the fact that there are more organic matter and plant roots in the surface soil depth than in the deeper soil, which leads to the decline of the enzyme activities with soil depth (Xiao et al., 2015; Ma et al., 2020).
Similar to the four enzyme activities, the GME was also higher in the restored sites than that in the soybean field but lower than in the natural marsh. This result also responses to the finding by Raiesi and Salek-Gilani (2018) that the GME increased with farmland abandonment time. Besides, the growth rate of GME was faster in the early stage than in the later stage of restoration. The result may be due to fluctuation of the plant biomass, SOC and TN contents in the later stage of restoration (Table 1 and 2) because they are the main sources of nutrients and energy for the survival of soil microorganisms. Compared with a single enzyme, the GME has a more stable temporal variability (Paz-Ferreiro and Fu, 2016), which can better reflect the relationship between soil enzyme activities and environmental factors in the process of restoration.
Relationships of Soil Microbial Properties With Soil Physico-Chemical and Plant Properties
Natural restoration after farmland abandonment had great influences on the soil physico-chemical properties, plant properties, and microbial properties (Li et al., 2020; Zhang et al., 2016). In our restoration chronosequence, plant biomass, height, coverage, and nutrients content significantly increased compared to the soybean field (Table 1 and 2), which is consistent with the previous studies (Li et al., 2018; Marton et al., 2014b; Wang H. et al., 2011). In this study, soil MBC, MBN, the four soil enzyme activities, and the GME were positively correlated with MC, SOC, TN, C:N ratio, AN, TP, AGB, BGB, H, and Cover (p < 0.001), and were negatively correlated with BD, pH (p < 0.001) (Figure 5). These results support our second hypothesis that soil microbial biomass and enzyme activities have significant relationships with soil physico-chemical characteristics and plant properties. Wang et al. (2020) also found that soil GLU, URE, CAT were positively related to SOC, TN, TP, MC (p < 0.01), but INV was only positively related to SOC (p < 0.01) and TN (p < 0.01). Li et al. (2018) found that soil microbial biomass and enzyme activities had significant positive relationships with SOC, TN, and negative relationships with BD, and pH. Plant characteristics (biomass, height, coverage) also had significant effects on soil enzyme activities (Araujo et al., 2013; Qiang et al., 2020). RDA showed that among these affecting factors of soil and plant properties, the C:N ratio, pH, and MC were crucial explanatory factors affecting soil MBC and MBN contents (Figure 6A). The C:N ratio, TN, and TP were crucial explanatory factors affecting the soil enzyme activities and the GME (Figure 6B).
Soil C, N, and P can regulate the available nutrients for soil microbes, thus affecting the microbial properties and the changes in the soil C: N stoichiometry during the process of restoration of reclaimed marshes. The C:N ratio can reflect the degree of decomposition of SOM, and a high soil C:N ratio can slow down the decomposition rate of SOM, which is beneficial to the accumulation of carbon and nitrogen (Baisden et al., 2002; Marty et al., 2017). Soil MC as the main property of marsh plays an important role in restoration of reclaimed marshes. With the increase of marsh MC, the permeability of soil becomes weaker, which can depress soil respiration, inhibiting organic carbon decomposition (Pan et al., 2015), thus gradually minimizing the difference in hydrology conditions between restored marshes and natural marshes (Yang et al., 2019). Soil MC could also affect the production and turnover of enzymes by mediating the microbial biomass content (Steinweg et al., 2013). Soil pH can not only regulate the decomposition and mineralization of SOM but also influences the species and activities of microorganisms and the rate of soil enzymes participating in biochemical reactions (Dick et al., 2000). The decrease of soil pH will reduce the decomposition rate of soil organic matter (Mazurczyk and Brooks, 2018). Therefore, high soil C:N ratio, MC, and low pH contribute to the increase of soil microbial biomass content and enzyme activities in this study.
CONCLUSION
This research provided evidence for the responses of soil microbial biomass and enzyme activities to national restoration of reclaimed marshes. Compared with the soybean field, restoration of reclaimed marshes significantly increased the soil MBC and MBN contents, soil enzyme activities, and the GME of the restored sites. The MBC content increased with restoration time and the MBN content increased in the first 8 years of restoration and then slowed down in the studied sites. Generally, the GLU, INV, CAT activities, and the GME increased in the first 8 years of restoration and then fluctuated. The CAT activity increased in the first 17 years of restoration and then decreased in the R27 site. However, the MBC and MBN contents, soil enzyme activities of all these restored sites were lower than the natural marsh. Our results indicate that soil microbial properties can be gradually restored through natural restoration, but it may take a long time. We found that in the observed environmental factors, soil C:N ratio, pH, MC, TN, and TP were the key factors affecting soil microbial biomass and enzyme activities.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
CW: Methodology, Software, Formal analysis, Investigation, Writing-Original draft preparation and Writing-Reviewing and Editing. HL: Investigation. XS: Resources, Supervision, Project administration, Funding acquisition and Reviewing. TC: Supervision.
FUNDING
This research was funded by the National Natural Science Foundation of China (No. 31870443), The Natural Science Foundation of Heilongjiang Province of China (No. LH 2020C033), and Central Universities Basic Fund of China (No. 2572020BA06).
ACKNOWLEDGMENTS
We thank Qingbo Wang, Di Wu, Chenglin Liu for their support in field sampling. We also thank Sen Lu, Mei Gao for their assistance in laboratory analysis.
REFERENCES
 Allison, S. D., and Jastrow, J. D. (2006). Activities of Extracellular Enzymes in Physically Isolated Fractions of Restored Grassland Soils. Soil Biol. Biochem. 38, 3245–3256. doi:10.1016/j.soilbio.2006.04.011
 Araújo, A. S. F., Cesarz, S., Leite, L. F. C., Borges, C. D., Tsai, S. M., and Eisenhauer, N. (2013). Soil Microbial Properties and Temporal Stability in Degraded and Restored Lands of Northeast Brazil. Soil Biol. Biochem. 66, 175–181. doi:10.1016/j.soilbio.2013.07.013
 Babujia, L. C., Hungria, M., Franchini, J. C., and Brookes, P. C. (2010). Microbial Biomass and Activity at Various Soil Depths in a Brazilian Oxisol after Two Decades of No-Tillage and Conventional Tillage. Soil Biol. Biochem. 42, 2174–2181. doi:10.1016/j.soilbio.2010.08.013
 Baddam, R., Reddy, G. B., Raczkowski, C., and Cyrus, J. S. (2016). Activity of Soil Enzymes in Constructed Wetlands Treated with Swine Wastewater. Ecol. Eng. 91, 24–30. doi:10.1016/j.ecoleng.2016.01.021
 Bai, J., Xiao, R., Zhang, K., Gao, H., Cui, B., and Liu, X. (2013). Soil Organic Carbon as Affected by Land Use in Young and Old Reclaimed Regions of a Coastal Estuary Wetland, China. Soil Use Manag. 29, 57–64. doi:10.1111/sum.12021
 Bai, X., Zeng, Q., Fakher, A., Dong, Y., and An, S. (2018). Characteristics of Soil Enzyme Activities and Microbial Biomass Carbon and Nitrogen under Different Vegetation Zones on the Loess Plateau, China. Arid Land Res. Manage. 32, 438–454. doi:10.1080/15324982.2018.1501621
 Baisden, W. T., Amundson, R., Cook, A. C., and Brenner, D. L. (2002). Turnover and Storage of C and N in Five Density Fractions from California Annual Grassland Surface Soils. Glob. Biogeochem. Cycles 16, 64–71. doi:10.1029/2001GB001822
 Brinson, M. M., and Malvárez, A. I. (2002). Temperate Freshwater Wetlands: Types, Status, and Threats. Envir. Conserv. 29, 115–133. doi:10.1017/S0376892902000085
 Brookes, P. C., Landman, A., Pruden, G., and Jenkinson, D. S. (1985). Chloroform Fumigation and the Release of Soil Nitrogen: A Rapid Direct Extraction Method to Measure Microbial Biomass Nitrogen in Soil. Soil Biol. Biochem. 17, 837–842. doi:10.1016/0038-0717(85)90144-0
 Cao, C., Jiang, D., Teng, X., Jiang, Y., Liang, W., and Cui, Z. (2008). Soil Chemical and Microbiological Properties along a Chronosequence of Caragana Microphylla Lam. Plantations in the Horqin sandy Land of Northeast China. Appl. Soil Ecol. 40, 78–85. doi:10.1016/j.apsoil.2008.03.008
 Dick, W. A., Cheng, L., and Wang, P. (2000). Soil Acid and Alkaline Phosphatase Activity as pH Adjustment Indicators. Soil Biol. Biochem. 32, 1915–1919. doi:10.1016/S0038-0717(00)00166-8
 Eivazi, F., and Tabatabai, M. A. (1988). Glucosidases and Galactosidases in Soils. Soil Biol. Biochem. 20, 601–606. doi:10.1016/0038-0717(88)90141-1
 Euliss, N. H., Gleason, R. A., Olness, A., McDougal, R. L., Murkin, H. R., Robarts, R. D., et al. (2006). North American Prairie Wetlands Are Important Nonforested Land-Based Carbon Storage Sites. Sci. Total Environ. 361, 179–188. doi:10.1016/j.scitotenv.2005.06.007
 Feng, C., Ma, Y., Jin, X., Wang, Z., Ma, Y., Fu, S., et al. (2019). Soil Enzyme Activities Increase Following Restoration of Degraded Subtropical Forests. Geoderma 351, 180–187. doi:10.1016/j.geoderma.2019.05.006
 Hinojosa, M. B., García-Ruíz, R., Viñegla, B., and Carreira, J. A. (2004). Microbiological Rates and Enzyme Activities as Indicators of Functionality in Soils Affected by the Aznalcóllar Toxic Spill. Soil Biol. Biochem. 36, 1637–1644. doi:10.1016/j.soilbio.2004.07.006
 Jiang, J.-P., Xiong, Y.-C., Jiang, H.-M., Ye, D.-Y., Song, Y.-J., and Li, F.-M. (2009). Soil Microbial Activity during Secondary Vegetation Succession in Semiarid Abandoned Lands of Loess Plateau. Pedosphere 19, 735–747. doi:10.1016/S1002-0160(09)60169-7
 Jiang, T.-T., Pan, J.-F., Pu, X.-M., Wang, B., and Pan, J.-J. (2015). Current Status of Coastal Wetlands in China: Degradation, Restoration, and Future Management. Estuarine, Coastal Shelf Sci. 164, 265–275. doi:10.1016/j.ecss.2015.07.046
 Jin, X., Sun, X., Li, H., Zhao, D., Li, D., Wang, L., et al. (2020). Changes of Plant Species Diversity and Biomass with Reclaimed Marshes Restoration. J. For. Res. 32, 133–142. doi:10.1007/s11676-020-01104-y
 Joniec, J. (2018). Enzymatic Activity as an Indicator of Regeneration Processes in Degraded Soil Reclaimed with Various Types of Waste. Int. J. Environ. Sci. Technol. 15, 2241–2252. doi:10.1007/s13762-017-1602-x
 Kabiri, V., Raiesi, F., and Ghazavi, M. A. (2016). Tillage Effects on Soil Microbial Biomass, SOM Mineralization and Enzyme Activity in a Semi-arid Calcixerepts. Agric. Ecosyst. Environ. 232, 73–84. doi:10.1016/j.agee.2016.07.022
 Kotroczó, Z., Veres, Z., Fekete, I., Krakomperger, Z., Tóth, J. A., Lajtha, K., et al. (2014). Soil Enzyme Activity in Response to Long-Term Organic Matter Manipulation. Soil Biol. Biochem. 70, 237–243. doi:10.1016/j.soilbio.2013.12.028
 Li, J., Shangguan, Z., and Deng, L. (2020). Dynamics of Soil Microbial Metabolic Activity during Grassland Succession after farmland Abandonment. Geoderma 363, 114167. doi:10.1016/j.geoderma.2019.114167
 Li, J., Tong, X., Awasthi, M. K., Wu, F., Ha, S., Ma, J., et al. (2018). Dynamics of Soil Microbial Biomass and Enzyme Activities along a Chronosequence of Desertified Land Revegetation. Ecol. Eng. 111, 22–30. doi:10.1016/j.ecoleng.2017.11.006
 Li, J., Zhou, X., Yan, J., Li, H., and He, J. (2015). Effects of Regenerating Vegetation on Soil Enzyme Activity and Microbial Structure in Reclaimed Soils on a Surface Coal Mine Site. Appl. Soil Ecol. 87, 56–62. doi:10.1016/j.apsoil.2014.11.010
 Ma, W., Li, G., Wu, J., Xu, G., and Wu, J. (2020). Response of Soil Labile Organic Carbon Fractions and Carbon-Cycle Enzyme Activities to Vegetation Degradation in a Wet Meadow on the Qinghai-Tibet Plateau. Geoderma 377, 114565. doi:10.1016/j.geoderma.2020.114565
 Mao, D., Luo, L., Wang, Z., Wilson, M. C., Zeng, Y., Wu, B., et al. (2018). Conversions between Natural Wetlands and farmland in China: a Multiscale Geospatial Analysis. Sci. Total Environ. 634, 550–560. doi:10.1016/j.scitotenv.2018.04.009
 Marton, J. M., Fennessy, M. S., and Craft, C. B. (2014a). Functional Differences between Natural and Restored Wetlands in the Glaciated Interior Plains. J. Environ. Qual. 43, 409–417. doi:10.2134/jeq2013.04.0118
 Marton, J. M., Fennessy, M. S., and Craft, C. B. (2014b). USDA Conservation Practices Increase Carbon Storage and Water Quality Improvement Functions: an Example from Ohio. Restor. Ecol. 22, 117–124. doi:10.1111/rec.12033
 Marty, C., Houle, D., Gagnon, C., and Courchesne, F. (2017). The Relationships of Soil Total Nitrogen Concentrations, Pools and C:N Ratios with Climate, Vegetation Types and Nitrate Deposition in Temperate and Boreal Forests of Eastern Canada. Catena 152, 163–172. doi:10.2134/jeq2013.04.011810.1016/j.catena.2017.01.014
 Mazurczyk, T., and Brooks, R. P. (2018). Carbon Storage Dynamics of Temperate Freshwater Wetlands in Pennsylvania. Wetlands Ecol. Manage. 26, 893–914. doi:10.1007/s11273-018-9619-6
 Mgelwa, A. S., Hu, Y.-L., Xu, W.-B., Ge, Z.-Q., and Yu, T.-W. (2019). Soil Carbon and Nitrogen Availability Are Key Determinants of Soil Microbial Biomass and Respiration in Forests along Urbanized Rivers of Southern China. Urban For. Urban Green. 43, 126351. doi:10.1016/j.ufug.2019.05.013
 Morales-Londoño, D. M., Meyer, E., Kunze, A., Gonzalez, D., Prieto-Benavides, O. O., Armas, R. D., et al. (2019). Are Microbial Activity and Arbuscular Mycorrhizal Fungal Community Influenced by Regeneration Stages? A Case Study in Southern Brazil Coastal Atlantic Rain Forest. Appl. Soil Ecol. 138, 94–98. doi:10.1016/j.apsoil.2019.02.028
 Novara, A., Gristina, L., Sala, G., Galati, A., Crescimanno, M., Cerdà, A., et al. (2017). Agricultural Land Abandonment in Mediterranean Environment Provides Ecosystem Services via Soil Carbon Sequestration. Sci. Total Environ. 576, 420–429. doi:10.1016/j.scitotenv.2016.10.123
 Pan, T., Zeng, L., Zeng, C., and Wang, W. (2015). Effects of Spartina Alterniflora Invasion on Soil Organic Carbon in the Bare Tidal Flat Wetland of Minjiang River Estuary. Sci. Soil Water Conserv. 13, 84–90. (in Chinese). doi:10.16843/j.sswc.2015.01.013
 Paz‐Ferreiro, J., and Fu, S. (2016). Biological Indices for Soil Quality Evaluation: Perspectives and Limitations. Land Degrad. Dev. 27, 14–25. doi:10.1002/ldr.2262
 Qi, Q., Zhang, D., Zhang, M., Tong, S., Wang, W., and An, Y. (2021). Spatial Distribution of Soil Organic Carbon and Total Nitrogen in Disturbed Carex Tussock Wetland. Ecol. Indicators 120, 106930. doi:10.1016/j.ecolind.2020.106930
 Qiang, W., Yang, B., Liu, Y., Qi, K., Yang, T., and Pang, X. (2020). Effects of Reclamation Age on Soil Microbial Communities and Enzymatic Activities in the Sloping Citrus Orchards of Southwestern China. Appl. Soil Ecol. 152, 103566. doi:10.1016/j.apsoil.2020.103566
 Raiesi, F., and Beheshti, A. (2014). Soil Specific Enzyme Activity Shows More Clearly Soil Responses to Paddy rice Cultivation Than Absolute Enzyme Activity in Primary Forests of Northwest Iran. Appl. Soil Ecol. 75, 63–70. doi:10.1016/j.apsoil.2013.10.012
 Raiesi, F., and Salek-Gilani, S. (2018). The Potential Activity of Soil Extracellular Enzymes as an Indicator for Ecological Restoration of Rangeland Soils after Agricultural Abandonment. Appl. Soil Ecol. 126, 140–147. doi:10.1016/j.apsoil.2018.02.022
 Romero-Díaz, A., Ruiz-Sinoga, J. D., Robledano-Aymerich, F., Brevik, E. C., and Cerdà, A. (2017). Ecosystem Responses to Land Abandonment in Western Mediterranean Mountains. Catena 149, 824–835. doi:10.1016/j.catena.2016.08.013
 Schnürer, J., Clarholm, M., and Rosswall, T. (1985). Microbial Biomass and Activity in an Agricultural Soil with Different Organic Matter Contents. Soil Biol. Biochem. 17, 611–618. doi:10.1016/0038-0717(85)90036-7
 Shang, Z.-H., Cao, J.-J., Guo, R.-Y., Long, R.-J., and Deng, B. (2014). The Response of Soil Organic Carbon and Nitrogen 10years after Returning Cultivated alpine Steppe to Grassland by Abandonment or Reseeding. Catena 119, 28–35. doi:10.1016/j.catena.2014.03.006
 Singh, J. S., and Gupta, V. K. (2018). Soil Microbial Biomass: a Key Soil Driver in Management of Ecosystem Functioning. Sci. Total Environ. 634, 497–500. doi:10.1016/j.scitotenv.2018.03.373
 Sinsabaugh, R. L., Hill, B. H., and Follstad Shah, J. J. (2009). Ecoenzymatic Stoichiometry of Microbial Organic Nutrient Acquisition in Soil and Sediment. Nature 462, 795–798. doi:10.1038/nature08632
 Song, C., Xu, X., Tian, H., and Wang, Y. (2009). Ecosystem-Atmosphere Exchange of CH4 and N2O and Ecosystem Respiration in Wetlands in the Sanjiang Plain, Northeastern China. Glob. Change Biol. 15, 692–705. doi:10.1111/j.1365-2486.2008.01821.x
 Song, K., Wang, Z., Du, J., Liu, L., Zeng, L., and Ren, C. (2014). Wetland Degradation: its Driving Forces and Environmental Impacts in the Sanjiang Plain, China. Environ. Manage. 54, 255–271. doi:10.1007/s00267-014-0278-y
 Song, Y., Song, C., Tao, B., Wang, J., Zhu, X., and Wang, X. (2014). Short-term Responses of Soil Enzyme Activities and Carbon Mineralization to Added Nitrogen and Litter in a Freshwater Marsh of Northeast China. Eur. J. Soil Biol. 61, 72–79. doi:10.1007/10.1016/j.ejsobi.2014.02.001
 Song, Y., Song, C., Yang, G., Miao, Y., Wang, J., and Guo, Y. (2012). Changes in Labile Organic Carbon Fractions and Soil Enzyme Activities after Marshland Reclamation and Restoration in the Sanjiang Plain in Northeast China. Environ. Manage. 50, 418–426. doi:10.1007/s00267-012-9890-x
 Sousa, R. F. d., Fernandes Brasil, E. P., de Figueiredo, C. C., and Leandro, W. M. (2015). Soil Microbial Biomass and Activity in Wetlands Located in Preserved and Disturbed Environments in the Cerrado Biome. Biosci. J. 31, 1049–1061. doi:10.14393/BJ-v31n4a2015-26176
 Steinweg, J. M., Dukes, J. S., Paul, E. A., and Wallenstein, W. D. (2013). Microbial Responses to Multi-Factor Climate Change: Effects on Soil Enzymes. Front. Microbiol. 4, 146. doi:10.3389/fmicb.2013.00146
 Vance, E. D., Brookes, P. C., and Jenkinson, D. S. (1987). An Extraction Method for Measuring Soil Microbial Biomass C. Soil Biol. Biochem. 19, 703–707. doi:10.1016/0038-0717(87)90052-6
 Walker, L. R., Walker, J., and Hobbs, R. J. (2007). Linking Restoration and Ecological Succession. Netherlands: Springer, 5–21.
 Wang, B., Liu, G. B., Xue, S., and Zhu, B. (2011). Changes in Soil Physico-Chemical and Microbiological Properties during Natural Succession on Abandoned farmland in the Loess Plateau. Environ. Earth Sci. 62, 915–925. doi:10.1007/s12665-010-0577-4
 Wang, B., Xue, S., Liu, G. B., Zhang, G. H., Li, G., and Ren, Z. P. (2012). Changes in Soil Nutrient and Enzyme Activities under Different Vegetations in the Loess Plateau Area, Northwest China. Catena 92, 186–195. doi:10.1016/j.catena.2011.12.004
 Wang, L., Pang, X., Li, N., Qi, K., Huang, J., and Yin, C. (2020). Effects of Vegetation Type, fine and Coarse Roots on Soil Microbial Communities and Enzyme Activities in Eastern Tibetan Plateau. Catena 194, 104694. doi:10.1016/j.catena.2020.104694
 Wang, L., Yan, B., Prasher, S. O., Ou, Y., Bian, Y., and Cui, H. (2019). The Response of Microbial Composition and Enzyme Activities to Hydrological Gradients in a Riparian Wetland. J. Soils Sediments 19, 4031–4041. doi:10.1007/s11368-019-02373-9
 Wang, Y., Ji, H., Wang, R., Guo, S., and Gao, C. (2017). Impact of Root Diversity upon Coupling between Soil C and N Accumulation and Bacterial Community Dynamics and Activity: Result of a 30 Year Rotation experiment. Geoderma 292, 87–95. doi:10.1016/j.geoderma.2017.01.014
 Wang, H., Wang, R., Yu, Y., Mitchell, M. J., and Zhang, L. (2011). Soil Organic Carbon of Degraded Wetlands Treated with Freshwater in the Yellow River Delta, China. J. Environ. Manage. 92, 2628–2633. doi:10.1016/j.jenvman.2011.05.030
 Wichern, F., Richter, C., and Joergensen, R. G. (2003). Soil Fertility Breakdown in a Subtropical South African Vertisol Site Used as a home Garden. Biol. Fertil. Soils. 37, 288–294. doi:10.1007/s00374-003-0596-3
 Xiao, Y., Huang, Z., and Lu, X. (2015). Changes of Soil Labile Organic Carbon Fractions and Their Relation to Soil Microbial Characteristics in Four Typical Wetlands of Sanjiang Plain, Northeast China. Ecol. Eng. 82, 381–389. doi:10.1016/j.ecoleng.2015.05.015
 Xu, J., Liu, B., Qu, Z.-L., Ma, Y., and Sun, H. (2020). Age and Species of Eucalyptus Plantations Affect Soil Microbial Biomass and Enzymatic Activities. Microorganisms 8, 811. doi:10.3390/microorganisms8060811
 Yang, L., Jiang, M., Zhu, W., Han, L., and Qin, L. (2019). Soil Bacterial Communities with an Indicative Function Response to Nutrients in Wetlands of Northeastern China that Have Undergone Natural Restoration. Ecol. Indicators 101, 562–571. doi:10.1016/j.ecolind.2019.01.037
 Yu, P., Tang, X., Zhang, A., Fan, G., and Liu, S. (2019). Responses of Soil Specific Enzyme Activities to Short-Term Land Use Conversions in a Salt-Affected Region, Northeastern China. Sci. Total Environ. 687, 939–945. doi:10.1016/j.scitotenv.2019.06.171
 Yu, S., Cui, B., Gibbons, P., Yan, J., Ma, X., Xie, T., et al. (2017). Towards a Biodiversity Offsetting Approach for Coastal Land Reclamation: Coastal Management Implications. Biol. Conservation 214, 35–45. doi:10.1016/j.biocon.2017.07.016
 Yuan, B.-C., and Yue, D.-X. (2012). Soil Microbial and Enzymatic Activities across a Chronosequence of Chinese pine Plantation Development on the Loess Plateau of China. Pedosphere 22, 1–12. doi:10.1016/S1002-0160(11)60186-0
 Zahawi, R. A., Reid, J. L., and Holl, K. D. (2014). Hidden Costs of Passive Restoration. Restor. Ecol. 22, 284–287. doi:10.1111/rec.12098
 Zhang, C., Liu, G., Xue, S., and Wang, G. (2016). Soil Bacterial Community Dynamics Reflect Changes in Plant Community and Soil Properties during the Secondary Succession of Abandoned farmland in the Loess Plateau. Soil Biol. Biochem. 97, 40–49. doi:10.1016/j.soilbio.2016.02.013
 Zhang, W., Qiao, W., Gao, D., Dai, Y., Deng, J., Yang, G., et al. (2018). Relationship between Soil Nutrient Properties and Biological Activities along a Restoration Chronosequence of Pinus Tabulaeformis Plantation Forests in the Ziwuling Mountains, China. Catena 161, 85–95. doi:10.1016/j.catena.2017.10.021
 Zhang, Y. L., Chen, L. J., Chen, X. H., Tan, M. L., Duan, Z. H., Wu, Z. J., et al. (2015). Response of Soil Enzyme Activity to Long-Term Restoration of Desertified Land. Catena 133, 64–70. doi:10.1016/j.catena.2015.04.012
 Zhao, J., Gong, L., An, S., Li, Y., and Chen, X. (2018). Correlation between Soil Organic and Inorganic Carbon and Environmental Factors in Cotton fields in Different Continuous Cropping Years in the Oasis of the Northern Tarim Basin. Environ. Sci. 7, 3374–3381. (in Chinese). doi:10.13227/j.hjkx.201711099
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Wang, Li, Sun and Cai. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 16 July 2021
doi: 10.3389/fenvs.2021.712013


[image: image2]
Post-Harvest N2O Emissions Can Be Mitigated With Organic Amendments
S. Rothardt1*, R. Fuß2, I. Pahlmann3 and H. Kage1
1Agronomy and Crop Science, Institute of Crop Science and Plant Breeding, Christian-Albrechts-University, Kiel, Germany
2Thünen-Institute of Climate-Smart Agriculture, Braunschweig, Germany
3Agricultural Science, Technische Hochschule Ostwestfalen-Lippe, Lemgo, Germany
Edited by:
Rajni Singh, Amity University, India
Reviewed by:
Anjana Srivastava, Govind Ballabh Pant University of Agriculture and Technology, India
Nicola Dal Ferro, University of Padua, Italy
* Correspondence: S. Rothardt, rothardt@pflanzenbau.uni-kiel.de
Specialty section: This article was submitted to Soil Processes, a section of the journal Frontiers in Environmental Science
Received: 19 May 2021
Accepted: 18 June 2021
Published: 16 July 2021
Citation: Rothardt S, Fuß R, Pahlmann I and Kage H (2021) Post-Harvest N2O Emissions Can Be Mitigated With Organic Amendments. Front. Environ. Sci. 9:712013. doi: 10.3389/fenvs.2021.712013

After the harvest of winter oilseed rape and faba bean crops, considerable high soil nitrate values may be built up before winter in central to north European regions. High precipitation and a low N uptake by the subsequent crop in fall cause a high risk of N2O emissions and nitrate leaching. Microbial decomposition of crop residues or high carbon amendments may immobilize mineral N temporarily and may prevent losses by direct N2O emissions. Five treatments, including crop residue removal and application of different organic amendments after harvest, were tested in a field trial in Northern Germany to elucidate the potential of this mechanism as a mitigation option. N2O emissions and the soil mineral nitrogen status were monitored from August to March for three consecutive years. Observed emissions ranged from 0.1 to 3.4 kg N ha−1 in 180 days. An empirical model approach was applied to separate the impact of spatially and temporally heterogeneous environmental conditions between the plots of the field experiment from treatment effects in the subsequent statistical analysis of N2O emissions. Results show that the exchange of the initial crop residues with organic amendments with high C:N ratios (i.e., winter wheat straw and sawdust) after the harvest of faba bean or oilseed rape can reduce N2O emission during fall and winter by up to 45%.
Keywords: residue management, N2O emission, N loss mitigation, organic soil amendments, vicia faba, brassica napus, triticum aestivum
INTRODUCTION
Nitrous oxide (N2O) emissions from agriculture are the largest source of anthropogenic greenhouse gas (GHG) emissions after the combustion of fossil fuels and industrial processes (IPCC, 2014). The largest contributors are direct and indirect emissions of N2O originating from managed soils (IPCC, 2019). Peaks of N₂O emissions from arable soils generally occur when mineral nitrogen (N) concentrations are high, for example, directly after fertilization and after soil cultivation, when increased aeration boosts organic matter turnover (Mosier et al., 1998). In particular, crops that are harvested early and leave behind crop residues with a low C:N ratio create an increased risk of high nitrate accumulation and subsequent N loss during fall and winter (Beaudoin et al., 2005; Rathke et al., 2006; Walter et al., 2015a). This risk results from high mineralization and nitrification rates after harvest and a low N uptake by the following crops in fall (Sieling and Kage, 2006; Henke et al., 2008). In central Europe, the common cultivation of winter oilseed rape (WOSR) with a subsequent winter cereal exhibits all these factors (Sieling and Kage, 2010). Similar conditions can be found after the harvest of faba beans (Sylvester-Bradley and Cross, 1991; Kage, 1997). Various studies have observed that off-season emissions contribute significantly to overall N2O budgets in agricultural soils of the cool–temperate zone (Flessa et al., 1995; Ruser et al., 2001; Tatti et al., 2014). N2O emissions may be even higher after the harvest of WOSR than during the growing season (Walter et al., 2015b).
Mitigation measures lowering N2O emissions can be expected to be most effective if they focus on reducing the availability of mineral N (Di and Cameron, 2002). Less intense tillage can decrease mineralization rates (Goss et al., 1993; Henke et al., 2008) and is already widely practiced. However, no tillage creates drawbacks concerning phytopathological aspects that may lead to a higher use of herbicides (Triplett and Dick, 2008). As an alternative, catch crops are an option to take up available N, retain it, and then release it later via mineralization (Justes et al., 1999; Sieling, 2019). Nevertheless, this approach is limited by the length of the growing period after the harvest of the previous crop. If also a valuable winter crop must be replaced by a spring crop there are economic disadvantages.
Another process decreasing mineral N is immobilization: microbial decomposition of crop residue requires N. If the N demand by microbes exceeds the N input with residues, the available mineral N will be metabolized and converted into organic forms (Chen et al., 2013). The resulting organic N is thereby temporarily saved from loss. A later shift to net mineralization at times of high N uptake rates by the subsequent crop (spring) would improve the temporal synchronization of N supply and N demand. This effect has already been demonstrated (Mitchell et al., 2001; Congreves et al., 2013; Cong et al., 2015) even regarding crop rotations featuring WOSR (Jensen et al., 1997; Trinsoutrot et al., 2000). There is a lack of studies regarding the effect of faba bean residues.
Consequently, the objective of this study was to test the impact of the application of different C-rich amendments after the harvest of WOSR and faba beans in field scale. In focus was the reduction of direct N2O emissions during emission-critical post-harvest and winter periods. Since the C:N ratio of the organic input is supposed to be the main driver of the process, the field trial feature amendments cover a gradient of C:N ratios that are of practical relevance (i.e., local availability).
Spatial and temporal variability of abiotic conditions governing N2O emissions (i.e., soil temperature and soil moisture) cause typically heterogeneous N2O dynamics (Kaiser and Ruser, 2000; Butterbach-Bahl et al., 2013; Lammirato et al., 2018), especially if the data is derived from large experimental areas and over long periods. To disentangle those interactions and account for the large variance of flux rates, abiotic factors were included in the statistical analysis.
MATERIALS AND METHODS
Site Description
The field trial was conducted from 2015 to 2018 at the experimental station Hohenschulen near Kiel (Northern Germany). The long-term average annual temperature (1993–2018) is 9°C, and the average annual precipitation is 730 mm. During the three observation periods (each year from the harvest of preceding crops in August till the first fertilization in March), daily mean air temperature was between −7.3 and 23.2°C. Air temperatures below 0°C occurred in 2015/16 on 23, in 2016/17 on 35, and in 2017/18 on 22 days. The fall and winter average daily mean temperatures of 2015/16 and 2017/18 were above the long-term average (7.3 and 7.6 compared to 7°C; Figure 1), whereas 2016/17 was below the average (6.7°C). Soil temperatures at 5 cm depth were between −1.3 and 24.2°C. Soil temperatures below 0°C often could not be measured due to impenetrable soil. In terms of precipitation, the 2017/18 fall/winter season was average, whereas 2015/16 was wetter and 2016/17 was rather dry compared to the 25-year average (Figure 1). Single precipitation events up to 43 mm took place, resulting in up to 100% water filled pore space (WFPS).
[image: Figure 1]FIGURE 1 | Weekly average temperature (°C) and precipitation sum (mm) from August 1 to March 15 per season compared to the long-term average.
The soil is a sandy to clayey loam with the high small-scale heterogeneity typical of the hilly Young Drift moraine landscape. Average pH (CaCl2) was 6.5 ± 0.17, and the soil organic carbon (SOC) content was 1.3 ± 0.1% (Reichel et al., 2018).
Experimental Design and Treatments
The field trial was set up as a split-plot design (Supplementary Figures 1, 2 of the Supplementary Material). Two common local crop rotations were studied: WOSR as preceding crops to winter wheat (WW) followed by winter barley and faba beans–WW–winter barley. In all three experimental years, each crop of both crop rotations was established on main plots. Within each main plot, four amendment treatments (Figure 2) were randomly distributed in subplots. The amendments were:
• keeping the preceding crop residues (control)
• replacement of crop residues with winter wheat straw
• replacement of crop residues with sawdust
• removal of above-ground residues
[image: Figure 2]FIGURE 2 | Scheme of the experimental setup; replications equal blocks.
Within each amendment subplot, four fertilizer intensity treatments to WW (0, 80, 200, and 280 kg N ha−1) were randomly distributed in 3 × 15 m2 sub-subplots. As this study focused on interactions of amendments with soil organic matter, only results prior to fertilizer application will be shown in the following. Thus, the design was crop (n = 2 × 3)/post-harvest amendment (n = 4)/fertilization intensity (n = 4) and replication (n = 4) summing up to 384 plots. The treatment subplots were separated from each other and from the surrounding area by marginal sub-subplots.
WOSR and faba beans were managed according to the common local practice including mineral fertilization of WOSR: 240 kg N ha−1 as calcium ammonium nitrate (CAN) divided into two split-applications during spring. After harvest, above-ground crop residues were removed, and the amendments were applied prior to sowing of subsequent WW (Figure 2). The amendments used in the trial were chosen by practical aspects, that is, local availability and the possibility for coupled use of (agricultural) resources: keeping the preceding crop residues on the field as the control treatment as this is the common local practice. Typically, there is no alternative use for WOSR and faba bean straw. However, those residues were considered for biogas production (e.g., Lönnqvist et al., 2013). Furthermore, WOSR straw is sometimes used in the dairy cow diet (Moss, 2002). Winter wheat straw can be made available from farm internal translocation and shows a considerable higher C:N ratio than both WOSR and faba bean residues (Table 1). Sawdust application was used as a third treatment in order to intensify the approach of C:N ratio–driven immobilization. Contrasting treatment was the sole removal of aboveground residues. The applied amounts of preceding crop residues correspond to actual yield of the preceding crop (averaged per year over the whole experimental site). For winter wheat, an idealized yield of 10 t ha−1 (dry matter) with a harvest index of 0.5 was assumed. Accordingly, the amount of sawdust was the dry matter equivalent to the applied wheat straw. Consequently, amendment treatments differed not only in the C:N ratio but also in the absolute amount of C and N applied.
TABLE 1 | Amendment application rates and properties referring to above-ground biomass.
[image: Table 1]The straw was chopped during removal and application resulting in particle sizes of 1–10 cm length. Sawdust was already delivered fine-grained, approximately 2–5 mm in diameter. Directly after the application all plots were tilled using a short disk harrow to incorporate the amendments into the first 10 cm of soil. Prior to sowing of WW fields were plowed 30 cm deep. Sowing was combined with seed-bed preparation resulting in further soil perturbation (approximately 10 cm deep). During the growing period, WW received three applications of calcium ammonium nitrate in all treatments, according to the fertilizer intensity treatments. All other crop management (e.g., P and K supply, sowing dates, and pesticide application) was done according to local recommendations for optimal yield.
N2O Flux Measurements
From August (harvest of WOSR) till March (prior to first fertilization of WW), N2O fluxes were measured almost weekly (8 days interval on average), which resulted in >20 measurement campaigns per season. In 2015/16 and 2016/17 in both crop rotations one sub-subplot per treatment and replication was sampled (n = 32). To gain statistical robustness, sample number was doubled in 2017/18 (two sub-subplots per amendment treatment and replication, n = 64) as advised by Lammirato et al. (2018). The fluxes from these expanded samplings were averaged per treatment and replication to ensure a uniform analysis together with the data from the other years. Interactions of N2O emissions with actual fertilization were not in focus as the study aimed on the dynamics of the soil organic C compartments.
N2O emissions were quantified with the manual static chamber method (Hutchinson and Mosier, 1981). In 2015/16, white PVC-chambers of 0.59 m2 area and 0.3 m3 volume were used. In the other two years, smaller rectangular chambers (A = 0.03 m2, V = 0.003 m3) were used. Both chamber types were equipped with rubber lip seals, a thermometer, and a fan. In addition, the smaller chambers had a vent for pressure equalization. At least one day prior to the first sampling, PVC-collars were pushed 3–4 cm into the soil. Remaining above-ground space inside each collar was determined to calculate the overall chamber volume. At the beginning of the sampling, chambers were placed on the collars and kept closed for 1 h. The first gas sample was collected with a 30 ml-syringe from the chamber headspace 1 min after closing of the chamber. The samples were then transferred to pre-evacuated 20 ml glass vials, which were sealed with a rubber septum. Three further samples were taken at constant sampling intervals of 20 min. Using eight chambers at a time one complete replication (all treatments of both crop rotations) could be sampled in one run of 1.3 h. Gas sampling of all replications had to be divided into four sampling runs between 8:30 am and 4:30 pm (fixed plot order throughout the observation period). Parallel to the gas sampling, chamber temperature and soil temperatures in 5 and 10 cm depth were recorded with insertion thermometers (Testo 0560, Testo SE & Co.). The four gas samples per plot were analyzed for N2O concentrations via gas chromatography (GC) and an electron capture detector (ECD). Four standard gases (Linde Gas, Pullach, Germany) in the range 300–3,000 ppb were used for calibration. Performance of the GC (Shimadzu GC-2014, Shimadzu, Kyoto, Japan) and auto-sampler (Greenhouse Workstation, SRI Instruments Europe, Bad Honnef, Germany) system were checked regularly by 10 consecutive measurements of the lowest standard. The resulting coefficient of variation was always below 3% and generally below 2%. Mole fractions were converted to mass concentrations using the ideal gas law. Fluxes were calculated from mass concentration, chamber size, and temperature with the R package gas fluxes (Fuß, 2017). An integrated selection algorithm (Leiber et al., 2014) decided between the nonlinear HMR-model (Hutchinson and Mosier, 1981; Pedersen et al., 2010), the robust linear (Huber, 1981) and the simple linear model. Cumulative emissions were calculated by linear interpolation between two samplings and integration over the entire measurement period for each treatment, replication, and season.
Soil Sampling and Soil Mineral N Analysis
Soil samples were taken from the upper 30 cm soil layer with a 1 cm inner diameter probe and four cores per plot were pooled. Samples down to 90 cm depth were taken with a 2 cm inner diameter probe and three cores were pooled. All samples were kept cool in the field in insulated ice boxes and subsequently stored frozen at −18°C until processing in the lab. Soil mineral nitrogen (SMN, sum of NH4+ -N and NO3− -N contents) was determined with a spectrophotometer after extraction of 50 g soil with 400 ml of a 125 mM CaCl2 solution and 45 min of mechanical shaking followed by centrifugation. A subsample of each soil sample was used for determination of gravimetric water content (dried at 105°C), which was converted to volumetric water content via multiplication with estimated bulk densities of the three soil layers: 1.45 g cm-for 0–30 cm, 1.60 g cm−3 for 30–60 cm, and 1.70 g cm−3 for 60–90 cm.
Due to logistical reasons and sometimes due to impenetrable frozen soil, SMN sampling could not always take place parallel to the N2O sampling. Fall net mineralization was calculated as difference of SMN in 0–90 cm depth in December and at the preceding crop harvest.
Data Processing
Different weather conditions per year and during the observation period as well as the soil heterogeneity of the site caused a wide variation of environmental conditions affecting the N2O emissions at a particular plot. In order to consider this variance in the emission analysis, an evaluation of these conditions was conducted.
Since the abiotic driving factors have a complex, nonlinear influence on the different N2O production processes (Butterbach-Bahl et al., 2013), they were assessed with a procedure based on the approach of Hansen et al. (1990). Empirical functions were used to evaluate the impact of the driving forces on N2O production, that is, soil water content and soil temperature, on a scale from 0 (no emissions) to 1 (optimum for N2O production). The resulting factors were multiplied with the concentration of available mineral N (as substrate for the emission processes).
The general formula for the impact rating is expressed in Eq. 1, which uses the assumption that there is no interaction between the effect of soil temperature and soil water status and that their combined effect is multiplicative (Hansen et al., 1990).
[image: image]
where fabiot is a function describing the impact of abiotic conditions on emissions (abiotic factor), N is the amount of available mineral N (kg N ha−1), f(W) and f(T) are functions that reflect the limitations imposed by moisture and temperature for the topsoil layer (upper 10 cm), respectively. Because this procedure originates from mechanistic modeling of N2O emissions this analysis is a semi-mechanistic model.
The impact of the driving forces differs for nitrification and denitrification. Therefore, the evaluation was carried out separately for both processes with different specific functions as follows:
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The indicators fnit and fden reflect the emission potential under the given environmental conditions. However, in contrast to a full mechanistic model, the data evaluation described here was not intended to predict the actual emissions. The soil moisture and temperature functions are defined by Eqs 4–7 (Hansen et al., 1990; Thorburn et al., 2010; Mielenz et al., 2016). The nonlinear assessment of moisture and temperature with respect to N2O emissions is shown exemplarily for a specific soil texture in the Supplementary Material.
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pF = decimal logarithm of the matric potential in hPa derived from the actual soil water content (SWC; see the Supplementary Material for details), T = soil temperature in °C, SWC = actual volumetric SWC in %, SWC(WFPScrit_den) = volumetric SWC at critical WFPS above which denitrification takes place (%), and SWCsat = volumetric SWC at saturation (%).
The lower threshold for denitrification SWC(WFPScrit_den) in Eq. 6 was set to the drained upper limit (DUL ≙ field capacity) of the specific soil. For simplification, we determined soil texture on main plot level and used tabulated values for the corresponding DULs (Boden, 2005). SWC, T, and pF values were derived from measurements. Although the treatment factor did not show a significant effect on the measured values of soil moisture and soil temperature, an inter-dependency of the amendment treatment and those parameters, soil moisture, soil temperature, and SMN content, was assumed (details can be seen in the Supplementary Material). Since this might mask the treatment effect, plot-level values of these parameters were averaged per main plot. Daily values were generated by linear interpolation between two consecutive sampling events. The daily values for the abiotic factors were then cumulated over the entire observation period. The resulting indicators quantify the abiotic conditions, separately for the main N2O production processes, under which the observed emissions occurred. The indicators also reflect the different lengths of the observation periods that occurred due to different harvest dates of the preceding crops and due to different field conditions per year. Statistical analyses were carried out with R (R Core Team, 2019). We fitted a linear mixed effects model using the package nlme (Pinheiro et al., 2019). A subsequent multiple comparisons of groups were performed with the package multcomp (Hothorn et al., 2008). A detailed description of the process including R code can be found in the Supplementary Material. Results are presented as arithmetic mean ± 1 standard deviation if not stated differently in the text. Statistical significance was set to α = 0.05.
RESULTS
Soil Mineral N Dynamics
After WOSR, which had been fertilized with 240 kg N ha−1, residual N (= fertilizer N – grain N content x yield) of the years 2015–2017 on average exceeded 100 kg N ha−1. Since faba beans were not fertilized, the residual N calculation without consideration of the N fixation was always negative. However, SMN contents after harvest (Figure 3) also suggest a high potential for N loss after faba beans. In fall, SMN contents in the topsoil layer (0–30 cm) usually increased, reaching a peak shortly after sowing of WW (see Figure 4 and the SMN dynamics of all plots in the Supplementary Material, chapter 4). This was most apparent in the residue-free treatment. Although the differences at the peak between the residue-free treatment and the other treatments were small (9–13 kg N ha−1), a buffer effect of amendment application was apparent. A temporal delayed appearance of the SMN peaks with increasing soil depth indicated the translocation of NO3− with soil water flow. Shortly before the first fertilizer application in March, SMN contents of all treatments and layers leveled off to 15 ± 9 kg ha−1.
[image: Figure 3]FIGURE 3 | SMN contents in 0–90 cm after harvest for each experimental year; FB, faba bean, WOSR, winter oilseed rape (240 kg N/ha), WW, winter wheat (200 kg N/ha); error bars indicate standard deviation of total SMN in 0–90 cm; letters indicate significant differences per season (linear mixed-effects model, p < 0.05).
[image: Figure 4]FIGURE 4 | Example SMN dynamics from 2016/17 after faba bean for the three soil layers 0–30, 30–60, and 60–90 cm depth; points indicate measured contents; lines indicate linear interpolated mean values.
Averaged over all treatments, calculated fall net mineralization was negative with a mean of −21 ± 22 kg N ha−1 (Figure 5). Averaged over all three years, fall net mineralization in WOSR rotation after application of winter wheat residues was significantly smaller than without residues (difference of 25 ± 6 kg N ha−1; see the Supplementary Material for details). N2O flux dynamics.
[image: Figure 5]FIGURE 5 | Difference of SMN concentrations in 0–90 cm depth at the preceding crop harvest and the beginning of December (= Net N-Mineralization); error bars indicate standard error.
On 69 measurement dates 2861 flux rates were determined. For the majority (n = 2759) the robust linear regression was used for flux rate calculation, HMR was rarely selected (64 times). Linear regression was used 38 times because one out of four gas samples had been lost. Mean observed flux rate was 14 ± 54 μg N2O-N m−2 h−1. This can be considered low to moderate although emission peaks up to 1,665 μg N2O-N m−2 h−1 occurred on single plots (Figure 6). Peaks of average emissions were observed in 2016 and 2017 in the warm period between mid of August and beginning of September with average emissions of 76 ± 95 and 83 ± 95 μg N2O-N m−2 h−1, respectively. Therefore, this particular period might be identified as a literal hot moment for post-harvest emissions: on average of the experimental years the daily mean temperature between August 15 and September 15 was 16 ± 2°C, which caused increased emissions. The average temperature dropped in the following 30 days to 12 ± 3°C, while correspondingly lower emissions occurred (Figure 6). N2O emission data did not cover this period in 2015 due to a delayed start of measurement. However, peaks in 2015/16 had an average magnitude of 49 ± 151 μg N2O-N m−2 h−1 and occurred in January 2016, presumably due to a freeze–thaw event (Song et al., 2017). Such incidents also occurred in the other trial years but with a less intense increase of emissions (Figure 6).
[image: Figure 6]FIGURE 6 | N2O-N flux rates per treatment and season; points are mean values; lines represent linear interpolation; error bars indicate ± standard error; y-axis scaled after modulus transformation (John and Draper, 1980); freeze–thaw events are highlighted with gray background.
N2O emissions and corresponding interpolated SMN contents are slightly positively correlated. The Spearman rank correlation coefficient is 0.37 with p < 2.2e−16. Flux rates were not immediately sensitive to soil perturbation events, that is, substrate incorporation (30 cm deep by plowing) and sowing (10 cm deep), or heavy rainfall events (precipitation data not shown). These events were not followed by a substantial increase (Figure 6).
Cumulated N2O Emissions
Cumulated N2O emissions of the treatment/year combinations within the observation period of roughly over 6 months were between 0.1 and 3.4 kg N ha−1 with a mean of 0.54 ± 0.55 kg N ha−1 (Table 2). In addition to the varying length of the observation period and the influence of annual weather conditions, soil texture heterogeneity across the experimental site contributed to a high variability of N2O emissions, leading to a few captured extreme fluxes that govern the cumulated emissions.
TABLE 2 | Cumulative N2O emissions per treatment and season; n = 4, respectively, 8 for 2017/18.
[image: Table 2]A multi-factor ANOVA showed that the cumulated value of the abiotic factor for nitrification fnit is sensitive (p < 0.01) to 1) the inter-annual variability of climatic conditions, 2) the different lengths of measurement periods per crop rotation and season, as well as 3) the spatial variability of the site and the different sampling times in dependency of the replications. The same analysis for the factor of denitrification fden suggested dependency on the preceding crop (p < 0.01; for details and underlying data, see Supplementary Section S5).
The linear mixed effect model for evaluation of cumulative N2O fluxes includes the preceding crop (rotation) and the amendment treatment as main factors and the abiotic factors as numeric covariates (fixed effects). Interactions between the fixed effects factors were included except between both abiotic factors. Season (i.e., the year of harvest of winter wheat), the replication ID, and preceding crop were set as nested random effect, which reflects the structure of the split-plot design of the trial and allows individual intercept estimation per level combination. To achieve (approximate) normal distribution of residuals log-transformation of the dependent variable (cumulated N2O emissions) was conducted as it was done for similar models (for example, Walter et al., 2015a; Ruser et al., 2017). The wide 95% confidence intervals of the model estimates (Supplementary Table 19 in the Supplementary Material and retransformed in Figure 7) indicate a large amount of uncertainty of the effects.
[image: Figure 7]FIGURE 7 | Cumulative N2O-N emissions calculated with the regression model at average abiotic emission conditions (i.e., average period length, temperature sum, moisture status, and N-source status) and re-transformed from log-transformation; minor letters indicate significant differences of the model estimates (p < 0.05) per crop rotation; error bars indicate the 95% confidence interval; percent values refer to the control treatment.
An analysis of co-variance (marginal ANCOVA) was employed subsequently to obtain p-values (Supplementary Table 18). The significant interactions of treatment factors (crop rotation and amendment treatment) and the covariates cause different slope estimations for each combination of the treatment factor levels. Consequently, the differences between groups depend on the actual level of the covariates. A regular multiple comparison of groups would compare the intercepts at a covariate level of 0, which is not meaningful as the covariates reflect the emission conditions. To solve this issue and additionally reduce co-linearity as assessed by generalized variance-inflation factors (VIF), the abiotic factors were centered (see for example Garcia et al., 2016). This way the intercepts of each rotation–amendment combination were compared at average emission conditions.
The retransformed emission values derived from the model estimates after centering of covariates (Figure 7) can be understood as an estimate of the potential emissions at average abiotic emission conditions. The modeled emissions can hardly be compared with the observed values, since the field conditions never matched this average. The abiotic emission conditions cover the length of the observation period, the temperature sum and moisture content as well as the N availability for the respective N2O formation process. The model estimates were compared per rotation–amendment group. A significant difference between the treatment with wheat straw amendment and the treatments where the WOSR residues were kept or completely removed was revealed (30 and 67% reduction, respectively). Removal of the WOSR residues resulted in the highest N2O emissions at average abiotic conditions with an increase by almost 40% compared to the control treatment (p < 0.1).
In contrast, in the faba bean rotation, keeping the bean residues increased emissions (p < 0.05). Removal of the legume residues as well as the exchange with wheat straw produced less N2O (36 and 45% reduction, respectively, p < 0.001). Although sawdust application lowered emissions compared to the control treatment in both rotations, the difference was not significant.
DISCUSSION
Soil Mineral N Dynamics
Residual SMN after the harvest of preceding crops confirmed a high risk of N losses. The high N surplus after WOSR can be partially attributed to a low N removal with harvest due to low seed yields, which were remarkably below the average seed yield of the previous years (Sieling et al., 1999). SMN contents correlated strongly with dry matter crop yield, as it determined both, N withdrawal from the soil and the total dry matter of residues (detailed yield parameters are available in the Supplementary Material).
Despite a net mineralization in the first 6–8 weeks after harvest on all plots, a buffering of the SMN peaks as well as a less pronounced NO3− translocation on plots with amendments clearly indicated fall N-immobilization-mineralization as proposed by Chen et al. (2014). This hypothesis was further supported generally by a negative net N mineralization calculated for the period from harvest to December. Lowest net N mineralization could be observed after application of winter wheat straw which features the highest C:N ratio leaving sawdust aside. The effect size decreases with a decrease in the C:N ratio of the amendments. Occasionally, even positive net mineralization was observed on plots without any amendment. This emphasizes the role of the C:N ratio as a main driver of immobilization. However, sawdust is an exception: Its small effect on SMN dynamics despite its extremely high C:N ratio was probably due to the high lignin content of wood. Lignin causes low C mineralization rates and thus lowers N immobilization (Jensen et al., 2005; Popa et al., 2008). In contrast, Reichel et al. (2018) demonstrated the immobilization potential of the same material in an incubation experiment including additional N fertilization. Latter might be necessary to induce the microbial decomposition of the otherwise recalcitrant sawdust.
It should be noted that precipitation data suggest a contribution of N leaching losses (translocation of SMN deeper than 90 cm) to the change of SMN in fall (Di and Cameron, 2002). Lack of data prevents leaching quantification. Gaseous losses were a minor factor since the average cumulated N2O emissions for the entire observation period hardly exceeded 1.0 kg N ha−1. It can be assumed that emissions of other N gases (N2, NO) were not much larger (e.g., Ruser et al., 2006; Wu et al., 2018; Liao et al., 2020). In addition, N-uptake by winter wheat could be assumed to be negligibly small (5 ± 1.6 kg N ha−1 based on destructive measurements in December 2015).
N2O Emissions
The emissions presented were quite common for this climate zone, the observation period, and the agricultural system. Ruser et al. (2017) measured N2O fluxes at the same site in winter wheat after WOSR from sowing till end of December in 2013–2015 and observed only mean fluxes <100 μg N2O-N m−2 h−1. Vinzent et al. (2017), in a study in southern Germany in 2013 and 2014, rarely observed flux rates above 50 μg N2O-N m−2 h−1 in the post-harvest periods after WOSR. Resulting cumulative emissions were between 0.3 and 2.0 kg N2O-N ha−1. Likewise, Walter et al. (2015a) found only cumulative emissions <0.5 kg N2O-N ha−1 in winter 2012/13 after WOSR at a site in central Germany.
Since soil moisture was no limiting factor (almost constantly above 64% WFPS), low temperatures in fall/winter are most likely to cause the low N2O emissions (Butterbach-Bahl et al., 2013). Higher emissions were observed after WOSR than after faba bean (n.s.). While average post-harvest SMN contents were at a similar level indicating a high N2O loss potential for both crops, the fallow periods till WW sowing were longer after WOSR due to an earlier harvest compared to faba beans (2–3 weeks). The higher daily mean temperatures and the already abundant precipitation favored N2O production and affected substantially the cumulated emissions of that particular period. Due to this fact, a further comparison of the amendment treatment effect on crop rotation level was considered to be not meaningful.
Although considerable temporal and spatial heterogeneity of N2O dynamics was suggested in the literature, the observed variability was larger than expected. Consequently, differences between the treatments in terms of absolute emissions were inconclusive. The linear mixed effects model adequately took into account random effects and variance heterogeneity in dependency of the experimental year and the location, helping to identify the treatment effects under average conditions.
The abiotic factors as a proxy of the effect of environmental conditions over time explained a significant part of the variance among the data. Spatial variation of fden was noticeably higher than that of fnit (Figure 8). Presumably, this is a consequence of the sensitivity of the denitrification factor to the actual SWC: the outcome of the assessment depended considerably on the selected threshold for denitrification conditions.
[image: Figure 8]FIGURE 8 | Deviation from the respective mean of the cumulated daily abiotic factors for nitrification and denitrification, averaged per season; error bars indicate ± standard error across replications. High values of the abiotic factors equal conditions favoring N2O emissions.
Unfortunately, the lower limit of SWC for beginning of denitrification is not uniformly defined (Barton et al., 1999; Heinen, 2006). It seems to be highly site and soil specific. Hence, the critical threshold in Eq. 7 was generalized as suggested by Thorburn et al. (2010). This generalization offered the option to consider denitrification below DUL. Still, due to a lack of more accurate data we used WFPS at DUL for the specific soil texture. Consequently, fden varied with the local soil texture (and its DUL) and the current SWC. Both varied highly on a small scale at the given site. However, given that nitrate as well as organic carbon as a prerequisite for denitrification was abundant and temperatures above 2°C already allow the reaction, SWC as the dominant environmental controller for O2 availability was the main governing factor of denitrification (Firestone and Davidson, 1989).
The model indicated a 30% reduction in N2O emissions when WOSR residues were replaced with WW straw as hypothesized. Still, the conventional practice of leaving the residues on the field causes lower emissions compared to residue removal, for which 40% higher emissions were estimated. Similar to the SMN dynamics, the relatively recalcitrant sawdust affected the N2O dynamics only to a small extent.
Baggs et al. (2003) reported higher N2O emissions after incorporation of faba bean residues, compared to a cereal straw treatment as well as to a treatment without residues. Most likely the quite low C:N ratio of faba bean residues favored fast microbial decomposition and hence temporary anaerobic microsites might have been created where emissions by denitrification are dominant (Gök and Ottow, 1988; Huang et al., 2004; Jensen et al., 2005). In treatments with slow-reacting amendments (WW straw and sawdust) as well as in the soils without additional amounts of organic matter, this mechanism may not have been initiated during the time of observation.
The absolute differences of average direct N2O emissions under the control treatment and the application of WW residues were 137 g N2O-N ha−1 in 182 days. This is equivalent to 40.5 kg CO2-eq. emission, assuming a GWP100 for N2O of 296 (Myhre et al., 2013). The magnitude of typical N2O emissions under a whole year of WOSR cultivation in Germany has been reported to be 1 kg N2O-N (Ruser et al., 2017). Roughly estimated, a post-harvest treatment with WW residues could lower direct annual N2O emissions from WOSR cultivation by almost 14%. It is noteworthy that this calculation does not consider the effect on mitigating N-leaching and related indirect emissions. Also, NH3 emissions have been neglected. Former studies at the same site showed that noteworthy NH3 emissions only occur after manure/slurry application (Räbiger et al., 2020), which is not applicable for the presented experiment. Annual production emissions, that is, the sum of CO2-equivalent emission for tillage, harvest operations, and N fertilization of WOSR cropping are about 1,500–2000 kg CO2eq ha−1 (Neeft et al., 2012; BioGrace-I GHG calculation tool-version 4d, 2015). Consequently, a reduction of 40.5 kg CO2-eq ha−1 would reduce the total greenhouse gas emissions by up to 2.7%. However, for a comprehensive assessment, the effects on other greenhouse gases must also be taken into account.
CONCLUSION
Residual SMN after the harvest of WOSR and faba beans is higher than that after cereals. So is the risk of gaseous N losses. At sites with comparable conditions as described in the present study, removal of WOSR residues (e.g., for biogas production or dairy cow diet) would increase N2O emissions and should be avoided. In contrast, faba bean residues seem to stimulate N2O emissions after harvest. The present study shows that the replacement of preceding crop residues with winter wheat straw, which features a higher C:N ratio, buffers SMN increase in fall and mitigates N2O emissions by up to 45%.
The analysis method featuring abiotic environmental conditions as explaining covariates assesses the varying environmental conditions and adjusts for them. Hence, it allows performing uniform comparisons of emissions from a dataset covering various observation periods and a heterogeneous site.
Although the findings confirm the C:N ratio as a main driver of the immobilization process, there are further aspects like the recalcitrance of the main amendment constituents and the abiotic factors ruling the N2O emissions. Therefore, recommendations for farmers have to be site-specific, considering various features of the available amendments and the environmental conditions.
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Soil is an important natural resource providing water, nutrient, and mechanical support for plant growth. In agroecosystem, continuous manipulation of soil is going on due to addition of input, removal of nutrients, changing water balance, and microbial life. These processes affect soil properties (physical, chemical, and biological), and the deviation of these properties from the normal status is controlled by soil buffering capacity and soil resilience. If these changes are beyond the reach of soil resilience, then soil loses its original state, leading to soil degradation. At present, the extent of the degraded area in the world is 1,036 to 1,470 million ha. This urges the need for maintaining soil health rather than the mere addition of input for crop production. Soil health is an integrative property that reflects the capacity of soil to respond to agricultural intervention, so that it continues to support both agricultural production and the provision of other ecosystem services. Maintaining the physical, chemical, and biological properties of soil is needed to keep it healthy, and this is possible through the adoption of different agronomic approaches. The diversification of nutrient sources with emphasis on organic sources, adoption of principles of conservation agriculture, enhancement of soil microbial diversity, efficient resource recycling through the integrated farming system, and amendment addition for correcting soil reactions are potential options for improving soil health, and are discussed in this review. This article reviewed the concept of soil health and its development, issues related to soil health, and indicators of healthy soil. At the same time, the impact of the ill health of the soil on crop productivity and resource use efficiency reported in different parts of the world in recent years are also reviewed. The agro-techniques such as green and brown manuring in arable land and agroforestry on degraded and marginal land were followed on piece meal basis and for economic gain. The potential of these and several other options for maintaining soil need to be recognized, evaluated, and quantified for their wider application on the front of soil health management avenues. The use of crop residue, agro-industrial waste, and untreated mineral or industrial waste (basic slag, phosphogypsum, etc.) as soil amendments has a huge potential in maintaining healthy soil along with serving as sources of crop nutrition. The review emphasizes the evaluation and quantification of present-day followed agro-techniques for their contribution to soil health improvement across agro-climatic regions and for wider implications. Furthermore, emphasis is given to innovative approaches for soil health management rather than mere application of manures and fertilizers for crop nutrition.
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INTRODUCTION TO SOIL HEALTH

The soil, supplier of water, nutrient, and mechanical support to crop plants, is explained as four-dimensional, unconsolidated, and dynamic in nature (Lal, 2016). The major components of the soil system consist of mineral matter, which acts as an inherent source of 14 essential mineral plant nutrients and organic matter, which acts as a storehouse (Elixir). Soil also supplies essential mineral plant nutrients along with carbon and pore space occupied by water and air supplying three basic non-mineral plant nutrients viz., carbon (C), oxygen (O), and hydrogen (H). In the ideal state, the proportions of these factors are 45% mineral matter and 5% organic matter; while the remaining 50% is occupied by pore space. This four-dimensional nature and distinct proportions of solid and pore space give soil distinct physical, chemical, and biological properties that change over time dimensions. Any significant variation in these factors beyond the range of crop tolerance limits makes soil unfit for crop cultivation and will be the most important reason for soil illness. The tolerance limit for plant growth is expressed as the different parameters that express the physical, chemical, and biological properties of the soils; while the soil with all properties in the acceptable range is considered healthy.

Soil health is defined by various authors in different ways because of the involvement of a large number of soil health indicators (Van Bruggen and Semenov, 2000; Nielsen and Winding, 2002; Brevik, 2009; Katyal et al., 2016; Haney et al., 2018; Wander et al., 2019) and their suitable combination for different land use systems. Definitions given by different authors and organization are shown in Table 1. The concept of soil health started with the use of the term “soil health” by Wallace (1910) in regard to the capacity of humus to provide a solution to almost all soil-related problems and the major historical development of the concept of soil health (Brivik, 2018) is shown in Table 2. As different soil properties are considered in explaining the concept of soil health, and act as indicators of soil health, it can also be defined in terms of soil properties viz. soil physical health, soil chemical health, and soil biological health. The soil with the ability to meet plant and ecosystem requirements for water, aeration, and strength over time, and to resist and recover from processes that might diminish this ability is considered as physically healthy (McKenzie et al., 2011; Are, 2019). Soil biological health is the ability of soil to support large and diverse microbial communities, suppress pathogens, and support healthy crop development (Brackin et al., 2017); while chemically healthy soil has plant nutrients in optimum quantity, available form, and balanced proportions, and which are available to plants without the hindrance of other chemical compound and properties. Soil chemical health also considers the presence or absence of harmful soil agrochemicals and pollutants.


Table 1. Definitions of soil health given by different authors.
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Table 2. Historical development of the concept of soil health.
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Considering the variety of chemical, physical, and biological properties of soils, there were attempts to categorize some soil properties as indicators of soil health (Magdoff, 2001; Brevik, 2009; Cardoso et al., 2013; Haney et al., 2018; Pawlas et al., 2019), which are mentioned in Table 3. Along with soil health indicators, Magdoff (2001) listed the characteristics of healthy soil (Table 4). The importance of soil health in sustaining the agricultural ecosystem is well-recognized (Wienhold et al., 2008; Jat et al., 2015; NAAS, 2018; Jian et al., 2020; Tahat et al., 2020), and considering the varied levels of sensitivity of soil health indicators (Table 3), it is imperative to discuss the different issues and concerns of soil health.


Table 3. Soil health indicators and their measurements.
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Table 4. Characteristics of healthy soil.
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ISSUES RELATED WITH SOIL HEALTH

Factors that cause deviation of healthy soil are issues related with soil health, and the level of impact of these factors on soil health decides their order of significance and make them a concern. Studies on these issues are important because of the following reasons:

• The health of soil has a direct influence on the sustainability of agro-ecosystems, as soil is a feeding substratum for all types of vegetation.

• Healthy soil will be more resilient to extreme weather phenomenon (drought, flood, etc.) and frequency of these phenomenons is expected to increase on the front of climate change (Mirzabaev et al., 2019; Olsson et al., 2019).

• A healthy soil should provide more ecosystem services such as biogeochemical cycling of nutrients, enhanced microbial population, and diversity (Costanza et al., 1997; Baveye et al., 2016).

• Maintaining soil health contributes to the sustainable development goals of the United Nations, such as alleviating poverty, reducing hunger, improving health, and promoting economic development (Lal, 2016).

• Maintaining soil health is now almost important for enhancing crop productivity because of the occurrence of multi-nutritional deficiency in soil (Rattan et al., 2009), increased soil degradation (Bhattacharyya et al., 2015), and accumulation of harmful pesticide residues in soil that adversely affect soil microorganisms (Meena et al., 2020).

• Maintaining soil health also contributes to carbon sequestration, as soil organic carbon is one of the most important criteria for soil health evaluation (Lal, 2016).

• Intensification of agriculture with imbalance in the use of artificial resources and less attention on the potential of natural resources adversely affects soil health.

Stakeholders, researchers, and policy planners have shown an increased attention for soil health management as proved by an increased rate of the adoption of conservation agriculture (Kassam et al., 2019), emphasis on organic farming, promotion of diversification in agriculture, development and adoption of land use classification (USDA, 1961; Grose, 1999), and adoption of farming system-based approach rather than using cropping system alone. Policies/schemes such as soil health card schemes also address one or more soil health-related issues (Wienhold et al., 2008; Anonymous, 2011; Islam et al., 2017; Reddy, 2017). Terms mainly used to describe degraded soil health are land degradation, soil degradation, soil desertification, and soil pollution. Land degradation is the loss of actual or potential productivity or utility as a result of natural or anthropogenic factors. It is a decline in land quality or a reduction in land productivity (Eswaran et al., 2001); while IPCC (Olsson et al., 2019) define land degradation as a native trend in land condition, caused by direct or indirect human-induced processes such as anthropogenic climate change, expressed as long-term reduction or loss in at least one of the following: biological productivity, ecological integrity, or value to humans. Soil degradation is considered as a subset of land degradation (Olsson et al., 2019), which directly affects soil and is defined as a decline in the productivity of soil through adverse changes in nutrient status, soil organic matter, structural attributes, and concentrations of electrolytes and toxic chemicals (Aulakh and Sidhu, 2015). The other term, soil desertification, is mainly related to the physical degradation of soil and is defined as land degradation in arid, semi-arid, and dry sub-humid areas, collectively known as drylands, resulting from many factors, such as human activities and climatic variations (Mirzabaev et al., 2019). The term soil pollution was defined as the build-up of persistence toxic compounds, chemicals, salts, radioactive materials, or disease-causing agents in soils, which have an adverse effect on plant growth and animal health (Okrent, 1999). In this section, issues of soil degradation are discussed separately in three headings viz. physical, chemical, and biological degradation of soil. This will help in addressing the wide variation in factors that needs to be taken into consideration while discussing the issues of soil degradation.


Soil Physical Degradation

Major processes that cause physical degradation in soil include water erosion, wind erosion, wave erosion, coastal erosion, soil crusting, compaction, and hardening (Saha, 2003; Karlen and Rice, 2015). At the same time, agricultural practices that cause soil physical degradation include increased tillage intensity, inappropriate timing of tillage, aerobic-anaerobic cycles of soil moisture status in intensive cereal-based cropping systems (rice-wheat cropping system; Chauhan et al., 2012), lower addition of bulky organic manures, and removal of all dry matter produced, making soil devoid of vegetation. Soil physical degradation is mainly caused by either loss of soil from the area or modification of soil physical properties without any accountable loss in soil from the area.


Loss of Soil From the Area

Among the above-mentioned processes, soil erosion is the most prominent cause of soil physical degradation. At a global level, the estimated area affected by land degradation is 19.65 million km2 (Obalum et al., 2017); while in India, the estimated area affected by soil erosion is 31.5 to 166.1 million ha (m ha) (Bhattacharyya et al., 2015) with total soil losses of 5,334 million tons year−1 (16.35 t ha−1year−1) (Dhruvanarayana and Babu, 1983; Aulakh and Sidhu, 2015). Bhattacharyya et al. (2015) reported that a 94-mha area is affected by water erosion and 9 mha by wind erosion; while Lal (2001) reported that the area affected by water erosion and wind erosion was 32.8 and 10.8 m ha, respectively. In the process of soil erosion, detachment and transportation of soil particles happen from one place to another. Dhruvanarayana and Babu (1983) reported that 29% of the total displaced soil is lost permanently to the sea. Agents causing soil erosion are water and wind; the erosion caused by the combined action of water and wind that prominently occurs along canals and river banks is called wave erosion. Factors that decide the rate of water erosion are rainfall characteristics (intensity, distribution, and frequency), soil erodibility, steepness and length of the slope, crop cultivation practices, special practices for erosion control, and the erosivity of an agent (water) that causes erosion. The relative significance of these factors are varied over time, and space dimension and soil erosion were calculated from these factors using the Universal Soil Loss Equation (USLE) given by Wishmeier and Smith (1960); Wischmeier and Smith (1978). Factors affecting wind erosion are soil cloddiness, surface cover, surface roughness, soil textural class, local wind factor, wind width factor, wind direction, and wind barrier, while the functional relationship of these factors and the calculation of soil losses by wind erosion were given by Woodruff and Siddoway (1965). Singh et al. (1992) made an attempt to locate e iso-erosion lines on the map of India and quantify the rate of soil erosion in different areas (Table 5). The loss of soil due to erosion, according to them, ranges from 5 to 80 Mg ha−1 year−1.


Table 5. Soil erosion losses in different parts of India.
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Modification of Soil Physical Properties

Crusting and compaction: Soil crusting is a surface phenomenon in which a hard thin layer of soil is formed on the surface of the soil. Valentin and Brasson (1997) defined soil crusting as the forming processes and the consequences of a thin layer at the soil surface with reduced porosity and high penetration resistance. In the formation of a soil crust, soil aggregates get broken down and the soil becomes more compact with less porosity (Manyevere et al., 2015). The properties of the soil are modified due to crust formation leading to (a) initiation or increase rate of erosion; (b) adverse effect on plant germination and crop growth and; (c) modification of water entry and movement. Another term used to describe soil crusting is surface sealing, and Morin (1993) defined surface sealing as the orientation and packing of dispersed soil particles that are disintegrated from soil aggregates because of the impact of rain drops. The types of crusts are structural, depositional, erosion, chemical, and biological (Valentin and Brasson, 1992; Morin, 1993; Pagliai and Stoops, 2010; Williams et al., 2018), and are defined as follows (Valentin and Brasson, 1992):

• Structural crusts: These are crusts that formed because of the in-situ arrangement of soil particles/aggregates without any lateral movement, and based on their morphology and formation process they are named as slaking crust, infiltration crust, coalescing crust, and sieving crust. The USDA natural resource conservation service defined soil structural crusts as relatively thin, dense, somewhat continuous layers of non-aggregated soil particles on the surface of tilled and exposed soils.

• Depositional crusts: In this type of crust, an external material is involved, and they are formed when the external material is carried by the flow of water settled after infiltration and evaporation of water.

• Erosion crusts: Erosion crusts consist of only a rigid, thin, and smooth surface layer enriched in fine particles (Valentin and Brasson, 1992).

• Chemical crusts: These are a type of crust formed because of the precipitation of chemicals or salts with surface sealing/hardening properties.

• Biological crusts: Formed because of colonization of different microorganisms forming community all around soil particles/aggregates. The distinctive characteristic of this type of crust is that it protects soil from erosion, and it contributes to soil organic carbon and nutrient accumulation (Belnap, 2005).

Mechanisms of crust formation

• Mechanical destruction of soil surface aggregates by raindrop impact (Le Bissonnais, 1996).

• Leaching of fine particles and their subsequent deposition in underlying pores.

• Compaction of soil surface to form a thin film that restricts both further entry of water and movements of fine particles in soil pores.

• Chemical dispersion of clay particles.

• Soil degradation due to intensive land use.

The formation of soil crust contributes to soil erosion and, ultimately, to soil degradation in one of the following ways:

• decreased hydraulic conductivity and infiltration rate (Nciizah and Wakindiki, 2015);

• loosening of soil aggregates, decrease in aggregate stability and, ultimately, disturbance in soil structure;

• increases the rate of runoff;

• and the deposition of eroded materials, which causes surface sealing.

Major soil and climatic conditions that promote soil crust formation:

• medium-textured soil;

• predominance of smectite, illite, and micaceous minerals;

• high exchangeable sodium percentage and low organic matter;

• in arid and semi-arid regions but also commonly occur in cultivated soils in other climates (Williams et al., 2018);

• and water content during a rainfall event.

Soil compaction: It is the state of land in which soil porosity decrease is accompanied by an increase in bulk density. Major reasons for soil compaction include: continuous tillage at same soil depths, higher traffic, continuous use of heavy machinery, tillage practices at improper moisture in the soil, and decreased addition of organic amendments. Soil compaction affects soil health similarly as that of soil crust in surface layer; while below soil surface layers, decreased porosity, increased bulk density, reduction in downward and lateral movements of water are the other important effects of soil compaction that negatively affect soil health parameters.

Soil desertification: Soil desertification is another type of land degradation whose impact not only limits soil health assessment but is also important from the point of view of climate change, food security, and economics (Anonymous, 2018b; Mirzabaev et al., 2019; Wijitkosum, 2020). The organization of a conference on desertification by the United Nations in 1977, the constitution of the United Nations Convention to Combat Desertification (UNCCD) in 1994, and soil desertification place in sustainable development goal number 15 also highlight the severity of the problem. The term desertification was used for the first time in a broader sense by Aubreville in 1949 (after Luvauden in 1927). It is defined as the type of land degradation in arid, semi-arid, or dry sub-humid areas caused by human activities and climatic variation; while Sterk and Stoorvogel (2020) considered it as land degradation in dry land areas. The conference on desertification by the United Nations described the phenomenon of desertification as “the diminution or destruction of the biological potential of the land, which can lead ultimately to desert-like conditions. It is an aspect of the widespread deterioration of ecosystems and has diminished or destroyed the biological potential (plant and animal production), for multiple use purposes at a time when increased productivity is needed to support growing populations in quest of development.” The most recent estimate (Le et al., 2014) cited in Sterk and Stoorvogel (2020) indicated that, a 1,470-million-ha area, which is 29% of the total dry land, is affected by one or the other types of desertification; while Sterk and Stoorvogel (2020) had an opinion that a 1,036-million-ha area, which is 20.5% of total dry land, is affected by some form of soil degradation. In India, an 82.34-million-ha area (Anonymous, 2018b) is affected by desertification and includes all areas affected by one or the other types of land degradation. The extent of desertification is mainly judged based on the world map of the status of human-induced soil degradation, which was developed by the Global Assessment of Soil Degradation project (GLASOD) and based on expert knowledge of soil degradation processes and their spread in a large number of countries. According to a United Nations environmental program (Middleton and Thomas, 1997), desertification is the outcome of the following activities:

• climatic factors (temperature, rainfall, etc.),

• overgrazing,

• deforestation,

• agricultural activities,

• overexploitation of vegetation for domestic use,

• and bio-industrial activities.

Desertification contributes to the degradation of soil health through the following:

• rapid loss of vegetative cover on the soil surface and decrease in soil organic carbon;

• facilitation of the movement of soil/sand from one place to another, leading to expansion of desert;

• increased susceptibility of soil to wind and water erosion;

• adverse effect on the microbial population and diversity in the soil;

• and variation in soil surface relief and topography due to physical movement of soil.

Waterlogging: It is the state of soil moisture at which soil is saturated with water (all soil pores filled with water) and also used to indicate raising groundwater to the surface level (Awad and El Fakharany, 2020). In India, waterlogging is one of the important reasons for soil degradation, and the area affected by water logging is 11.6 million ha (Roy Chowdhury et al., 2018). The type may be surface waterlogging in which excess water is seen above the soil surface, or a subsurface type in which excess water remains below the soil surface. Soil characteristics, climate (rainfall), and plant cover have a profound influence on waterlogging. The areas and conditions in which waterlogging occurs are listed as follows:

• areas with heavy rainfall (the intensity of rainfall plays a major role);

• over irrigation mainly found in canal command areas in India;

• areas along river banks because of expansion of agricultural land up to riverbanks (mainly during flood situation);

• low elevated land where the collection of water causes waterlogging;

• areas around water reservoirs because of seepage of water;

• low infiltration rate and hardpan formation, and the presence of chemical salts, such as sodium and its compound aggravate the problem of waterlogging.

Water logging affects soil health adversely in one of the following ways:

• disturbing soil physical health through reduced aeration, structural stability, and lowering down of soil temperature;

• reducing soil oxygen level, anaerobically decomposing soil organic matter, and accumulating toxic gases and other products of decomposition;

• Change in soil reaction along with losses in soil nutrients through leaching and overland flow.

• changing soil microbial population from aerobic to anaerobic or facultative aerobic, which leads to adverse effects on several microbial processes and biogeochemical cycling of nutrients;

• and unfavorably affecting soil tillage properties and making soil unsuitable for cultivation of most crops.




Soil Chemical Degradation

Soil chemical health gets more attention from both researchers and stakeholders because of its most direct and significant influence on agricultural productivity, growing need for external addition of amendments and nutrient sources, and the profound influence of soil chemical properties on modification of soil biological and physical health. The chemical degradation of soil is discussed under the following subsections:

• Reduction in soil carbon;

• Changes in soil reaction (acidification and sodification);

• Modification of soil mineral nutrient status (nutrient imbalance, multi-nutrient deficiency);

• Accumulation of toxic compound (agrochemicals);

• and Soil pollution.


Reduction in Soil Organic Matter

Soil is an important carbon pool at the global level, with 1,895–2,530 Pg carbon, which is two times as that of carbon present in the atmosphere and three times as that of biotic carbon pool. Out of total carbon in soil, 695–930 Pg is inorganic and 1,200–1,600 Pg is organic in nature (Sahoo et al., 2019). Among these two fractions, organic carbon is more important from a soil health point of view, and studies on factors that have a significant impact on soil organic carbon are also important considering the significant decrease in soil organic carbon in Indian soil (Reddy, 2017) and in world agricultural production systems (Song et al., 2005; Grace et al., 2006; Gardi et al., 2016; Wiesmeier et al., 2016; Blecourt et al., 2019). At the same time, as soil organic carbon serves as a source and storehouse of plant nutrients, it has a great role in crop production improvement along with its significance in soil health. The functions of soil organic carbon in soil health, crop productivity, and ecosystem services are given in Table 6.


Table 6. Functions of soil organic carbon.
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Factors affecting soil organic carbon status: Wide variations in land use changes and crop husbandry across agricultural production systems, and sensitivity of soil organic carbon to these changes, are responsible for significant variations in the organic carbon content of soil. The soil organic carbon content was affected in three different ways viz., decrease in soil organic carbon, improvement due to fertility addition, and changes due to crop cultivation. The decrease in soil organic carbon is mainly due to land use changes caused by tillage in arable crops and types of crops grown if considered at the agro-ecosystem level. The impact of tillage on soil organic carbon can be seen by comparing the plow-based conventional tillage system, which is widely followed all over the world, with conservation tillage, which is currently getting momentum because of its several positive impacts on soil, plant, and water (Table 7). In fact, the adverse effect of the conventional plow-based tillage system on soil health was one of the reasons for the origin of conservation tillage. The breaking of soil aggregates, exposure of soil organic carbon to different types of degradation and decomposition, complete removal of dry matter produced by crops, burning of crop residue, dependence on inorganic fertilizers, mono-cropping of few crops, and less addition of organic nutrient sources are factors that intensify the decrease in soil organic carbon; while three principles of conservation agriculture (Kassam et al., 2019) counteract these adverse effects of conventional tillage. At the same time, the availability of a large array of selective herbicides, availability of machinery for sowing and subsoil placement of fertilizer, and increased interest at research and development front in the modification of nutrient release patterns from crop residues through different ways (Singh et al., 2009b; Swarnalakshmi et al., 2013; Choudhary et al., 2016; Gangaiah and Prasad Babu, 2016) also promote conservation tillage-based agriculture.


Table 7. Differences between conventional tillage and conservation tillage.
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In regard to the effect of fertility addition and crop cultivation on soil organic carbon, the results from several long-term experiments will be the proof for the same (Reddy et al., 2017). Improvement in soil organic carbon due to the addition of an optimum dose of chemical fertilizers and the combination of chemical fertilizers with organic sources, and a decrease in soil organic carbon over the years due to cultivation of crops (Mandal et al., 2007), are the major findings of long-term experiments in India. The variation in soil organic carbon in permanent agriculture has a different pattern compared with the growing of arable crops (Bernardi et al., 2007; Ganeshamurthy et al., 2020) because of variation in the frequency of land disturbances. Along with this, the variation in carbon sequestration potential of crops (Ghosh et al., 2006; Brar et al., 2015) is another important factor affecting soil organic carbon in cultivated areas.

In land use change, bringing the marginal land under cultivation has an adverse effect on soil organic carbon; while the utilization of degraded land for agro-forestry or energy plantation will successfully maintain or enhance soil organic carbon. Another land use change that significantly affects soil organic carbon content and most prominent innorth east India is shifting cultivation (Bhuyan, 2019). The clearing of natural vegetation and bringing the land under cultivation reduce soil organic carbon (Sharma et al., 2019).



Change in Soil Reactions (Acidification and Sodification)

The study on soil reactions for their effect on soil chemical health is also important because of the following reasons:

• Mineral nutrient availability is affected by soil reactions.

• Soil properties such as cation exchange capacity, base saturation, chelation of micronutrients, and anion exchange capacity, are responsible for the retention and movement of nutrients in the soil. These properties change with a change in soil reaction.

• Soil physical properties such as aggregation and erodibility are also affected by a change in soil reactions. Mineral elements such as sodium have a significant impact on soil aggregation and their presence in soil is controlled, to a large extent, by soil reactions.

• The relative proportion of different forms of mineral nutrients present in soil and inter-convergence is affected by soil reactions.

• The biogeochemical cycling of nutrients and the role of microorganisms in it are also modified with changes in soil reactions.

A soil reaction near neutral pH is mostly suitable for the cultivation of crops and different properties of soil; while an abnormal change in soil reactions affects soil chemical health. Changes in soil reactions due to human-induced changes in soil, water, and plant are observed at a very slow rate because of buffering capacity of soil and predominance of soil mineral matters (occupying 45% of the total soil volume) in deciding soil reactions. Environmental factors that cause changes in soil reactions include:

• weather factors, mainly rainfall patterns and temperature (causes leaching and erosion of soil mineral and organic matter);

• climatic factors intensify weathering which creates changes in soil parent materials;

• and topographical factors, topography of surface, and presence or absence of vegetation on the soil surface.

Human-induced changes in soil pH are mainly caused by the application of amendments for improving soil properties (liming or gypsum application), fertility addition through organic and inorganic sources of nutrients, and changes in land use (Mishra et al., 2006b). The effect of both the natural- and human-induced factors on the pH of the soil is conditioned by time. Major reactions that make soil chemically unfit for agriculture include the following:

• Acidification: It is the process of decreasing soil pH to such an extent that the soil becomes unfit for cultivation, and it is caused by both natural- and human-induced processes. Major natural processes causing acidification include acid rain, application of acid-forming fertilizers, mineralization of organic matter, nutrient uptake by roots, root exudates, and nitrogen fixation by legumes (Goulding, 2016). Soil acidification adversely affects soil health by changing the modification of nutrient availability, soil microbial population, and toxicity to the roots of plants due to increased levels of one or more mineral element concentrations. The area under acidic soil conditions in India is 17.9 million ha (Anonymous, 2016); while in the world 3,950 mha of arable land is affected by soil acidity (Bian et al., 2013), indicating the severity of the problem.

• Sodification: This phenomenon is the opposite of soil acidification, because soil pH is increased by the predominance of carbonates and bicarbonates of sodium. The presence of sodium in soil significantly modifies the soil properties, thereby affecting soil health and productive potential. The major changes in soil due to sodification include dispersion of soil aggregates leading to poor soil physical condition, reduced hydraulic conductivity and infiltration rate, changes in nutrient availability, and toxicity of higher concentration of sodium to plant roots.



Modification of Soil Mineral Nutrient Status (Nutrient Imbalance, Multi-Nutrient Deficiency, and Nutrient Mining)

Among the major input additions in present-day agriculture, nutrient application plays an important role and is mainly due to the increased response of crops to nutrient application, crop and/or cropping system intensification in special and temporal dimensions to feed burgeoning population, and decrease in the level of soil nutrient status. The modification of soil nutritional status is mainly expressed as nutrient imbalance, multi-nutritional deficiency, and nutrient mining. The imbalance arises because of differential nutrient uptake and fertility addition, which does not match the plant uptake; while the present status of multi-nutritional deficiency was increased because of the addition of only primary nutrients (especially N and P) with complete dependence on soil nutrient reserves for other nutrients. Nutrient mining is another term used to indicate the negative balance between nutrient addition and nutrient removed by crops. At present, Indian soils are at negative balance of 8 to 10 million tons per year (NAAS, 2018); while Jones et al. (2013) and Henao and Baanante (2006) reported nutrient mining practices at the global level. The significance of soil mineral nutrient status with respect to soil health and overall agricultural productivity can be explained using the following points:

• increase in the number of nutrients showing deficiency in cultivated soil;

• extent of negative balance of nutrients in the soil;

• responsiveness of crops to the application of nutrients;

• possibility of reducing nutrient mining by utilizing crop by-products as a nutrient source and avoiding their ineffective use such as in-situ burning;

• share and role of organic material addition in meeting the nutrient need of agriculture;

• role of microbes in enhancing the nutritional status of soil;

• long-term effect of application of recommended rate of nutrients on soil nutrient status;

• short and long-term impact of nutrient mining on crop productivity and economics;

• effect of changing soil nutrient supplying capacity due to change in soil organic carbon in arable soils;

• effect of imbalance in the use of chemical fertilizers on soil nutritional status;

• lack of attention for soil and water conservation practices leading to loss of fertile top soil layer rich in plant nutrients;

• and soil fertility changes due to cultivation of crops on marginal and degraded land as well as intensive cereal-based crops/cropping systems with replacement of fertility restorer crops.



Accumulation of Toxic Compound (Agrochemicals)

This is the major source of toxic compound which get accumulated in soil thereby affect the soil health. The use of agrochemicals for plant protection and weed management leads to considerable increase in accumulation of toxic compound in soil. This can be seen from an increase in the use of agro-chemicals from 39,773 to 52,980 metric tons of technical grade material (Bhardwaj and Sharma, 2013; Indira Devi et al., 2017). Even with this significant increase in agrochemical consumption, per hectare consumption in India is 291 g ha−1, which is far lesser than the consumption in developed countries (Indira Devi et al., 2017). The use of pesticides in Japan, China, and Mexico is 18.94, 10.45, and 7.87 kg ha−1, respectively (Zhang, 2018). Along with that, excessive use of chemical salts to provide nutrition is the other source of toxic compounds. Some organic sources of crop nutrition, such as sewage and sludge and night soil, are also reported to contain a high amount of heavy metals (Walia and Goyal, 2010; Saha et al., 2018), causing adverse effects on soil health. The reason for the increasing contribution of agrochemicals to soil chemical degradation is their unregulated and uncontrolled use (Bhardwaj and Sharma, 2013) and lack of proper knowledge and awareness on the use of agrochemicals. The major adverse effects of using agrochemicals on soil health include: (i) adverse effect on the population dynamics of soil microflora and microfauna, (ii) affecting the rate of biogeochemical cycling of nutrients, and (iii) adverse effect on the growth of plants along with bioaccumulation of agrochemicals in plant and animals. Considering the role of agrochemicals in crop production and, overall, in agriculture, their complete elimination is difficult, but following regulations and recommendations in their use can be helpful in minimizing their build-up to an extent that they are causing adverse effects on soil health.



Soil Pollution

Soil pollution in cultivated fields is another emerging problem that is considered as a major outcome of modern agrochemical-based agriculture and lack of accounting of footprint of agricultural activities. Soil pollution is defined as a physical, chemical, biological, or radiological modification of the surface layer of the crust of the earth by the accumulation of a large quantity of natural materials or occurrence of new synthetic materials that disturb the composition of the soil, influence the natural balance of the ecological system, and disable the purification process (self-cleaning) of the soil (Backovic, 2008; Ashraf et al., 2014). The causes of soil pollution in agricultural land are:

• inappropriate use of chemical fertilizers especially phosphatic fertilizers, herbicides, and use of agrochemicals for insect-pest and diseases management;

• application of materials rich in pollutants and use of industrial waste;

• use of inferior plastic films;

• use of polluted water for irrigation;

• use of polluted area for agriculture or growing of crops along a city landfill;

• improper disposal of industrial wastes;

• seepage from landfills and percolation of pollutants along with infiltrating water;

• longer persistence of biochemical compounds in wastes and lack of soil flora and fauna for decomposition of agrochemicals;

• and neglecting the significance of soil pollution remediation measures.

These sources have varied effects on soil health and ultimately on agricultural productivity. The effects of soil pollutions are as follows:

• Soil properties such as porosity, base saturation, soil reaction, soil salinity, and nutrient toxicity are affected because of soil pollution (Backovic, 2008).

• Soil pollution caused by industrial waste or sewage-sludge may lead to the accumulation of heavy metals that may enter in the food web, leading to bioaccumulation of these heavy metals in animals or human beings, leading to several health hazards (Khan et al., 2015). The identification of adverse effects of such pollutants on human health sometimes becomes difficult, as they are seen after long exposure and continue across generation.

• The pollutants present in soil may escape and add to groundwater because of leaching or enter into above-ground water reservoirs, thereby causing pollution in these water bodies. This makes the water unsafe for use and also harms aquatic life (Khanna and Gupta, 2018).

• Pollutants that accumulate in soil up to the toxic level may affect the germination and growth of the next crop in succession.

• Soil pollution may adversely affect the population dynamics of soil microorganisms and thereby nutrient cycling.

• In extreme cases, they make soil unfit for normal crop cultivation.

• Pollutants such as heavy metals are non-degradable by any biological or physical means and therefore remain in soil over longer duration (Selvi et al., 2019).

• Heavy metal pollution is one of the hurdles of direct use of nutrient-containing minerals in agriculture and more especially in organic farming (Mortvedt, 1995).




Soil Biological Degradation

The biological properties of soil are the last to get attention. However, they started getting attention when their normal activities and functioning became affected significantly by modern agricultural practices. Soil biological degradation is defined as the impairment or elimination of one or more significant populations of microorganisms in the soil, often with resulting changes in biochemical processing within the associated ecosystem (Sims, 1990). At present, considering their significant role in different soil processes and functional activities, soil microbial properties are studied as rhizosphere dynamics (Kumar et al., 2013) and soil genomics (Singh et al., 2009a) level. Soil biological properties that can be used to judge the biologically degraded soil (Bedano et al., 2011; Lehman et al., 2015), as given by Mishra and Dhar (2004), are listed below:

• abnormality in microbial community diversity indicated by viable count (colony forming unit);

• reduction in either species richness or evenness of allocation of individuals among various species or both the above-mentioned characteristics;

• adversely affected major soil processes such as soil respiration, different enzyme activities, nutrient cycling, and degradation of organic compounds;

• symptoms of accumulation of toxic compounds in the soil due to their reduced rate of decomposition;

• and an increase in the population of undesirable microorganisms/pathogens causing diseases or serve as a vector for the transfer of different diseases.

The major difficulties in determining soil biological health and evaluating the indicators of soil biological health mentioned by Brackin et al. (2017) are as follows:

• complex relationships of soil microbial life with soil properties and crop plants;

• highly dynamic and sensitive to changes in soil management (such as tillage and amendment addition, etc.);

• difficulty in the identification and quantification of exact soil microbial life affecting soil health because of their very large diversity (Nielsen et al., 2016);

• and use in short-term evaluation because of their higher sensitivity to changes in soil conditions (Obalum et al., 2017).



Soil Ecosystem Services

There are several types of degradation processes acting side by side as discussed in previous sections (Soil Physical Degradation to Soil Ecosystem Services) due to continuous human interferences. All these processes lead to drastic changes in ecosystem services provided by the soil, as listed below:

• reduction in nutrient-supplying capacity of soil with a net negative nutrient balance;

• reduction in the rate of decomposition of soil pollutants due to biological degradation of soil;

• reduction in capacity to act as net carbon sinks because of continuous reduction in soil organic carbon content in most of the agricultural land;

• increasing and decreasing the population diversity of undesirable microbes (pathogen) and useful microbes in the soil;

• increase in areas under salt-affected soil conditions, thereby reducing their productivity potential;

• and reduction in productive potential and future carrying capacity of soil due to the above-mentioned five points.

At the same time, studies on soil ecosystem services are important because of the following points:

• increased level of the human footprint on natural resources;

• faster rate of degradation of natural resources;

• increasing concerns of climate change and its effect on soil ecosystem services;

• increase in the human and animal population, which increases the burden on limited natural resource;

• and economic and global model of development adopted by the world, with less consideration to ecological aspects.




EFFECT OF SOIL DEGRADATION ON PLANT GROWTH

Considering the level of degradation of soil as discussed in previous sections, the effect of land degradation on soil productivity needs to be quantified. In this section, attempts were made to review the effect of land degradation on plant growth using the study conducted by different researchers from different parts of the world.


Productivity and Profitability

The effect of several land degradation problems on crop productivity can be studied either by accounting for the losses in natural resources due to different processes at the global level, or from the reduced productive potential of degraded soil. In the European Union, Panagos et al. (2018) used microeconomics models and reported that 12 m ha of agricultural areas in the European Union have degraded soil. This led to economic losses in the agricultural sector to be close to €300 million and loss in GDP to be about €155 million. In Senegal, Sonneveld et al. (2016) reported that severe types of land degradation were associated with a decline in crop productivity. Pimentel and Burgess (2013) also reported a significant impact of soil erosion on food production. In the Canadian prairies, Cann et al. (1992) showed a compilation of the significant impacts of soil degradation on different crop yields. In India, Bhattacharyya et al. (2015) reported that the total cost of land degradation varies from US$1,037.94 to 6,191.81 million [1 US dollar ($) = 72.45 Indian rupee (₹)] per annum with the highest cost of land degradation due to soil erosion. This leads to a loss in crop production, which varies between US$93,305 and 4,982.71 million per annum. Zingore et al. (2015) reported different soil quality constraints for crop production in sub-Saharan Africa, and these problems, according to their significance in terms of area affected, are aluminum toxicity > low cation exchange capacity> soil erosion > high phosphorus fixation > vertic properties > salinity > sodicity. They reported that in sub-Saharan Africa the total crop production area affected by these soil constraints was 23 billion ha. These constraints are an indication of degraded soil, and significantly reduce the productivity of the soil. In Australia, Koch et al. (2015) reported the significance of soil security in achieving food security and provision of ecosystem services. Mythili and Goedecke (2016) used a total economic value approach for the calculation of the cost of land degradation and reported that the annual cost of land degradation in India in 2009 was US $5,152.46 million. This indicates that land degradation puts a significant economic footprint along with a footprint on natural resources.

Along with these impacts of soil degradation at a large landscape, the effect of different soil ill health on crop productivity and economics, as well as the response of crop grown in such soil to various amendments reported by different authors are summarized in Table 8. The significant contribution of soil degradation to the reduction in crop productivity can be judged from the accumulation of a large number of such studies (Frye et al., 1982; Lal and Moldenhauer, 1987; Pierce and Lal, 1994; Mantel and Van Engelen, 1997; Wiebe, 2003; Rickson et al., 2015). These different studies showed that soil physical and chemical degradation had a significant and negative impact on soil health. Along with it, the adverse effect of soil biological degradation was also reported (Song et al., 2017) showing a reduction in the germination of different grasses due to the formation of cyanobacteria-dominated crust.


Table 8. Effects of soil degradation on crop growth and productivity.
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Resource Use Efficiency

Soil salinity is one of the most important problems affecting soil health in irrigation command areas. In saline soil, the amount of water required is higher than the water required for raising crops on normal soil in order to maintain salt balance in root zone depth, and because of that, water productivity is lower in saline soil. In Iran, various options for improvement in water productivity under saline soil conditions were reported by Heydari (2019). He showed that optimum border irrigation and basin irrigation had higher water productivity (1.36 and 1.04 kgm−3) over the traditionally followed basin irrigation method. The salinity of irrigation water is also an important problem that leads to the build-up of soil salinity. Pressurized irrigation systems such as drip irrigation are reported to be most effective in improving water use efficiency and productivity; while the use of saline water for irrigation drip systems is a debatable issue due to root zone accumulation of salt and functioning of drip systems (clogging). Tingwu et al. (2003) showed that, use of saline water through drip irrigation on soil with ≤ 75% silt once every 2 days, at 60% of the Chinese pan evaporation had significantly higher yield and quality of watermelon over control even though water use efficiency in control (39.2 kg m−3) was significantly higher than treatment with 60% of the Chinese pan evaporation (21.45 kg m−3). They also reported that an increase in soil salinity build up averaged over soil profile in irrigation at 60% of the Chinese pan evaporation was very small over original soil salinity. Singh et al. (2018) reported that the application of irrigation water through a sprinkler or low energy water application each at 2 days interval with 4 cm depth at each irrigation significantly improved the water productivity and energy productivity over a surface method of irrigation with a similar level of rice grain yield in all irrigation systems. This finding again reports the successful use of a micro-irrigation system in problematic soil.

Nutrient use efficiency is another major challenge on the front of low nutrient use efficiency of major nutrients and reduction in the partial factor productivity of major nutrients due to multi-nutritional deficiency. Degradation of soil is one of the important reasons for the reduction in nutrient use efficiency and the need of higher fertilization. This can be clear from increasing the number of nutrients showing response to application (Rattan et al., 2009), the status of soil degradation (Bhattacharyya et al., 2015), and increase in the area showing the deficiency of secondary nutrients such as sulfur and micronutrients viz. Zn and Fe (Tandon, 2013). Therefore, the application of amendments for soil improvement may contribute to nutrient use efficiency. Murtaza et al. (2017) reported a significant variation in nitrogen use efficiency in saline-sodic soil in a rice-wheat cropping system. They found that the application of 100 kg N ha−1 with 50% soil gypsum requirement recorded the highest partial factor productivity; and that the application of 130 kg N ha−1 and 100% soil gypsum requirement had the highest agronomic use efficiency of nitrogen in both rice and wheat. Yaduvanshi (2003) reported the positive effect of green manure application and farm yard manure on nitrogen and phosphorus recovery in reclaimed saline sodic soil in a rice-wheat cropping system. They reported that the addition of green manure of Sesbania @ 4.2 t ha−1 with 60 kg N, 13 kg P, and 21 kg K ha−1 had significantly improved N recovery; and that application of Sesbania @ 4.2 t ha−1 with 120 kg N, 26 kg P, and 42 kg K ha−1 had recovery efficiency of 52.8% in wheat. In another study, Barbieri et al. (2006) reported that out of the total nitrogen applied in tall wheatgrass (Elytrigia elongate), recovery efficiency was 23–41% in the 1st year and 67–69% in the second year in sodic soil. They suggested the split application of nitrogen and the use of nitrogen sources other than urea as a strategy to reduce losses. At the same time, the response of different treatments for the correction of soil degradation problems in terms of improving nutrient use efficiency and water use efficiency is mentioned in Table 9. The significance of soil biological degradation in terms of increasing the population of disease-causing pathogens is significantly reducing the efficiency of different resources through their influence on crop growth and yield. Oerke (2006) reported that in the world, crop yield loss due to all major pest and diseases, such as weeds, for wheat, rice, maize, potato, soybean, and cotton was 28.2, 37.4, 31.2, 40.3, 26.3, and 28.8%, respectively, from 2001 to 2003. The loss due to insect–pest in India for cotton, rice, oilseed, pulses, groundnut, and wheat were 30, 25, 20, 15, 15, and 5%, respectively, out of their total production (Dhaliwal et al., 2010). The loss in yield ultimately remains as the natural and artificial resources applied unutilized, which may be lost by one or other pathways thereby reducing their efficiency as well as may cause pollution or degradation of soil and other natural resources.


Table 9. Effects of soil degradation on nutrient and water use efficiency.
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NOVEL AGRONOMIC AND INNOVATIVE SOIL MANAGEMENT APPROACHES FOR IMPROVING SOIL HEALTH


Diversification of Nutrient Sources

The nutrient need of plant is catered by soil inherent supply or externally applied plant nutrients through organic sources, inorganic sources, and microbial inoculants. Along with the supply of nutrients, these externally applied sources of plant nutrition had varied impacts on soil properties, and may be positive or negative. The monotonous use of any one source (especially chemical fertilizers) over a long duration may change soil properties to an extent that leads to making soil ill. The use of chemical fertilizers is getting movement because of quick response, easy availability on subsidized rate, and a significant increase in crop yield, leading to higher economic gain in early year of availability; while during the latter part, the inability of other sources to cater to the need of plant nutrition, intensification of cropping systems to cater to the need of growing human and cattle population and decreasing availability, along with the increased cost of other sources of plant nutrition such as animal waste, are major reasons for the monopoly of chemical fertilizers. These nutrients supplied through chemical fertilizers remain available for a short period of time because of their property of changing chemical nature, and may get lost from the scene along with moving water. The imbalance in the use of these fertilizers and lack of attention for fertilization of secondary nutrients, such as sulfur, and micronutrients, viz. Fe and Zn, lead to their widespread deficiency (Tandon, 2013). This all leads to multi-nutritional deficiency and varied levels of soil degradation (Section Issues Related With Soil Health).

At present, the selection of nutrient source should be such that it provides multiple nutrients for higher yield, has considerable residual effects, and positive influence on soil properties, thereby on soil health and less on environmental footprints. This all will be difficult to achieve through a single source of nutrition. At the same time, the economy of crop nutrition may be improved through partly replacement of chemical fertilizers with other on-farm sources or cost-effective off-farm resources. The sources of crop nutrition, which helps in maintaining or improving soil health along with providing nutrition, are agro-industrial wastes, minerals without processing, green and brown manures, weed manures, and bio-fertilizers. The diversification of nutrient sources toward more responsiveness to soil health is constrained by the availability of highly subsidized chemical fertilizers and their quick, significant, and positive impact on crop production, lack of sufficient organic sources of nutrition, as well as their logistic and on-point availability, less contribution of other sources (microbial inoculation and mineral wastes) to crop nutrition. These sources along with their impact on soil health are discussed below.


Green and Brown Manures

The growth of leguminous plants and their in-situ trampling at the flowering stage by tillage (plowing) or incorporation of leaves and young twigs of plants collected from another area is called green manuring. The significance of using of green manuring crops has been recognized long ago (Pieters, 1927) for its capacity to provide nitrogen (Yang et al., 2018) and enhance soil organic carbon (Ramesh and Chandrasekaran, 2004); while its multifarious effects on crop production (Fageria, 2007; Valadares et al., 2016) and their quantification in various crops and locations are getting movement afterward. The use of green manuring is more common in rice-based cropping systems and, again, in lowland or irrigated rice ecosystems (Pooniya et al., 2012). Brown manuring is a co-culture of Sesbania and rice, in which after 40–50 days of sowing, Sesbania is knocked down by a spray of herbicide (2,4-D). It is more common in upland rice and reported for its potential for controlling weeds in direct seeded rice (Gangaiah and Prasad Babu, 2016; Maitra and Zaman, 2017). The significance of green and brown manuring in soil health improvement reported by different authors is summarized in Table 10. All these reports indicate that both green and brown manuring have a significant and positive effect on soil health along with their contribution to yield improvement and saving on the application of chemical fertilizers. At the same time, green manure has an immense potential to be an important source of crop nutrition in organic farming, which is getting momentum in India. Green manure crops occupy the land for 40 to 55 days during which one productive crop can be raised. At the same time, sufficient water in the soil is needed for proper decomposition and release of nutrients for present season crops, which is a major constraint in rainfed agriculture. Additional cost is incurred in the purchase of seeds and the application of nutrients to green manure crops (phosphorus application) and knockdown of brown manure crops. These are the weak points that make green or brown manuring difficult to be adopted by farmers on a large scale.


Table 10. Effects of green and brown manuring on soil health.
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Use of Crop Residue and Agro-Industrial Waste

Arable crop production occupies the largest area out of the gross cropped area under cultivation as compared with other crops, such as horticultural crops. Considering the harvest index of arable crops and the nutrient composition of these residues (Sadh et al., 2018), these may be the potential options for the diversification of nutrient sources in agriculture. At the same time, most of the wastes generated from agriculture are voluminous and will add a large amount of organic carbon in soil, which is a backbone of different processes. Another important fact about crop residue is that a large part remains unutilized in cereal-based cropping systems in irrigated areas; while in rainfed farming, due to a large number of competitive uses, it is not available as a nutrient source. The logistic and policy initiative for residue utilization as a source of crop nutrition, blending of different crop residues to enhance nutrient content and faster release of nutrients and location-specific identification, and promotion of cost-effective processes for converting crop residues into suitable forms to be used as a source of nutrition are the thrust area for promoting the use of crop residues as a source of nutrition. The amount of crop residues generated in India from major crops is given in Figure 1. At the global level, residues produced from six major crops (rice, wheat, barley, sugarcane, maize, and soybean) is 3.7 Pg (billion tons) dry matter year−1 (Bentsen et al., 2014); while Lal (2005) reported 3.8 Pg year−1 residue production. The use of crop residues as a source of crop nutrition will be a win-win situation, as it helps to reduce the unutilized waste for agriculture, and their contribution to pollution and footprint, and success in diversifying chemical fertilizer-dominated nutrient management strategies. The co-culture of legumes in cereal-dominated cropping systems, changing nutrient management strategies by accounting the nitrogen need for in-situ decomposition of high C:N ratio crop residue, increased the availability of seeding machines in residue retention and adapting harvesting techniques that maintain a sufficient amount of residues in the soil at marginal farms need to be considered as options to attract stakeholders toward utilization of crop residues as a potential option for crop nutrition. In the case of organic farming, there is a need for such options as the use of in-situ organic sources of nutrition will be more cost-effective than purchased organic sources of nutrition considering increasing prices of off-farm organic sources of nutrition. Out of the total crop residue generated, the share of cereal crops is highest, which have a higher C:N ratio and takes longer time for decomposition and causes immobilization of soil nitrogen; while other crop residues have competitive uses. Crop residues infected with pests and diseases may increase the inoculums for the infection of the crop in the succeeding growing season.
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FIGURE 1. Residue production from different crops in India (A–F) (Anonymous, 2019).


In addition to the above-discussed unprocessed crop residues, residues are also generated while making crop produce suitable for consumption like processing and value addition of crop produce. Major residues from the processing industry include sugarcane factory waste (bagasse, pressmud, and molasses), waste from rice and wheat milling industry, waste from the fruit and vegetable processing industry, waste from the edible and non-edible oil extraction industry, waste generated during the marketing of perishable commodities, and food wastage. The use of agro industrial waste is constrained by the fact that part residues generated from these agro-industries have more economical competitive uses and therefore remain unavailable to be used as a source of nutrient; while part of unutilized residues needs some treatment before being utilized as a crop nutrient source. Information of such pre-treatments and facilities at the community or individual farmer level will be helpful for enhancing their utilization. Another difficulty is associated with the logistics of such agro-industrial waste on account of their large volume.

The significance of using crop residues and agro-industrial wastes in soil health is listed as follows:

• improvement in soil organic carbon content;

• serves as the food and fuel for microbial diversity, and also help in enriching the population diversity of desirable microbes in soil;

• help in reducing the impact of soil physical degradation processes because of positive impact on soil physical properties such as soil aggregation and infiltration rate;

• soil organic carbon enhances the cation exchange capacity, base saturation, and chelation of micronutrients, buffering pH, thereby enhancing soil chemical health;

• and improves soil chemical health through the process of decomposing soil pollutants, which is also fastening by increasing soil organic carbon.



Use of Minerals and Mineral Waste

The restricted supply of micronutrients is a common constraint for plant growth worldwide, especially in organic farming systems where nutrient supply to crops mostly depends on the mineralization of native soil organic matter, decomposition of applied manures, and crop residues. Based on a laboratory incubation study conducted for 140 days to investigate the potential release of copper (Cu), manganese (Mn), and zinc (Zn) from the rock mineral flour (RMF), the results showed that about 4.6% of Cu added as RMF was released irrespective of the quantity of the RMF applied. Zn release from RMF increased from 5.8 to 15.5%, with an increase in the amount of RMF applied (Shivay et al., 2010). These results showed that RMF could be used to meet Cu, Mn, and Zn requirements of organically grown cereals. The use of minerals as a source of crop nutrition without any chemical processing (Kulasekaran et al., 2015) is getting highlighted, and their significance can be explained as follows:

• inability of organic resource to fulfill the need for crop nutrition at present production requirement;

• identification of microbial processes and availability of microbial cultures for enhancing the nutrient availability from minerals making the mineral matter available form;

• availability of mineral waste generated by different processing industries and problem of their disposal;

• increased cost of processing of minerals to make chemical fertilizers and dependence on import of raw material for preparation of chemical fertilizers;

• availability of large amount of mineral, which is unsuitable to be used as raw material for preparation of chemical fertilizers (Kumari and Phogat, 2008);

• suitability of minerals in raw form in specific situation such as suitability of rock phosphate in acidic soil (Sharma and Prasad, 2003);

• and despite the above-mentioned positive impacts on soil health, there are several constraints that make the use of mineral waste difficult. The amount of heavy metals present in minerals and their availability to crop, logistics of voluminous raw minerals, and awareness of the processes and conditions making minerals a suitable source of crop nutrition are the primary hurdles that need to be addressed in making use of minerals in agriculture a suitable option for diversification of nutrient sources.

The low nutrient content, slow release of minerals due to longer time required for disintegration, less change of acting as a non-point source of pollution, lower cost of by-product of processing industry such as basic slage and phosphogypsum., and capacity to work as complimentary and supplementary sources of crop nutrition in organic farming are the other points that need to be considered in making mineral and mineral waste a possible alternative for diversification of nutrient sources.

The positive effects of these on soil health include:

• enhance the soil mineral composition from a crop production point of view thereby increasing the soil inherent nutrient supplying capacity;

• enhance the population and diversity of desirable microbes that are needed for biogeochemical cycling of nutrients in soil;

• and reduce the adverse effect of chemical fertilizer-generated abnormalities on soil properties.



Use of Weeds as Manures

The weed being unwanted plants and categorized as biotic stress can be harvested and used as manure. The weed plants as a composite group generally had a higher concentration of nutrients as compared with crop plants. The important points to be considered while using weeds as manure in crop cultivation are as follows:

• Weeding is generally done during early growth, leading to low dry matter accumulation and thereby lower nutrient accumulation in them.

• Not a viable option of nutrient diversification after seed formation, as it again creates a problem in the next year.

• If precautions are taken, such as using pre-emergence herbicides and following proper cultural measures, then the population and dry matter generated would be very minimal.

• The weeds are composite flora and because of the diversity of species with respect to time and space dimension, it becomes difficult to quantify the expected amount of the nutrients added by weeds.

• At the same time, weeds compete with crop plants and absorb nutrients supplied for crop plants, thereby affecting their growth.

• Some species of weeds have an allelopathic effect on crop plants while decomposing their residue. This may affect the growth of crop plants.

• Weeds grown during the fallow period help in conserving soil moisture and also reduce losses in the fertile top soil layer. This will help in maintaining soil fertility.

• Other positive effects of weeds manures on soil health are the same as those of the addition of crop residues through organic matters.




Adaptation of Modern Tillage System (Minimum/ Zero Tillage, Stubble Mulch Tillage)

The conventional plow tillage involves physical manipulation of soil; therefore, it has several implications on soil health that can be seen primarily on soil physical health, soil biological health, and lastly on soil chemical health. The major objective of conventional plow-based tillage is managing weeds along with preparing of seedbeds with required soil physical properties. Due to the availability of an alternative strategy for weed management (herbicides) and maintaining soil physical condition suitable for sowing of crops without tillage, the present plow-based tillage system is molding to a new form, which is collectively called conservation tillage. The other reasons responsible for the emergence and adoption of the conservation tillage system include the adverse effect of plow-based tillage on soil degradation through erosion and fading organic carbon, increasing prices of energy (petroleum) required for tillage operation, government policy orientation in developed countries during early days, problem of disposal of crop residue in intensive cereal-based cropping systems, short time availability for field preparation in intensive cropping systems, availability of tillage equipment for seeding with least disturbance to soil and in layer of crop residue, and positive effect of conservation tillage in various combinations of resource conservation technology.

The conservation tillage system is based on three major principles, viz. continuous or minimal mechanical soil disturbance, maintenance of a permanent biomass soil mulch cover on the ground surface, and diversification of crop species (Kassam et al., 2019). It consists of different forms such as zero tillage, minimum tillage, and stubble mulch tillage. The positive effect of this tillage system on soil health is indicated by the three above-mentioned principles of conservation agriculture, and increasing area under conservation tillage indicates economic gain either in tangible or non-tangible forms by stakeholders. The health improvements achieved by following the conservation tillage system are listed below:

• Reduction in the rate of soil erosion through wind and water action, which can be achieved because of a reduction in erodibility.

• Increase in soil organic carbon as a minimum 30% of surface covered with crop residue is the principle of the conservation tillage system.

• Enhance the microbial population and diversity, soil microbial biomass carbon and nitrogen, and soil microbial enzymatic activities of microorganisms because of the availability of organic matters as their food.

• Improvement in major soil physical parameters such as water holding capacity, soil aggregation, infiltration rate, porosity, bulk density, and soil strength, thereby making soil physically healthy.

• Added crop residues are a source of multiple plant nutrients and therefore enhance the chemical health of soil.

• Soil chemical properties such as temperature moderation, buffering soil pH, nutrient holding capacity, and ion exchange capacity are positively affected by conservation tillage.

• Some hurdles in the adoption of the conservation tillage-based system include competitive uses of crop residues, immobilization of nitrogen during residue decomposition, acting of crop residues as a hibernating material for crop pests and diseases causing pathogen, build-up of termite population, reduced crop germination, and difficulty in manure and fertilizer application.

• The third principle of CA (crop species diversification) can reduce the extraction of nutrients from the same soil layer, and if fertility restorer crops (such as legumes and grasses) are included in the cropping system, then it will have positive and beneficial effects on soil health.

• Maintaining crop residues also helps in correcting soil root zone salinity because of reduced evaporation losses.



Enhancing Soil Microbial Diversity (Use of PGPR and Microbial Consortia, Use of Biocontrol Agents)

There are two possible ways to enhance soil microbial diversity. The first one is the direct addition of microbial culture and the other is the enhancement of the inherent soil microbial population by providing a suitable environment for microbial growth. The direct improvement of soil microbial diversity was started with the use of biofertilizers (microbial inoculation having the capacity of nutrient acquisition/ fixation) for nitrogen fixation. The possible options for enhancing microbial diversity are as follows:

• Use of microbial cultures that have a capacity for nutrient acquisition and fixation.

• Use of microbial cultures that have an antagonistic interaction with disease-causing microorganisms and deleterious rhizobacteria.

• Use of microbial cultures that fasten the rate of organic matter turnover (Choudhary et al., 2016).

• Use of microorganisms that secrete growth-promoting hormones such as auxin (Zahir et al., 2004).

• Use of microbes that have a capacity to fasten the decomposition residue of agrochemicals or soil pollutants (soil security; Nayak et al., 2018).

The indirect ways for enhancing microbial population diversity include:

• Using organic sources of crop nutrition as per availability and economic consideration in varied combinations of chemical fertilizers.

• Changing tillage system from conventional plow-based to conservation tillage.

• Use of soil amendments for correcting soil reactions as a pH range near neutral is suitable for different types of microbial growth and processes.

• Crop diversification with place for legumes and forage crops. Legume crops secrete a large amount of carbon material through their roots, and their rhizosphere is rich in microbial diversity (Kumar et al., 2018). Forage crops, such as Napier grass, produce a large amount of root biomass; while growing of berseem was reported to have a positive effect on soil physical and chemical properties.

• Following harvesting methods that maintain at least part of above-ground plants on the soil surface.

• Irrigation management practices for modification of soil microclimates suitable for microbial growth that include drainage of excess water, creation and utilization of irrigation facility from rain water or water from above ground or below ground reservoirs, and irrigation for reducing soil salinity.

• Increasing the use of resource conservation technologies such as green and brown manuring, use of organic mulches and different land configurations such as permanent beds.

There are certain lacunae that make it difficult to adopt the direct methods of enhancing soil microbial population, and include low economic gain and less visibility of crop growth and yield improvement due to their uses, the growth and population build-up is affected by soil environment and weather condition, higher sensitivity to agrochemicals, and their availability in pure form without admixture of any other material. The indirect options of enhancing soil microbial diversity have economic bias; hence, their uniform and wider implications in the favor of enhancing the soil health remain frozen.


Positive Effects of Microbial Enhancement on Soil Health

The impact of improvement in microbial diversity on soil health is overlapped by the impact of diversification of nutrient sources, as both are interdependent on their capacity to improve soil health. The crop residue serves as a raw material for microbial activities; while microbes are important agents for decomposition or turnover of diversified nutrient sources. Some of the additional positive effects of enhancing soil microbial diversity are as follows:

• Enhancing soil microbial diversity fastens the decomposition of agrochemicals and other harmful plant secretions, thereby making soil pollution free.

• Short term storage of plant nutrition through the process of immobilization, thereby reducing losses in plant nutrients.

• Helps in reducing the population of soil-borne disease-causing microorganisms because of antagonistic interaction and competition for same natural resources.

• Improves soil chemical health by increasing the share of fixed forms of nutrients in crop nutrition. This is most prominently seen in the case of phosphorus, as the use efficiency of phosphorus applied through soluble chemical fertilizers hardly exceeds 15–20% (Roberts and Johnston, 2015; Prasad et al., 2018); while most of the phosphorus remains in the soil in a fixed form.




Efficient Resource Cycling Through Integrated Farming System

In the urge of an ambitious project of doubling the income of farmers in India, several agricultural interventions have to play an integrated role (Anonymous, 2018a). One such option suggested to achieve this target is curtailing the cost of purchased resources through the generation and use of on-farm resources and their recycling or multiple uses in production systems. This is possible through the integrated farming system (IFS) approach involving the integration of more than one enterprise complementing the main enterprise (which is most of the time a cropping system). As this resource cycling through IFS is linked with economic gain, it can be smoothly adopted by farmers, and soil health improvement through this option is complimentary with the involvement of very less monetary inputs.

The possible options for soil health improvement through resource recycling in IFS are:

• Incorporation of small animals and birds (poultry) with higher liquidity of capital (as the investment on feed and space is less and for short time). These animals can be reared on on-farm inputs, and their excreta are a boon to soil health improvement.

• Installation of crop by-product enrichment plants such as vermi-composting unit and composting unit.

• Installation of a biogas unit and use of slurry as manure (it reduces methane emission from direct application of biomass).

• Planting of leguminous plants such as Leucana leucocephala, Gliricidia, which can serve as green manuring crops.

The integrated farming system has a positive effect on soil due to the followings reasons:

• The efficient cycling of by-products reduces wastage and enhances the biogeochemical cycling of plant nutrition, which is the basis of soil chemical health.

• The final by-products after multiple uses (such as use of crop residue for cattle feed or for mushroom production or for vermi-composting) of the resources have a retained and sometimes even enhanced nutritional value, which can be a valuable soil amendment.

• The complementary interaction between natural resources and different enterprises helps in making a closed system of nutrient cycling. This ultimately helps in enhancing the sustainability of the system.

Marginal farm area, difficulty in marking of small produce, complex interactions among enterprises, difficulty at farmer level to have expertise in all enterprises, lack of awareness on the positive interactions among enterprises, low risk-bearing ability, and capital investment are the major bottlenecks of implementing IFS-based systems.



Soil Health Improvement in Problem Soil (Through Use of Soil Amendments, and by Crop Cultivation Practices and Phytoremediation)

Problematic soils in India mainly consist of salt-affected soil and acidic soil with an area extension of 6.73 million ha (Sharma et al., 2016) and 15.93 million ha, respectively. However, at the global level, 0.34 billion and 0.56 billion ha of the area have saline and sodic soil, respectively (Shahid et al., 2018). Along with this, there are soils that are getting polluted because of untreated industrial effluents, sewage water and waste from landfill areas, and seepage of industrial pollutants. These soils have several problems and need special management practices and input addition along with normal management practices for successful crop production. These practices are broadly divided as follows.


Use of Soil Amendments and Its Effect on Soil Health

Soil amendments are mainly added to bring the soil reaction to the desirable range, thereby improving soil health. Considering soil reactions, exchangeable sodium percentage and electrical conductivity of the soil are broadly classified as saline, sodic (alkali), and saline-sodic (alkali) soil. Saline soil is dominated by soluble salts such as sulfate and sodium chloride; while the dominant salt in sodic soil is sodium carbonate. In the case of saline soil, the leaching of soluble salts below the root zone with plenty of fresh water is followed. Along with that, limestone and iron pyrite are chemical soil amendments that can be added. In the case of sodic soil, gypsum, sulfur, iron sulfate, and iron pyrite may be added to improve the soil condition. The improvement for acidic soil is done by liming with calcium oxide, calcium hydrate, dolomite, calcite, or basic slag.

The application of soil amendments for the correction of sodic soil has a significant and positive effect on soil health through improvement in soil properties such as aggregation, porosity, and infiltration rate, replacing exchangeable sodium concentration from exchange complexes and bringing the pH in the neutral range. In acidic soil, the application of liming materials leads to a reduction in the toxic concentration of metal elements such as Fe, Mn, and Al, enhancement of the availability of phosphorus, calcium, magnesium, and potassium, and enhancement of the activity and diversity of microbes in the soil. These improvements in soil health make the soil fit for crop cultivation.



Cultivation Practices

Along with the addition of soil amendments, cultivation practices are also reported to be beneficial for the management of problematic soil. These are as follows:


Soil Tillage

Deep plowing in order to increase infiltration of rainfall moisture to a considerable depth, compartmental bunding, which increases the opportunity time for infiltration of rainwater and opening of a dead furrow, which acts as a drainage channel during an event of heavy rainfall and stores moisture, are suggested modifications.



Land Configuration

Land leveling, which reduces depression spots where water gets collected and there may be an accumulation of salts and different land configurations such as ridges and furrows, and sowing of crop ¾ height of ridges are also suggested for efficient crop cultivation in problematic soils.



Selection of Crops, Mulching, and Irrigation

Crops tolerant of saline soil such as mustard, barley, cotton, and sugar beet (Jehangir et al., 2013) are suggested; while for sodic/alkali soil, Karnal grass, para grass, rhodes grass, rice, sugar beet, and green manure crops such as dhaincha (Sesbania aculeata) are suggested (Chhabra, 1996). Other suggested measures are the application of excessive water during pre-sowing irrigation for leaching of salts, frequent and shallow irrigation, use of fresh quality irrigation water, and use of organic mulches to reduce evaporation losses, which will reduce the upward movement of salts.

All these cultivation practices improve soil physical properties and promote soil microbial population and diversity, which ultimately contribute to soil health improvement. The addition of organic matters due to the growing of crops, application of mulches, and suitable microclimate provided by irrigation help in increasing microbial population, thereby improving soil biological health.




Phytoremediation

It is defined as the use of higher plants for the cost effective, environmental-friendly rehabilitation of soil and groundwater contaminated by toxic metals and organic compounds (Aken, 2011). Phytoremediation plays a role in soil health improvement through its capacity to combat soil pollution. It is achieved by phytoextraction (phytoaccumulation), phytovolatilization, phytostabilization, or phytodegradation (Yan et al., 2020). This strategy is important for heavy metal pollutants, organic pollutants, industrial effluents, sewage water, waste for landfills used as manure, etc. Nowadays, phytoremediation is essential as town compost and waste water from cities is increasingly used in agriculture in peri-urban areas mainly for the growing of vegetables and flowers. Therefore, these areas have polluted soil that needs to be reclaimed in a cost-effective way. At the same time, the use of agrochemicals is now a regular practice and is increasing day by day because of changes in the level of biotic stresses and the need to produce more from limited resources. Therefore, soil pollution is going to be an important reason for soil degradation in times to come. Some of such situations are observed in parts of India where soil ground water is becoming polluted because of the excessive use of agrochemicals (Kaur and Kaur, 2019). Considering this, it has become essential to incorporate the phytoremediation strategy in agricultural production systems. Besides pollution in agricultural land, areas for dumping of waste are increasing at an alarming rate (Kumar et al., 2017; Kiran et al., 2020), and they will act as a source of contaminants for agriculturally useful land in the future, and these are areas within the scope of phytoremediation. Another important consideration for the phytoremediation technique is that it does not show any significant effect on crop growth and development in the short term, but it helps in improving soil health by reducing the adverse effect of pollutants on human and animal health.




Mimicry of Natural Ecosystem in Agro-Ecosystem for Soil Health Improvement

An agroecosystem is a natural ecosystem modified for the production of different provisional services (Hodgson, 2012), and it is characterized by both planned and unplanned diversities (Power, 2013). It differs from a natural ecosystem in terms of low species and genetic diversity, open system of nutrient cycling, simple and linear tropical interaction, and, most importantly, it heavily depends on human interference for its different functions (Odum, 1969). All of these make an agroecosystem fragile, leading to concern about its sustainability. Along with it, several types of human-induced land degradation (Sections Soil Physical Degradation to Soil Ecosystem Services) add to the instability of agroecosystems. On the other hand, natural ecosystems have several types of self-regulating and self-sustaining functions having the potential to be used in agroecosystems. Studying such functions and identifying the optimum niche of agroecosystems for their successful incorporation in agroecosystems is called mimicking the natural ecosystem. According to Dore et al. (2011), the incorporation of certain characteristics of natural ecosystems into agroecosystems would improve some properties of agroecosystems, such as productivity, stability, and resilience, and that could be considered as mimicry of agroecosystems. This mimicry of natural ecosystems needs to have an economic bias along with improving long-term sustainability for higher adoption at the used end. For the successful implementation of mimicry of natural ecosystems in agroecosystems, Dore et al. (2011) mentioned certain steps, which are listed below:

• Selection of functions that agronomists wish to improve.

• Identification, in natural ecosystems, of characteristics modifying these functions (diversity, microclimate, soil microbes interaction).

• Definition of qualitative and quantitative relationships linking properties and functions (slash and burn cultivation).

• Transposition of these functions to agricultural conditions.

• Use of these functions for the design of agroecosystems with specified aims.

• Checking that the new agroecosystems express the targeted functions and have no undesirable properties.

Along with this, the concept of ecological intensification (Tottonell, 2014) of agriculture also found a sustainable strategy and had a positive impact on soil health. The options for mimicking natural ecosystems with economic consideration include diversification of cropping systems, crop intensification in space and time dimensions (mixed or inter cropping and crop rotation), residue incorporation, less disturbance to soil (changing tillage system to zero or minimum tillage), multi-storied cropping, and many more. The concept of conservation agriculture, organic farming, integrated farming systems, and groups of resource conservation technologies are parallel with the concept of mimicry of natural ecosystems. Therefore, the positive effect of mimicry of natural ecosystems on soil health will be the same as that of the effect of the above-mentioned technology.



Alternative Agriculture (Agroforestry) for Soil Health Management of Marginal Land

Along with the strategy for reducing the degradation of agricultural land, a suitable strategy for the management of already severely degraded land or marginal land unsuitable for regular cultivation is the need of hours. At the global level, the extent of degraded land has been reported from <1 billion to as high as 6 billion ha (Gibbs and Salmon, 2015). Further, degraded land can be realized by seeing the land use pattern of India, which shows that 17.47 million ha of the area have barren and un-culturable lands and 13.24 million ha of the area have culturable waste lands (Anonymous, 2019). The areas are hardly suitable for regular cultivation of arable crops and if desired, then additional management practices are required, which may not be economical. A suitable economical alternative for restoration of such areas is possible through alternative agriculture such as agroforestry (Anonymous, 2018b). The food and agricultural organization define agroforestry as a collective name of land use systems and technologies where woody perennials are deliberately used on the same land management units as agricultural crops and/or animals, in some form of special arrangement or temporal sequence. The system is self-sustaining because of the involvement of diversified components such as arable crops, forage species, tree components, and domestic animals, with three basic systems, viz. agrisilviculture, silvopastoral, and agrisilvopastoral. The positive effects of agroforestry on soil health are as follows:

• The tree component of agroforestry protects soil from erosion through an extensive root network and large canopy. It is also helpful in stabilizing gullies and preventing their spread. At the same time, it produces a large amount of woody matter if retained over a longer duration and can be claimed as carbon credit.

• The grass component involved in agroforestry helps conservation of soil against erosion due to thick cover on ground and also enhances soil organic carbon. This leads to reduction in land degradation.

• Leguminous tree and shrubs species such as Acacia Senegal (L) Willd., Cajanuscajan L., Gliricidia sepium, Sesbania sesban, and Tephrosia spp., enrich the soil through biologically fixed nitrogen along with the addition of organic matter through leaf fall (Ribeiro-Barros et al., 2018). This will help enhance soil biological health.

• As a self-sustaining system, agroforestry is a cost-effective option for the management of soil health on degraded and waste land, with additional income through wood and fodder produced.

• The areas along field boundaries, farm roads, or canals that remain barren and severely affected by one or other types of land degradation will also be suitable for one or other components of agroforestry. This leads to enhanced biodiversity of cultivated farms, thereby enhancing the soil health of farms as a whole.

• The agroforestry system, as a whole, generates several functions that will help in biogeochemical nutrient cycling with the active involvement of biosphere components such as plants and microorganisms.




CONCLUSIONS

In the present day, soil no more remains a medium for plant growth but it turns into a valuable resource for mankind to meet its requirement of provisional services from plants and animals receding in agroecosystems. Considering the present level of land degradation, there is a need to develop and implement novel approaches to maintain soil health with a similar or even higher level of production from agroecosystems. Concepts such as diversification of nutrient sources with emphasis on the use of organic manures and other alternatives to compliment and supplement the chemical fertilizer-based approach will have the potential to contribute significantly to the improvement of soil health. The diversification of production systems through the adoption of conservation agriculture and organic farming is worth considering their role in soil health improvement. The closed system of nutrient cycling achieved through an integrated farming system, will be the self-sustained option of soil health management, along with improvement in resource use efficiency. There is a need to give attention to soil biological health, with the involvement of attempts to enhance soil microbial diversity and curtailment of soil pollution caused by the extensive use of agrochemicals (such as chemical fertilizers).
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Potentilla fruticosa is a typical shrub of alpine meadows with canopy effects that can greatly influence soil fertility and microbiological parameters. Changes in rhizosphere microorganisms can reflect the response of these plants to environmental changes. This study aimed to examine the rhizosphere and non-rhizosphere of P. fruticosa on the amount of selected microorganisms and main environmental factors at different elevation gradients (3,000, 3,250, 3,500, 3,750, and 4,000 m). The results suggested that bacteria were predominant of the microbial soil community in the rhizosphere and non-rhizosphere, while fungi and actinomycetes represented the minority. With the increase of altitude, the total amount of microbial, bacteria, and actinomycetes in the rhizosphere and non-rhizosphere of P. fruticosa showed a downward trend, and microbial functional groups showed that the “hump shape” changed, but the fungi showed the opposite. Variance inflation factor (VIF) screening environmental factors and path analysis were obtained. In the rhizosphere soil, bacteria were affected by Soil organic carbon (SOC), and soil bulk density (SBD) became the main environmental limiting factor with the increase of altitude. The main environmental limiting factor of actinomycetes changed from SBD to Soil total (ST). In the non-rhizosphere soil, the bacteria and actinomycetes changed from ST to SOC and SBD, respectively. The main environmental limiting factor of the fungi was SOC in the rhizosphere and non-rhizosphere. Soil water content (SWC) was the main environmental determinant factor for all microbial groups, microbial functional groups were related to Soil total nitrogen (STN). Our results help to understand the relationship between nutrient cycling and the ecosystem function of alpine meadow plant soil microorganisms and provide theoretical support for alpine meadow ecosystem restoration, biodiversity protection, and the use of microbial resources.

Keywords: alpine meadow, elevation gradients, rhizosphere soil, culturable microbial, Qinghai-Tibet plateau


INTRODUCTION

The rhizosphere is the narrow zone of soil surrounding the root that is under the immediate influence of the root system (1). This zone is rich in nutrients when compared with the bulk soil, due to the accumulation of a variety of organic compounds released from roots by exudation, secretion, and deposition (2). The area surrounding growing plant roots in soil (the rhizosphere) represents a critical hotspot for biogeochemical transformation that underlies the process of soil formation, carbon cycling, and the ultimate productivity of the earth's terrestrial ecosystems (3). Rhizosphere microorganisms play an important role in plant growth, diversity change, and ecosystem function represent the health status of plant growth (4). As a potential nurse plant, Potentilla fruticosa plays an important role in the natural growth of other species below the canopy (5, 6). Xu et al. (7) have shown that the graminoid functional group was the most intensely and significantly affected by the rhizosphere effect of the foundation shrub P. fruticosa. At the same time, the growth of rhizosphere microorganisms was also affected by the P. fruticosa, which kept the rhizosphere microbial activity at a high level (8). For example, Eisenhauer et al. (9) found that plant diversity will increase the biomass and activity of soil microorganisms, thus affecting the soil carbon and nitrogen cycle, which in turn has a feedback effect on plant communities. Butterfield et al. (10) found that conservation plants play an important role in maintaining biodiversity in harsh environments. Ballantyne and Pickering (11) also found in Australia that the Epacris gunnii (nurse plant) can change the composition of plant communities, improve soil fertility, and promote soil quality.

Many of the current insights into interactions and processes in the rhizosphere have emerged from studies on agricultural or horticultural crop plants and model species such as Arabidopsis thaliana and Medicago truncatula (12). However, considerable progress is also being made in understanding the microbial ecology of the rhizosphere of non-cultivated plant species in natural ecosystems (13): temperature and moisture (14, 15), metal stress (16, 17), soil management (18), phosphorus enrichment, and nitrogen availability (19, 20). To better understand the players and processes that operate in the rhizosphere, a variety of molecular techniques, such as metagenomics and stable-isotope probing, have been applied over the past decade (21–24). Nevertheless, traditional methods of microbial culture still have some availability today. França et al. (25) found that the effect of altitude and season on abundance and diversity of the culturable heterotrophic bacterial and yeast community was examined at four forest sites. Francesco et al. (18) found that soil culturable microorganisms were affected by different soil managements in a 2 year wheat-faba bean rotation. Soil nutrient contents significantly influenced the abundance and diversity of culturable bacteria, but not of culturable yeasts.

As the third pole of the world, the Qinghai-Tibet Plateau has formed unique habitats, and its complex and diverse ecological system make soil microorganism species diverse. The difference in altitude will change the temperature, humidity, and other environmental factors, resulting in the change of soil environment and thus affect the ecological processes of rhizosphere microorganisms (26). This provides a unique opportunity to investigate the change of rhizosphere and non-rhizosphere microorganisms in P. fruticosa on different altitude gradients. The relationship between microbial communities and plants can be better understood by studying the changes of rhizosphere and non-rhizosphere microorganisms in the altitude gradient. Here, we focus on the alpine community from the Qinghai-Tibet plateau, rhizosphere, and non-rhizosphere microorganism changes of P. fruticosa are affected by many factors. This study aimed to: (1) examine the effects of elevation in the rhizosphere and non-rhizosphere microorganisms of Potentilla fruticose; (2) identify major environmental factors affecting rhizosphere and non-rhizosphere microorganisms at different altitudes.



MATERIALS AND METHODS


Study Area

This study was carried out at the Research Station of the Alpine Meadow Ecosystem of Lanzhou University, located in Maqu county, Gansu, in the eastern part of the Qinghai-Tibetan plateau, China (N33°40', E101°52'). The region has mean annual precipitation of 650 mm, and altitudes range from 2,985 to 4,021 m, the mean annual temperature is 1.2°C, the average temperature in January is −10.7°C, the average temperature in July is 11.7°C, the annual accumulated temperature of ≥0°C is 1,732°C, the average annual frost period is not <270 days. The surface runoff is 200–350 mm deep, and the annual evaporation is 1,222 mm. The soils in this area are sub-alpine meadow soil. The plot of the study area is shown in Figure 1.


[image: Figure 1]
FIGURE 1. Plot of the study area.




Experimental Design and Soil Sampling

Between July and September 2019, all the selected fields seem to have the same environmental (northern slope) and historical conditions and no grazing system. Nine quadrats of 1 × 1 m were randomly placed in each plot along an elevation gradient of 3,000, 3,250, 350, 3,750, and 4,000 m on three hills (Figure 1). A total of 135 quadrats were investigated. The traditional shaking off method was used for rhizosphere soil sampling (27, 28). In the selected quadrat, select the well-growing P. fruticosa, dig the complete root system of P. fruticosa without damaging the root system, gently shake off the large soil on the root system, and then gently brush off the soil attached to the root surface with a brush, and remove the visible roots in the soil sample, which is the rhizosphere soil of the P. fruticosa population. For non-rhizosphere soil, take soil samples within 0–15 cm vertically from the ground outside the rhizosphere projection range of P. fruticosa. A total of 270 rhizosphere/non rhizosphere soil samples were collected. Part of the sample was stored at 4°C and used for microbial analysis. The other sample was air-dried for analyzing soil physical and chemical properties. The basic situation of the study area is shown in Table 1.


Table 1. Overview of the study area.
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Microbial Population Count

The microbial populations (bacteria, fungi, and actinomycetes) were determined by suspending 10 g of each soil sample in 90 ml of sterile phosphate buffer (0.1 M, pH 6.8) and shaking vigorously at 270 rpm for 1 h. Then, 100 μl from several 10-fold serial dilutions (10−1-10−6) of each sample were spread onto plates. Seeded plates were incubated in the dark, at 28 and 37°C, and colonies of total culturable fungi and total culturable bacteria were counted after 4–5 and 2–3 days incubation, respectively. Colonies of total culturable actinomycetes were counted after 5–7 days incubation and expressed as log (CFU + 1)/g of dry soil (CFU = Colony Forming Unit). We added 1 to each CFU number to avoid negative log values. Azotobacter used Ashby's medium, ammonifier used beef extract peptone AGAR medium, nitrifier used Stephenson medium. The amount of soil microbial functional groups was determined by the MPN method.



Determination of Soil Properties

Soil samples were air-dried and then passed through a 0.15-mm sieve prior to analysis (with three replicates for each soil core). Soil water content (SWC) was measured by oven drying the samples at 105°C. Soil pH was determined using 2.5:1 water to air-dried soil ratio and a standard pH meter. Soil total nitrogen (STN) was determined in air-dried homogenized 0.5 g soil samples digested with sulfuric acid and a K2SO4:CuSO4:Se catalyst and analyzed using a SmartChem 200 discrete chemistry analyzer (29). Soil total phosphorus (STP) was determined by the H2SO4-HClO4 fusion method (30). Soil organic carbon (SOC) was determined via a potassium dichromate oxidation method (31). We measured concentrations of available nitrogen (SAN) and available phosphorus (SAP) with a SmartChem Discrete Auto Analyser. Urease (URE) was determined by the phenol-sodium hypochlorite colorimetric method, and catalase (CAT) was determined by the potassium permanganate titration method (32).



Statistical Analysis

Data processing and path analyses were performed with SPSS version 20.0 statistical software (SPSS, Chicago, USA), giving the direct path coefficients and the indirect path coefficient of each factor. Then the coefficients of determination were calculated using correlation coefficients and direct path coefficients (33, 34). Using the method of the least significant difference (LSD) to examine the differences between mean values at a value of p < 0.05. Using vegan package vif.cca function (VIF, variance inflation factor) to screen environmental factors by R software (version 2.15.3) and graphing with Graphpad Prism software (version 7.02).




RESULTS


Microbial Amount of Rhizosphere and Non-rhizosphere Soil

Table 2 showed that the bacteria were predominant in the microbial soil community, while the fungi and actinomycetes represented the minority. With the increase of altitude, the total amount of microbial, bacteria, and actinomycetes in the rhizosphere and non-rhizosphere soil showed a downward trend. The fungi showed fluctuating increases and the amount was least at 3,250 m. The total microbial functional groups, azotobacter, ammonifier, and nitrifier showed “hump-shape” in the rhizosphere and non-rhizosphere soil. The bacteria and fungi in the rhizosphere were higher than that of the non-rhizosphere, but the actinomycetes were the opposite. The azotobacter, ammonifier, and nitrifier in the rhizosphere were higher than that of the non-rhizosphere at every elevation gradient.


Table 2. Microbial and functional group amounts at different altitude gradients.
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Rhizosphere and Non-rhizosphere Soil Physical and Chemical Factors

Figure 2 showed that with the increase of altitude, SOC, SAP, soil bulk density (SBD), and pH in rhizosphere soil showed an upward trend, ST, SC, and STP showed a downward trend, while SWC, SAN, URE, STN, and CAT showed a “hump-shape” change. Soil organic carbon, STP, and pH in non-rhizosphere soil showed an upward trend, SBD, SC, and ST showed a downward trend, while SWC, STN, SAP, CAT, and URE showed “hump-shape” change. Soil nutrient content and SWC in rhizosphere soil were higher than that of non-rhizosphere, and SC, URE, pH were the opposite. Except for 3,000 and 3,500 m, the SBD in the rhizosphere soil was higher than that of non-rhizosphere, SC and CAT in the rhizosphere was higher than that of the non-rhizosphere at 3,000 and 3,750 m, respectively, ST had no significance between the rhizosphere and non-rhizosphere.


[image: Figure 2]
FIGURE 2. Changes of rhizosphere and non-rhizosphere soil environmental factors at different altitude gradients.




Variance Inflation Between Soil Microorganisms and Environmental Factors

The VIF test can be used to calculate the VIF-value of each environmental factor, and use this as the basis for judgment. In this paper, when the VIF-value is between 2.5 and 10, it can be regarded as a useless environmental factor, to achieve the purpose of screening environmental factors. After selection, the SWC, SBD, SOC, and ST for the microorganisms in the rhizosphere soil of P. fruticose, the SWC, STN, ST, and URE for the microorganisms in the non-rhizosphere soil of P. fruticosa (Figure 3).


[image: Figure 3]
FIGURE 3. Variance inflation of soil microorganisms and environmental factors in the rhizosphere and non-rhizosphere soil.




Path Analysis Between Soil Microorganisms and Environmental Factors

Path analysis is shown in Figure 4. In the rhizosphere soil of P. fruticosa, the bacteria are mainly affected by SOC. With the increase of altitude, SBD has gradually become the main environmental limiting factor. The actinomycetes changed from SBD to ST. In the non-rhizosphere soil of P. fruticosa, the bacteria and actinomycetes changed from ST to SOC and SBD, respectively. The main environmental limiting factor of the fungi was SOC in the rhizosphere and non-rhizosphere. The three microbial functional groups were similar, STN is the main environmental limiting factor in the rhizosphere and non-rhizosphere with altitude increase. Soil water content is the main environmental determining factor, which has no significant change with the increase of altitude.


[image: Figure 4]
FIGURE 4. Heat map of the decision coefficient of microorganisms and environmental factors in the rhizosphere and non-rhizosphere soil at different altitudes.





DISCUSSION

Rhizosphere microorganisms can directly and/or indirectly affect the composition and biomass of plant communities in natural ecosystems (35, 36). Numerous organisms contribute to these processes, leading to countless interactions between plants, antagonists, and mutualistic symbionts, both below ground and above ground (37–39). There are some very important groups in soil microorganisms, such as Trichoderma, which belongs to antagonistic fungi (40). Bacillus and Pseudomonas are bacteria with plant growth promoting activity. Rhizobia and slow growing rhizobia can establish a symbiotic relationship with legumes, while nitrogen fixing bacteria show asymmetric nitrogen fixation characteristics (41). Cultivation-based methods might also be more sensitive to retrieve changes of the physiologic and metabolic state of the community due to environmental fluctuations since the culturable fraction of the community might react more rapidly to changes in biotic and abiotic factors than genomic surveys that mainly target DNA fragments derived from viable and non-viable organisms (42). The data obtained in our study demonstrate a lower amount of fungi in the rhizosphere and non-rhizosphere of the P. fruticosa at 3,250 m. The possible reason is that the slope (31°) at this altitude is large, resulting in serious soil erosion, so the number of fungi is small (43). The actinomycetes are related to the demand and adaptability for water, pH, heat, and nutrients, different altitude leads to changes in the regional environment, this is also consistent with Huang's studies (44). Previous studies have shown that SWC in the rhizosphere of P. fruticosa is higher than that in the non rhizosphere (7, 45), higher SWC limits the growth of actinomycetes, which also explains that the number of actinomycetes in rhizosphere soil is lower than that in non-rhizosphere soil.

Due to the canopy effect of P. fruticosa, the soil moisture is kept high, which is conducive to the growth of bacteria and fungi (46). Water and temperature can influence the growth of plants, which in turn can affect microbes, so the amount of three microbial functional groups showed largest at 3,500 m in rhizosphere and non-rhizosphere. With the increase of altitude, the rhizosphere of P. fruticosa had more significant advantages in cold resistance than non-rhizosphere, and rhizosphere microorganisms, which can still maintain great survival abilities at high altitudes. Therefore, the growth of microbial functional groups in the rhizosphere soil of P. fruticosa was better than that of the non-rhizosphere. In addition, nitrifiers are autotrophic aerobic bacteria, low oxygen content in the non-rhizosphere soil of P. fruticosa is not conducive to the growth of nitrifiers (47, 48). We inferred that the amount of nitrifier was also related to the growth of P. fruticosa. Rhizosphere soil physical and chemical properties (especially soil nutrient content) are an important method of judging plant growth and microbial reproduction. Therefore, explaining the soil physicochemical mechanism in the regulating processes and dynamics of plants and microbial communities in more detail is crucial for understanding the responses of different plants to environmental change (49, 50). Microbial functional groups play an essential role, which can convert N2 to [image: image] in the process of plant growth. Potentilla fruticosa has a well-developed root system and it can absorb water from deeper places and promote the growth of other plants (51). At the altitude of 3,500 m, the plant biomass and abundance in the study area are highest (Table 1). This also explains why the amount of microbial functional groups and SWC are the highest. The nutrient content in the rhizosphere soil (SOC, STN, STP, SAN, SAP) of P. fruticosa was higher than that of non-rhizosphere, and the difference of soil nutrients becomes more significant with the increase of altitude. We inferred that the “fertile island effects” in the rhizosphere of P. fruticosa make the soil nutrients concentrated in the root, the amount of soil microorganisms in the rhizosphere is also large. As the elevation increases, the decrease of environmental temperature is not conducive to the growth of soil microorganisms. So there was little difference in the amount of rhizosphere and non-rhizosphere microorganisms among different plants (52). In addition, Li et al. (53) found that Graminoids can reduce the content of SOC. In this study area, Koeleria cristata is the dominant species and it is widely distributed outside the rhizosphere of P. fruticosa, which is the reason for the big difference of SOC between the rhizosphere and non-rhizosphere (53).

As plants and soil microbes are tightly linked by nutrient cycling (54), changes in soil physicochemical properties in response to altitude increase may thus affect the composition and functioning of microbial communities (55). Therefore, elucidating the soil physicochemical mechanism in regulating processes and the dynamics of plant and microbial communities in more detail is crucial for understanding the responses of ecosystem function to altitude increase. In this paper, the main environmental limiting factor for most microbial groups is ST. However, with the change of altitude, the environmental factors affecting microbial growth also change. In the rhizosphere soil, SBD was the main environmental factor limiting the growth of bacteria and actinomycetes in 3,500 m. When the altitude was above 3,500 m, SBD was the main environmental limiting factor for bacteria, when the altitude was below 3,500 m, SBD was the main environmental limiting factor for actinomycetes. This is because, under the influence of the canopy effect and rhizosphere effect of the P. fruticosa (6), ST had little influence on rhizosphere microorganism, soil nutrient content is the main factor limiting bacteria growth. Meanwhile, non-rhizosphere soil is not conducive to the accumulation of organic matter, and the small soil porosity leads to the slow growth of actinomycetes (56). When the altitude reached 3,750 and 4,000 m, the ST is low and the terrible environment leads to the slow growth of actinomycetes, so the ST becomes the main environmental limiting factor. The main environmental limiting factor affecting fungi did not change between the rhizosphere and non-rhizosphere, we speculate that fungi are related to the litter on the surface of the soil, and that a lot of litter makes the content of organic matter rich, which provides good nutritional conditions (54). Soil water content is of great significance to the growth of soil microorganisms and promotes the diversity of the microbial community (57). In this paper, the SWC in the study area is high, so it is the main determining factor for all microbial groups. In the functional groups of microorganisms, azotobacter convert N2 to [image: image] for plants to synthesize organic nitrogen and supplement nitrogen in grassland soil, ammonifier nitrate [image: image] to [image: image], nitrifier convert [image: image] to N2 to complete the nitrogen cycle (58). All of these are related to soil nitrogen content, meaning STN is also a major factor affecting microbial functional groups.



CONCLUSION

Bacteria were predominant in the microbial soil community, while fungi and actinomycetes represented the minority. As the elevation increases, bacteria and actinomycetes decreased in the rhizosphere and non-rhizosphere soil of P. fruticose. Microbial functional groups showed “hump-shape” change, the fungi showed “V-shaped” change. In the rhizosphere soil, bacteria were affected by SOC (3,000 and 3,250 m), and SBD became the main environmental limiting factor (3,500, 3,750, and 4,000 m). The main environmental limiting factor of actinomycetes changed from SBD to ST at 3,750 m. In the non-rhizosphere soil, the bacteria and actinomycetes changed from ST to SOC at 3,500 m and SBD at 3,250 m, respectively. Soil organic carbon was the main environmental limiting factor for fungi. Soil water content is the main determining factor for all microbial groups, microbial functional groups were related to STN.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



AUTHOR CONTRIBUTIONS

ML: writing—review and editing. BL: data curation and writing—original draft. LX: visualization and investigation. RY: software and validation. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by the National Natural Science Foundation of China (Grant no. 31760135).



ACKNOWLEDGMENTS

We sincerely appreciate the assistance provided by the Research Station of Alpine Meadow and Wetland Ecosystems of Lanzhou University in supporting this research.



REFERENCES

 1. Paul EA. Soil Microbiology, Ecology and Biochemistry. New York, NY: Academic Press (2014). p. 1–14. doi: 10.1016/B978-0-12-415955-6.00001-3

 2. Dobbelaere S, Vanderleyden J, Okon Y. Plant growth-promoting effects of diazotrophs in the rhizosphere. Crit Rev Plant Sci. (2003) 22:107–49. doi: 10.1080/713610853

 3. Zhalnina K, Louie KB, Hao Z, Mansoori N, da Rocha UN, Shi SJ, et al. Dynamic root exudate chemistry and microbial substrate preferences drive patterns in rhizosphere microbial community assembly. Nat Microbiol. (2018) 3:470–80. doi: 10.1038/s41564-018-0129-3

 4. Tang HM, Chao L, Xiao XP, Tang WG, Cheng KK, Pan XC, et al. Effects of different manure nitrogen input ratio on rhizosphere soil microbial biomass carbon, nitrogen and microbial quotient in double-cropping rice field. Chin J Appl Ecol. (2019) 30:1335–43. doi: 10.13287/j.1001-9332.201904.014

 5. Michalet R, Chen SY, An LZ, Wang XT, Wang YX, Guo P, et al. Communities: are they groups of hidden interactions? J Veget Sci. (2015) 26:207–18. doi: 10.1111/jvs.12226

 6. Wang XT, Michalet R, Chen SY, Zhao L, An LZ, Du GZ, et al. Contrasting understorey species responses to the canopy and root effects of a dominant shrub drive community composition. J Veget Sci. (2017) 28:1118–27. doi: 10.1111/jvs.12565

 7. Xu J, Michalet R, Zhang J, Wang G, Chu C, Xiao S. Assessing facilitative responses to a nurse shrub at the community level: the example of Potentilla fruticosa in a sub-alpine grassland of northwest China. Plant Biol. (2010) 12:780–7. doi: 10.1111/j.1438-8677.2009.00271.x

 8. Michalet R, Pugnaire FI. Facilitation in communities: underlying mechanisms, community and ecosystems implications. Funct Ecol. (2016) 30:3–9. doi: 10.1111/1365-2435.12602

 9. Eisenhauer N, Migunova VD, Ackermann M, Ruess L, Scheu S, Rillig M. Changes in plant species richness induce functional shifts in soil nematode communities in experimental grassland. PLoS ONE. (2011) 6:e24087. doi: 10.1371/journal.pone.0024087

 10. Butterfield BJ, Cavieres LA, Callaway RM, Cook BJ, Kikvidze Z, Lortie CJ, et al. Alpine cushion plants inhibit the loss of phylogenetic diversity in severe environments. Ecol Lett. (2013) 16, 478–486. doi: 10.1111/ele.12070

 11. Ballantyne M, Pickering CM. Shrub facilitation is an important driver of alpine plant community diversity and functional composition. Biodivers Conserv. (2015) 24:1859–75. doi: 10.1007/s10531-015-0910-z

 12. Philippot L, Raaijmakers JM, Lemanceau P, van der Putten WH. Going back to the roots: the microbial ecology of the rhizosphere. Nat Rev Microbiol. (2013) 11:789–99. doi: 10.1038/nrmicro3109

 13. Bever JD, Platt TG, Morton ER. Microbial population and community dynamics on plant roots and their feedbacks on plant communities. Annu Rev Microbiol. (2012) 66:265–83. doi: 10.1146/annurev-micro-092611-150107

 14. Kuzyakov Y, Hill PW, Jones DL. Root exudate components change litter decomposition in a simulated rhizosphere depending on temperature. Plant Soil. (2007) 290:293–305. doi: 10.1007/s11104-006-9162-8

 15. Zhou SM, Zhang M, Zhang KK, Yang XW, Wang CY. Effects of reduced nitrogen and suitable soil moisture on wheat (Triticum aestivum L.) rhizosphere soil microbiological, biochemical properties and yield in the Huanghuai Plain, China. J Integr Agric. (2020) 19:234–50. doi: 10.1016/S2095-3119(19)62697-3

 16. Farinati S, Dalcorso G, Bona E, Corbella M, Furini A. Proteomic analysis of Arabidopsis halleri shoots in response to the heavy metals cadmium and zinc and rhizosphere microorganisms. Proteomics. (2009) 9:4837–50. doi: 10.1002/pmic.200900036

 17. Mishra J, Singh R, Arora NK. Alleviation of heavy metal stress in plants and remediation of soil by rhizosphere microorganisms. Front Microbiol. (2017) 8:1706. doi: 10.3389/fmicb.2017.01706

 18. Francesco DM, Andreina T, Gennaro B, Giambattista D, Claudio C, Franco N. Soil culturable microorganisms as affected by different soil managements in a two year wheat-faba bean rotation. Appl Soil Ecol. (2020) 149:103533. doi: 10.1016/j.apsoil.2020.103533

 19. Silva UC, Medeiros JD, Leite LR, Morais DK, Sara CO, Oliveira CA, et al. Long-term rock phosphate fertilization impacts the microbial communities of maize rhizosphere. Front Microbiol. (2017) 8:1266. doi: 10.3389/fmicb.2017.01266

 20. Andrea J, Marco K, Contosta AR, Serita F, Joshua S, Smith RG, et al. Minerals in the rhizosphere: overlooked mediators of soil nitrogen availability to plants and microbes. Biogeochemistry. (2018) 139:103–22. doi: 10.1007/s10533-018-0459-5

 21. Prosser JI, Rangel-Castro JI, Killham K. Studying plant–microbe interactions using stable isotope technologies. Curr Opin Biotechnol. (2006) 17:98–102. doi: 10.1016/j.copbio.2006.01.001

 22. Mendes R, Kruijt M, Bruijn ID, Dekkers E, Voort MVD, Schneider JHM, et al. Deciphering the rhizosphere microbiome for disease-suppressive bacteria. Science. (2011) 332:1097–100. doi: 10.1126/science.1203980

 23. Lundberg DS, Lebeis SL, Paredes SH, Yourstone SG, Jase M, Stephanie T, et al. Defining the core Arabidopsis thaliana root microbiome. Nature. (2011) 488:86–90. doi: 10.1038/nature11237

 24. Bulgarelli D, Rott M, Schlaeppi K, van Themaat EVL, Ahmadinejad N, Assenza F, et al. Revealing structure and assembly cues for Arabidopsis root-inhabiting bacterial microbiota. Nature. (2012) 488:91–5. doi: 10.1038/nature11336

 25. França L, Sannino C, Turchetti B, Buzzini P, Margesin R. Seasonal and altitudinal changes of culturable bacterial and yeast diversity in Alpine forest soils. Extremophiles. (2016) 20:855–73. doi: 10.1007/s00792-016-0874-2

 26. Margesin R, Minerbi S, Schinner F. Long-term monitoring of soil microbiological activities in two forest sites in South Tyrol in the Italian Alps. Microb Environ. (2014) 29:277. doi: 10.1264/jsme2.ME14050

 27. Zhang QR, Zhou QX, Ren LP, Zhu YG, Sun SL. Ecological effects of crude oil residues on the functional diversity of soil microorganisms in three weed rhizospheres. J Environ Sci. (2006) 18:1101–6. doi: 10.1016/S1001-0742(06)60046-6

 28. Liu BR, Niu SF, Zhang WW. Effects of soil particle size on enzyme activities and the amount of soil microorganism in rhizosphere of Caragana korshinskii in desert steppe. Acta Ecol Sin. (2019) 39:9171–8. doi: 10.5846/stxb201810252309

 29. Bao SD. Chapter 6. In: Soil Agrochemical Analysis. 3rd ed. Beijing: China Agricuture Press (2000). p. 99–113.

 30. Olsen SR, Cole CV, Watanabe FS, Dean LA. Estimation of Available Phosphorus in Soils by Extraction With Sodium Bicarbonate. USDA Circular No. 939. Washington, DC: U.S. Department of Agriculture (1954). p. 19.

 31. Nelson DW. Total carbon, organic carbon, and organic matter.In: Sparks DL, Page AL, Helmke PA, Loeppert RH, Soltanpour PN, Tabatabai MA, Johnston CT, Sumner ME, editors. Methods of Soil Analysis. Vol. 9. Madison, WI: Soil Science Society of America, Inc. (1996) p. 961–1010. doi: 10.2136/sssabookser5.3.c34

 32. Guan SY. Soil Enzyme and Its Research Methods. Beijing: Agriculture Press (1986).

 33. Zhu D, Li SY, Ren YY, Niu GC, Wei WY, Wang Y. Analysis of mechanism of non-enzymatic browning of Physalis pubescens L. during fermentation. Food Sci. (2016) 37:204–8.

 34. Zhao DQ, Zhang M, Liu YP. Research on non-enzymatic browning of orange juice concentrate during storage. J Food Sci Biotechnol. (2018) 37:517–25.

 35. Kardol P, Cornips NJ, van Kempen MML, Tanja Bakx-Schotman JM, van der Putten WH. Microbe-mediated plant-soil feedback causes historical contingency effects in plant community assembly. Ecol Monogr. (2007) 77:147–62. doi: 10.1890/06-0502

 36. Schnitzer SA, Klironomos JN, HilleRisLambers J, Kinkel LL, Reich PB, Xiao K, et al. Soil microbes drive the classic plant diversity-productivity pattern. Ecology. (2011) 92:296–303. doi: 10.1890/10-0773.1

 37. Bennett AE, Bever JD. (2007). Mycorrhizal species differentially alter plant growth and response to herbivory. Ecology. 88:210–8. doi: 10.1890/0012-9658(2007)88[210:MSDAPG]2.0.CO;2

 38. Behie SW, Zelisko PM, Bidochka MJ. Endophytic insect–parasitic fungi translocate nitrogen directly from insects to plants. Science. (2012). 336:1576–7. doi: 10.1126/science.1222289

 39. Vannette RL, Rasmann S. Arbuscular mycorrhizal fungi mediate below-ground plant–herbivore interactions: a phylogenetic study. Funct Ecol. (2012) 26:1033–42. doi: 10.1111/j.1365-2435.2012.02046.x

 40. Chilosi G, Aleandri MP, Luccioli E, Stazi SR, Vannini A. Suppression of soil-borne plant pathogens in growing media amended with espresso spent coffee grounds as a carrier of Trichoderma spp. Sci Hortic. (2020) 259:108666. doi: 10.1016/j.scienta.2019.108666

 41. Ramakrishna W, Yadav R, Li K. Plant growth promoting bacteria in agriculture: two sides of a coin. Appl Soil Ecol. (2019) 138:10–8. doi: 10.1016/j.apsoil.2019.02.019

 42. Smit E, Leeflang P, Gommans S, van den Broek J, van Mil S, Wernars K. Diversity and seasonal fluctuations of the dominant members of the bacterial soil community in a wheat field as determined by cultivation and molecular methods. Appl Environ Microbiol. (2001) 67:2284–91. doi: 10.1128/AEM.67.5.2284-2291.2001

 43. Lin YT, Whitman WB, Coleman DC, Shi SY, Tang SL, Chiu CY. Changes of soil bacterial communities in bamboo plantations at different elevations. FEMS Microbiol Ecol. (2015) 91:fiv033. doi: 10.1093/femsec/fiv033

 44. Huang ZQ, Yang LP, Xu W. Characteristics of soil actinomycetes in vertical distribution belts of vegetation in Mabian county of Sichuan. J Sichuan Forest Sci Technol. (2014) 35:73–6. doi: 10.3321/j.issn:0001-6209.2004.06.006

 45. Yu W, Zhang L, Wang QL. Microbiological traits of the soil quality of Potentilla fruticosa shrub meadow in Qinghai-Tibetan Plateau. Acta Agrest Sin. (2016) 24:1248–53. doi: 10.11733/j.issn.1007-0435.2016.06.014

 46. Zhao J. Effect of stocking rates on soil microbial number and biomass in steppe. Acta Agrestia Sin. (1999) 7:222–7.

 47. Elizabeth B, Deanna N, Claudia W, Kari D. Residue management leading to higher field-scale N[[sb]]2[[/s]]O flux is associated with different soil bacterial nitrifier and denitrifier gene community structures. Appl Soil Ecol. (2016) 108:288–99. doi: 10.1016/j.apsoil.2016.09.008

 48. He WM, Kim YJ, Ko D, Yun S, Jun SC. Changes in soil N[[sb]]2[[/s]]O and CH[[sb]]4[[/s]] emissions and related microbial functional groups in an artificial CO[[sb]]2[[/s]] gassing experiment. Sci Total Environ. (2019) 6:40–9. doi: 10.1016/j.scitotenv.2019.06.400

 49. Miao XP, Cheng JR, Wei Z, Zheng XC, Xin HH. Responses mechanism of C:N:P stoichiometry of soil microbial biomass and soil enzymes to climate change. Chin J Appl Ecol. (2018) 29:2445–54. doi: 10.13287/j.1001-9332.201807.041

 50. Yuan X, Niu D, Weber-Grullon L, Fu H. Nitrogen deposition enhances plant-microbe interactions in a semiarid grassland: the role of soil physicochemical properties. Geoderma. (2020) 373:114446. doi: 10.1016/j.geoderma.2020.114446

 51. Du BM, Kang H, Pumpanen J, Zhu P, Liu C. Soil organic carbon stock and chemical composition along an altitude gradient in the Lushan Mountain, subtropical China. Ecol Res. (2014) 29:433–9. doi: 10.1007/s11284-014-1135-4

 52. Zhu XM, Mao LJ, Chen BL. Driving forces linking microbial community structure and functions to enhanced carbon stability in biochar-amended soil. Environ Int. (2019) 133:105211. doi: 10.1016/j.envint.2019.105211

 53. Li JH, Zhang H, Li WJ, Knops JMH. Plant-soil feedbacks in a sub-alpine meadow ecosystem with high plant diversity on the Qinghai-Tibetan Plateau. Plant Ecol. (2015) 216:1659–74. doi: 10.1007/s11258-015-0549-6

 54. Han SZ, Gao R, Ma HL, Lu JF, Liu GH. Soil fungal biomass characteristics and influencing factors in subtropical forests. J Subtrop Resour Environ. (2014) 9:45–52. doi: 10.1016/j.chnaes.2015.12.004

 55. Averill C, Waring B. Nitrogen limitation of decomposition and decay: how can it occur? Glob Chang Biol. (2018) 24:1417–27. doi: 10.1111/gcb.13980

 56. Huang GY, Zhou X, Guo G, Ren C, Hu H. Variations of dissolved organic matter and Cu fractions in rhizosphere soil induced by the root activities of castor bean. Chemosphere. (2020) 254:126800. doi: 10.1016/j.chemosphere.2020.126800

 57. Zhao GH, Li ZZ, Hu SJ, Chen XF, Gong B. The relationship among soil physicochemical properties and microorganisms and phytocommunity in Yongcheng Lake Wetland. J Northwest Forest Univ. (2020) 35:240–8. doi: 10.1007/BF02873086

 58. Wang GR, Chen XR, Zhang JZ, Han YZ, Hu YG, Yang CD, et al. The temporal and spatial distribution of soil microorganism physiological floras in alpine shrubs of the eastern Qilian mountains. Acta Pratacult Sin. (2011) 20:31–8.

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Liu, Li, Xu and Yu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



		REVIEW
published: 13 October 2021
doi: 10.3389/fenvs.2021.724702


[image: image2]
Meta-Analysis Approach to Measure the Effect of Integrated Nutrient Management on Crop Performance, Microbial Activity, and Carbon Stocks in Indian Soils
Rajeev Padbhushan1*, Sheetal Sharma2*, Upendra Kumar3*, D.S. Rana4, Anshuman Kohli1, Megha Kaviraj3, Brajendra Parmar5, Rajkishore Kumar1, K. Annapurna6, Abhas Kumar Sinha7 and Vadakattu V.S.R. Gupta8
1Department of Soil Science and Agricultural Chemistry, Bihar Agricultural University, Bhagalpur, India
2International Rice Research Institute-India Office, New Delhi, India
3ICAR-National Rice Research Institute, Cuttack, India
4International Maize and Wheat Improvement Center-India Office, New Delhi, India
5ICAR-Indian Institute of Rice Research, Hyderabad, India
6ICAR-Indian Agricultural Research Institute, New Delhi, India
7Uttar Banga Krishi Viswavidyalaya, Coochbehar, India
8Commonwealth Scientific and Industrial Research Organisation (CSIRO)-Agriculture and Food, Waite Campus, Urrbrae, SA, Australia
Edited by:
Rosa Francaviglia, Council for Agricultural and Economics Research (CREA), Italy
Reviewed by:
Sangeeta Lenka, Indian Institute of Soil Science (ICAR), India
Dr. Bhabesh Gogoi, Assam Agricultural University, India
Esmaeil Bakhshandeh, Sari Agricultural Sciences and Natural Resources University, Iran
* Correspondence: Sheetal Sharma, sheetal.sharma@irri.org; Rajeev Padbhushan, rajpd01@gmail.com; Upendra Kumar, ukumarmb@gmail.com
Specialty section: This article was submitted to Soil Processes, a section of the journal Frontiers in Environmental Science
Received: 14 June 2021
Accepted: 31 August 2021
Published: 13 October 2021
Citation: Padbhushan R, Sharma S, Kumar U, Rana D, Kohli A, Kaviraj M, Parmar B, Kumar R, Annapurna K, Sinha AK and Gupta VV (2021) Meta-Analysis Approach to Measure the Effect of Integrated Nutrient Management on Crop Performance, Microbial Activity, and Carbon Stocks in Indian Soils. Front. Environ. Sci. 9:724702. doi: 10.3389/fenvs.2021.724702

Cereal crop production gains under conventional agricultural systems in India have been declining in recent years because of inadequate management practices, creating a considerable concern. These activities were shown to deplete soil organic matter stocks, resulting in a decrease in microbial activity and soil organic carbon (SOC) content. Moreover, even with minimal use of organic sources in cultivated land, soil carbon status deteriorated, particularly in subtropical climates. Integrated nutrient management (INM), a modified farming method, has the potential to effectively utilize organic and inorganic resources, to improve the quality of soils and crops, and making farming more economically viable and sustainable. The aim of this study was to use meta-analysis to quantify the effects of INM on crop production, soil carbon, and microbial activity in Indian soils. During the years 1989–2018, data from various research studies in India, mainly on nutrient management in rice and wheat crops, were collected. Meta-Win 2.1 software was used to analyze the results, and significance was determined at p < 0.05. The results showed that the yield of rice and wheat was 1.4 and 4.9% more in INM than that in 100% NPK (N: nitrogen, P: phosphorous, and K: potassium), and that respective yields were comparatively higher in loamy soils (2.8%) and clayey soils (1.0%). The INM treatment increased SOC and microbial biomass carbon (MBC), resulting in improved overall soil quality. The SOC stock was increased by 23.8% in rice, 15.1% in wheat, 25.3% in loamy soils, and 14.4% in clayey soils in INM over 100% NPK. Microbial quotient (MQ) data showed significant trends between different management systems in both soil types, for example, INM > 100% NPK > No NPK. Due to more soil cracking and reduced aggregate stability in the rice field (greater short-term soil structural changes), the SOC stock loss in rice was higher than that in wheat. The CO2 equivalent emissions were 7.9 Mg ha−1 higher in no NPK (control) than in 100% NPK, and 16.4 Mg ha−1 higher in control than in INM. In other words, INM increased soil carbon sequestration by 2.3 Mg ha−1 as compared to using 100% NPK. Overall, the findings of this study show that INM could be a viable farming system mode in India for improving crop production, increasing soil carbon sequestration, and improving microbial activity while remaining economically and environmentally sustainable.
Keywords: Integrated nutrient management, Rice-wheat system, Soil texture, MBC, SOC, Microbial Quotient, CO2 equivalent emission
INTRODUCTION
Soil organic matter (SOM) is an essential determinant of agricultural productivity, accounting for less than 5% of the overall soil weight (Banerjee et al., 2006), and it functions as a soil conditioner, source of nutrients, substrate for microbial activity, and protector of the environment (Schnitzer, 1991). Soil health status can be harmed from the continued adoption of intensive cultivation practices and the continued use of chemical fertilizers (Anwar et al., 2005; Kumar et al., 2017; Kumar et al., 2018; Sharma et al., 2019), often leading to declined soil organic carbon (SOC) (Singh et al., 1999) and unsustainable crop production systems. There is a growing scientific understanding that supports the use of organic fertilizer sources for soil sustainability and quality production, but the following issue remains, “Is this system sustainable for food security?” Furthermore, there is a scarcity of large quantities of high-quality organic materials for long-term use in cropping fields (Padbhushan et al., 2015; Padbhushan et al., 2016a, b; Kumar et al., 2018; Sharma et al., 2019).
The SOC has a significant effect on the physico-chemical and biological properties of soil (Kumar et al., 2018). Therefore, maintaining SOC in cropland is critical for improving agricultural productivity while also lowering carbon emissions (Rajan et al., 2012). Microbial biomass carbon (MBC), the mass of living components of soil organic matter, is both a source and sink of biologically mediated nutrients. Changes in MBC and microbial turnover from management practices including fertilizer application, tillage, and rotation can significantly impact on net N mineralization and microbial immobilization (Gupta et al., 2019). Since MBC is the dynamic component of SOC, it has been recommended as the most sensitive measure of a change in the SOC status (Powlson et al., 1987; Friedel et al., 1996; Padbhushan et al., 2016a, b). The MBC usually comprised 1–5% of the TOC and can detect a shift in the rate of organic matter turnover within 1–2 years (Gupta et al., 1994; Gonz alez-Quinones et al., 2011). The microbial quotient (MQ) is the ratio of MBC to SOC (%), and has been observed to adjust in a consistent manner as a result of good management practices, and it is a useful indicator to measure soil health (Sparling, 1997).
The processes by which SOC is lost or stabilized in the soil are affected by nutrient management activities, impacting carbon inputs and lability. In addition, wide carbon to nutrient (N, P, S) stoichiometric ratios of crop residues can also influence the efficiency of conversion of residue C through microbial turnover into SOM pool (Richardson et al., 2014). All these factors could influence the net result in changes in the soil organic carbon stock (SOC stock) in cropping soils (Ghimire et al., 2017). In various climatic conditions (temperate to tropical), SOC stock was lost by 60–75% from native lands (Lal et al., 2007; Ghimire et al., 2015) due to intensive cultivation and inadequate management practices.
The carbon dioxide (CO2) equivalent emission is also one of the most critical soil measures for determining the nature of organic matter turnover and depletion of SOC stock (Padbhushan et al., 2020). By using proper management methods, SOC can be sequestered in the soil system (Ghimire et al., 2017; Sharma et al., 2019). Some of the best soil management practices for improving SOC and controlling losses from the soil to the environment are the addition of organic sources (e.g., manures), crop residue retention, and conservation tillage (Bronson et al., 1998; Lal et al., 2007; Ghimire et al., 2015; Rakshit et al., 2018; Kumar et al., 2019).
Integrated nutrient management (INM) has been demonstrated to enhance SOC when compared to other soil management approaches (Majumder et al., 2008; Bhardwaj et al., 2019). This practice aids in the effective use of chemical fertilizers in conjunction with renewable nutrient sources. Chemical fertilizers can meet the crop’s immediate nutritional needs, while organic manures control nutrient absorption, boost soil quality, and have synergistic effects on crop growth (Yadav and Kumar, 2000; Bihari et al., 2018). Such integrated management practices are generally developed with an understanding of the interactions among crop, soil, and climate (Mahajan and Sharma, 2005; Mahajan et al., 2008). They generally include the application of organic manures, and crop residue retention that bridges the gap in C to nutrient stoichiometric ratios, and thereby improve the efficiency of conversion of crop residue C into SOC which generates a new and stabilized SOM. Moreover, INM practice generally combines the traditional and advanced practices of nutrient management into an ecologically sound and cost-effective farming system to nourish the crop for quality produce (Janssen, 1993; Wu and Ma, 2015). Overall, it can be one of the alternative approaches to promote soil sustainability as well as to ensure food security for overgrowing population.
Rice (Oryza sativa) and wheat (Triticum aestivum) are the main cereal crops in India, and they play an important role in ensuring food security and increasing income for rural populations. The rice–wheat system is widely used in the world, occupying 12.3 million hectares of the total land area and accounting for 77% of total food grain production (USDA, 2020–21). Our previous study on meta-analysis reported that the adoption of proper nutrient management practices can increase the crop productivity, profitability, and sustainability of rice and wheat crops in the Indian subcontinent (Sharma et al., 2019). So, while the rice–wheat cropping system has long been recognized as an important contributor to food security, the challenges associated with its long-term viability are the cause for concern (Pittelkow et al., 2015). The system’s long-term viability is threatened by decreasing SOM and nutrient status due to a lack of or injudicious use of organic sources, as well as an imbalanced and injudicious use of inorganic fertilizers (Sharma et al., 1994; Ladha et al., 2009; Erenstein et al., 2012; Gathala et al., 2014; Sharma et al., 2019). It was reported that using inorganic sources only retains SOC levels, while using both organic and inorganic sources in a rice–wheat cropping system increases SOC nutrient levels (Majumdar et al., 2008; Bhardwaj et al., 2019; Sharma et al., 2019).
In the recent years, meta-analysis has gained importance as a statistical approach to analyze the significant responses of treatments from diverse individual studies to evolve an overall general trend (Miguez and Bollero, 2005; Gardner and Drinkwater, 2009; Kallenbach and Grandy, 2011; Geisseler and Scow, 2014; McDaniel et al., 2014; Sharma et al., 2019). The impact of nutrient management activities on SOC has been well established globally through meta-analysis studies (West and Post, 2002; Anderson-Teixeira et al., 2009; Chivenge et al., 2011; Liu et al., 2014; Han et al., 2016; Qin et al., 2016; Haddaway et al., 2017). However, there has been little effort made to interrogate the quantitative evidence of effects of land use and nutrient management systems, in relation to Indian soils through meta-analysis, to derive the nature and magnitude of the effects on SOC stocks and drivers of its turnover. The main aim of this study was to measure the impact of INM on crop production, microbial activity, and carbon stocks under rice and wheat cropping in Indian soils through a meta-analysis approach. The specific objectives were to determine the effect of INM compared to other nutrient management practices in terms of the following: 1) rice and wheat crop performance, 2) MBC and SOC levels, 3) microbial quotient and SOC stocks, and 4) estimates of SOC loss and CO2 equivalent emissions.
MATERIALS AND METHODS
Data Collection, Compilation, and Soil Parameters Used in the Meta-Analysis Study
We searched the relevant online available literatures by using the terms “soil,” “rice and wheat crops,” “nutrient management,” “carbon,” “microbial biomass carbon ,” and “India.” The search was limited to literatures from Indian studies reported between 1989 and 2018. To understand the impact of INM on crop performance, microbial activity, and soil carbon stocks in rice and wheat crops grown in Indian soils, a total of 285 paired datasets from different published studies were sorted out according to a set of criteria for the meta-analysis study. All the data used in this analysis came from on-station trials performed in India at various sites (Figure 1A). The selected study sites are the most important in India since they reflect the primary agroclimatic zones and seasons in which rice and wheat crops are cultivated, as well as having common soil types. Moreover, India’s most common soil types, which include sandy, loamy, sandy loam, clay loam, clayey, and clayey loam soils, were also included in this study (Figure 1B).
[image: Figure 1]FIGURE 1 | (A) Location map showing major study sites of India; (B) different soil types predominant in India. Major study sites: Kanpur, Uttar Pradesh (sandy loam); Pusa, Bihar (silty clay); Sabour, Bhagalpur (sandy loam); Tripura, India (sandy clay loam); Sabour, Bhagalpur (clayey); Kathalagere, Bangalore (sandy clay); Ludhiana, Punjab (sandy loam); New Delhi, India (sandy loam); Pusa, Bihar (silt loam); Cuttack, Odisha (sandy clay loam); Khudwani, Kashmir (silty clay loam); Ranchi, Jharkhand (sandy clay loam); Tejpur, Assam (sandy loam); Ludhiana, Punjab (loamy sand); Dhiansar, Jammu (sandy loam); Raipur, Chhattisgarh (sandy clay loam); Varanasi, Uttar Pradesh (loamy); Kanpur, Uttar Pradesh (loamy); Sabour, Bhagalpur (sandy clay loam); and Kalayani, West Bengal (clayey).
Criteria Used for Data Collection

1) Selected crops for this study were available in a rice–wheat cropping system as these crops were grown as main cropping sequence in India.
2) The following treatments implemented for multiple seasons were used for this study as follows: without fertilization (control or no NPK); balanced chemical fertilizer only, that is, recommended nitrogen (N), phosphorus (P), and potassium (K) through inorganic fertilizers (NPK); and integrated nutrient management (INM, integration of organic manures like farmyard manure, vermicompost, green manures, biofertilizers, and other organic materials along with inorganic fertilizers).
3) Soil textures used in this study were categorized as loamy (moderately coarse to medium fine) and clayey (moderately fine to fine).
4) The broad climate categories of the major study areas were subtropical arid, moist to humid climatic conditions influenced by monsoonal seasonal variations. The areas were with three prominent seasons: summer, rainy, and winter, and were under irrigated conditions.
5) Selected parameters for this study were rice and wheat yield (kg ha−1), soil pH, bulk density (BD, Mg m−3), soil organic carbon (SOC, %), available N (kg ha−1), available P (kg ha−1), available K (kg ha−1), and microbial biomass carbon MBC, (mg kg−1).
Calculations for Soil Parameters Used in Meta-Analysis Study
Soil organic carbon stocks (SOC stocks, Mg ha−1), microbial quotient (MQ, %), relative SOC stock loss (%), and carbon dioxide equivalent emission (CO2 equivalent emission, Mg ha−1) were derived from the primary data.
SOC stock was calculated by using Equation 1 (Datta et al., 2015).
[image: image]
The microbial quotient (MQ) was determined by using Equation 2 (McGonigle and Turner, 2017).
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SOC stock loss related with nutrient management was determined by using Equation 3 (Shanmugam et al., 2018; Padbhushan et al., 2020).
[image: image]
The CO2 equivalent emissions from SOC stock loss were estimated as the amount of carbon in the oxidized form using respective molecular weights by using Equation 4 (Padbhushan et al., 2020).
[image: image]
The SOC stock loss values for respective treatments are used to measure the CO2 equivalent emission in[image: image].
Data Analysis
MetaWin 2.1 software (www.metawinsoftware.com) was used to analyze the selected paired dataset as per the standard criteria. For rice and wheat crops, as well as loamy and clayey soil textures, both variables were independently subjected to meta-analysis. NPK and INM treatments were compared over control treatment from the different datasets and to determine the trends on the effect of INM on microbial activity and carbon stock. The meta-analysis was carried out in two parts, with the first examining the database collected from various studies and the second understanding the comparative changes between the different treatments. In the first stage, the effect size (ES) was computed for individual factor by Equation 5 (Rosenberg et al., 2000) as follows:
[image: image]
where V is the ratio between response variables YT and Yc, YT is the mean of response variables (soil parameters) of the treatments (INM, 100% NPK), and YC is the mean of those variables without fertilization (control) as control. Datasets from various studies obtained from variable conditions act as multiplication replications, and common standard deviation was being used in the analysis through a number of observations applying a simple statistical approach. The obtained ES from the individual studies was pooled using a mixed-effect model to measure the cumulative ES and confidence intervals at 95 percent through bootstrapping with 4,999 iterations (Adams et al., 1997). The mixed-effect model is a random-effect meta-analytic model for categorical data (Rosenberg et al., 2000; Sharma et al., 2019), assuming random variation among studies within a group and fixed variation between groups.
Elucidation of Outcome
Findings were back-transformed and shown as mean effect change in percent caused by treatments in relation to those without fertilization either in the table or bar graph. The significant differences were measured only at p < 0.05. All the results from the meta-analysis are shown in either a table or bar graph to present the significant effect of compared nutrient managements.
RESULTS
Impact of INM on Crop Performance of Rice and Wheat Crops in India
The meta-analysis data showed that INM had positive effect on rice and wheat crops over control and recommended dose of fertilizers through chemicals only or 100% NPK (Table 1). The overall grain yield irrespective of soil types was significantly increased in INM than in control in rice and wheat crops by 80.5% (n = 190) and 91.1% (n = 95), respectively, whereas the yield for rice and wheat in INM was higher by 1.4% (n = 186) and 4.9% (n = 77), respectively, over 100% NPK (Table 1). Based on soil textural groups (loamy and clayey), INM also had a positive effect over other nutrient management options irrespective of crops. The grain yield of rice and wheat was significantly increased in INM than in control treatment by 80.4% (n = 228) and 84.2% (n = 57), whereas the yield for rice and wheat in INM was higher by 2.8% (n = 206) and 1.0% (n = 57), respectively, over 100% NPK (Table 1).
TABLE 1 | Effect of integrated nutrient management (INM) on crop performance with respect to without NPK and 100% NPK in rice and wheat crops as influenced by soil texture: loamy and clayey in Indian soils.
[image: Table 1]Soil Characteristics Under Different Nutrient Management Practices
Soil pH ranged from slightly acidic to alkaline with average values of 7.70, 7.78, and 7.78 in control, NPK, and INM treatments, respectively (Table 2). Soil BD was lower in INM treatment than in NPK and control (Table 2). The average values of BD in control, NPK, and INM were 1.56, 1.51, and 1.45 Mg m−3, respectively (Table 2). The minimum BD was observed in INM (1.08 Mg m−3), while the maximum BD was in control (1.82 Mg m−3) (Table 2). The trend of SOC was found in the order of INM > NPK > control. The average SOC was 0.55, 0.66, and 0.80% in control, NPK, and INM, respectively (Table 2). A similar trend was also observed for Available N (av. N), Available P (av. P), and Available K (av. K). The average av. N, av. P, and av. K in control were 145.8, 16.0, and 150.3 kg ha−1, respectively; for NPK, the values were 228.6, 21.2, and 178.7 kg ha−1; and for INM, the values were 209.1, 22.9, and 184.9 kg ha−1, respectively (Table 2). The average MBC was the highest in INM (223 mg kg−1) followed by NPK (181 mg kg−1) and the lowest in control (149 mg kg−1) (Table 2). The SOC stocks were 4.6–26.6, 7.1–27.6, and 7.9–41.0 Mg ha−1 in control, NPK, and INM treatments, respectively (Table 2). The trend of SOC stocks was control < NPK < INM (Table 2).
TABLE 2 | Physico-chemical and biological properties of studied sites in Indian soils.
[image: Table 2]Microbial Biomass Carbon (MBC), Soil Organic Carbon (SOC) Change, and Microbial Quotient (MQ) Variations in Different Nutrient Management Practices
The MBC and SOC showed significant positive effect for all comparisons (INM vs. control vs. NPK) in both crops (rice and wheat) under soil textures (loamy and clayey) (Figure 2). The MBC was higher by 97.9% (n = 7) for rice and 111.1% (n = 18) for wheat in INM than control (Figure 2). The MBC was higher by 55.9% (n = 16) for rice and 32.9% (n = 18) for wheat crops in INM over NPK (Figure 2). When comparing the responses based on soil texture types, for example, loamy and clayey soils, the MBC was higher by 134.0% (n = 10) and 91.2% (n = 15), respectively, in INM than control, and 56.2% (n = 19) and 28.4% (n = 15), respectively, compared to NPK (Figure 2).
[image: Figure 2]FIGURE 2 | Effect of integrated nutrient management (INM) on microbial biomass carbon (MBC) and soil organic carbon (SOC) with respect to (A) without fertilization/without NPK and (B) recommended dose of fertilizers through chemicals only (100% NPK) in rice and wheat crops as influenced by soil texture: loamy and clayey in Indian soils (*Indicates significant at p < 0.05).
The SOC was higher by 34.9% (n = 73) for rice and 52.1% (n = 42) for wheat in INM than control, whereas it was higher by 23.2% (n = 73) for rice and 16.2% (n = 42) for wheat than NPK (Figure 2). Based on soil texture groups, SOC was higher by 51.2% (n = 67) and 23.4% (n = 48) for loamy and clayey soils, respectively, under INM than control, whereas it was higher by 26.5% (n = 67) and 12.3% than NPK (n = 48) (Figure 2).
The MQ, like MBC and SOC, showed significant positive effects across all comparisons and for both crops (rice and wheat) and soil textures (loamy and clayey) (Table 3). It was higher by 46.6 and 26.5% in INM than control and NPK, respectively, in rice crops (Table 3). In wheat crops, it was found to be 38.8% more in INM than control, whereas 14.4% more than NPK (Table 3). In loamy texture soil, 54.8% higher MQ was observed in INM than control, whereas 23.5% higher over NPK. In clayey soil, 57.0% higher MQ was found in INM than control and 14.4% higher over NPK. The general trend of MQ was as follows: INM > NPK > control (Table 3).
TABLE 3 | Effect of integrated nutrient management (INM) on soil organic carbon (SOC) stocks and microbial quotient with respect to without NPK and 100% NPK in rice and wheat crops as influenced by soil texture: loamy and clayey in Indian soils.
[image: Table 3]SOC Stocks, SOC Stock Loss, and CO2 Equivalent Emission in Different Nutrient Management Practices
Over the control, SOC stocks in rice crop were higher by 36.5% in INM, whereas it was higher by 23.8% than under NPK treatment. In wheat crop, SOC stocks were higher by 51.2% in INM than control, and it was higher by 15.1% than NPK. In loamy texture soil, SOC stocks were higher by 51.5% in INM than control and 25.3% over NPK and in clayey soil it was higher by 25.1% in INM than control and 14.6% than NPK. SOC stock was lowered by 16.7 and 34.9%, respectively, in control compared to NPK and INM treatments (Figure 3). CO2 equivalent emission was estimated to be higher (7.9 Mg ha−1 over NPK and 16.4 Mg ha−1 over INM) in control than NPK and INM treatments (Figure 3).
[image: Figure 3]FIGURE 3 | Loss in relative soil organic carbon stocks (relative SOC stocks loss) and carbon dioxide (CO2) equivalent emission in the treatment without NPK over the 100% NPK and integrated nutrient management (INM) (Note: Metadata has been represented as mean ± S.E).
DISCUSSION
Meta-analysis aided to extract general conclusions from a large amount of data to determine how soil properties respond to INM in comparison to other nutrient management practices, as well as crop type and soil texture can influence the results. This study presents a summary of results from experiments in India on crop performance, soil carbon, and microbial activity under various nutrient management practices in rice-wheat cropping systems (Supplementary Table 1).
Our findings revealed that crop production using INM practice has shown a positive impact on rice and wheat crops in Indian production systems. Results from this broad survey suggest that increased yield from a combination of organic and inorganic fertilizers in rice and wheat crops in India could be a viable and sustainable nutrient management option (Figure 4). Similarly, research from other countries also reported a positive impact of INM practices on crop production (Kramer et al., 2002; Mtambanengwe and Mapfumo, 2006; Kimani et al., 2007; Chivenge et al., 2011). The yield benefits are generally higher when organic and inorganic fertilizers were used together, due to the positive interactions between the two sources of nutrients, which increased nutrient supply and synchrony (Myers et al., 1994; Palm et al., 2001a, b; Vanlauwe et al., 2001a, b, c). The synchronization would have increased the efficiency with which the nutrients from the two sources were used, resulting in positive interaction effects on crop production compared to no application (control) or single application (NPK). Additionally, improved availability of major macronutrients, as well as micronutrients, would have contributed to the positive effects observed in the INM treatment (Palm et al., 1997; Zingore et al., 2007).
[image: Figure 4]FIGURE 4 | Graphical illustration depicts the performance of INM over no NPK and NPK in crops (rice and wheat) and soil types (loamy and clayey).
The present study also showed that INM application was more sustainable in loamy textured soils than in clayey soils based on yield response in rice and wheat crops. This could be because loamy soils generally have better drainage and aeration than those in clayey soils, thereby better soil porosity and increased plant-available water content, providing a favorable soil habitat for crop growth and development. Loamy soils also show higher yields partly due to less cracking, that is, better soil structure during the early stages of crop growth and development. Plant growth can be hampered by soil cracking, which is more common in clayey soils (Chakraborty et al., 2017).
Previous research in India has shown that adoption of INM practices significantly enhanced yields in rice and wheat crops compared to chemical fertilizers alone (Bhattacharyya et al., 2003; Sharma et al., 2019). For a similar yield level, the use of INM saved N by 25–50% under optimum economy return in wheat (Raguwanshi and Umat, 1994). The adoption of INM practices improved the soil nutrient status and bioavailability of several nutrients in the soil. Yadav (2001) found the enhanced soil available nutrient status by the use of INM over the other nutrient management practices. Sharma and Sharma (2002) found that application of INM increased av. N, av. P, and av. K by 6–24, 7–8, and 7–32 kg ha−1 in the soil, which corroborated with our study.
The use of organic materials such as manures, composts, green manures, and biogas slurry either alone or in combination with chemical fertilizers was shown to increase crop productivity in a number of crops, including rice and wheat (Janssen, 1993; Brar et al., 1999; Swarup and Yaduvanshi, 2000; Yadav and Kumar, 2000; Yaduvanshi, 2001; Paikaray et al., 2002; Prasad et al., 2002; Kumar et al., 2003; Kharub et al., 2004; Bhoite, 2005; Bajpai et al., 2006; Mishra et al., 2006; Singh et al., 2006; Surekha and Rao, 2009; Kumar and Singh, 2010; Zhang et al., 2012; Parkinson, 2013; Kumar et al., 2014; Kumari et al., 2017; Sah et al., 2018). This meta-analysis study indicates that improvements in crop productivity from the use of organic materials are widespread across different soils and many agroclimatic regions of India. Such improvements in crop productivity are generally seen compared to different types of chemical fertilizer use or no fertilizer application. Also, their use has shown to improve many soil’s physical, chemical, and biological properties, thereby facilitating better nutrient availability and overall soil fertility. However, it is evident that the magnitude of effect can vary depending upon the soil type, environment, and cropping systems.
Studies from the long-term intensive rice–wheat cropping system had widely reported that without fertilization, or imbalanced and injudicious chemical fertilization, there was a measurable loss of organic C from soils, and hence, alternative agricultural management practices were required to control the SOC loss to the environment (Rasool et al., 2007; Lenka et al., 2014; Hossain et al., 2016). Our findings revealed that in both rice and wheat crops, SOC was accumulated by 16–23% on addition of organic materials in INM over the 100% NPK. Similar results were observed on the increased accumulation of SOC (18–62%) in a rice–wheat system from nutrient addition through organic sources (farm yard manure, straw and green manure) supplement with reduced NPK compared to 100% NPK (Gami et al., 2001; Majumder et al., 2008; Kukal et al., 2009).
Irrespective of crops and soil textures, our meta-analysis study also showed the sequestration of SOC in INM treatment compared to control and 100% NPK. Our meta-data revealed that loss of SOC stock was more in control followed by 100% NPK and INM treatments. The loss in SOC stock translated into CO2 equivalent emissions and release into the atmosphere contributes to global warming (Lal et al., 2007). Several studies also reported that due to intensive cropping systems of rice and wheat caused a significant amount of SOC stock loss from agriculture soils (Dawe al., 2000; Regmi et al., 2002; Ladha et al., 2003; Lal et al., 2007; Hobbs et al., 2008; Ghimire et al., 2015).
The present study showed that loss of SOC stocks was observed more in rice than in wheat in Indian soil, especially with 100% NPK fertilizers compared to INM. In the puddled rice soils, severe soil cracking and reduced aggregate stability lowers the SOC content and its stock (Hobbs et al., 2008), which might be one of the reasons for the lower SOC content under paddy-cultivated Indian soil. It was also reported that the floodwater system influenced the SOC dynamic because of limited supply of oxygen affecting chemical processes (Bronson et al., 1997), causing changes in soil pH, redox potential, and reduction of nutrients (carbon, nitrogen, and sulfur) (Fageria et al., 2011). Higher redox potential could also cause significant loss in SOC as CO2 emissions which add on global warming continuous from puddled fields (Masscheleyn et al., 1993).
The MBC content is considered as an eco-physiological index, which is an integrated measure of microbiological activity in soil. It is the living component of soil which is the active form of carbon pool. It links soil nutrients to energy (C) dynamics and has been identified as one of the sensitive indicators that respond to even short-term environmental and available nutrient variations in the soil from crop and soil management practices (Sparling, 1992; Haynes, 2008; Rajput et al., 2019). The decomposition and mineralization of organic substrates and the release of nutrients is regulated by microbial activity and turnover; the size and response of MBC to management practices can have a significant impact on nutrient availability and nutrient use efficiency by crops (Gupta et al., 2019). In this meta-analysis study, changes in MBC showed a similar trend to that of SOC but indicated greater responses than SOC. Soils under INM practices for both crops and soil textures generally showed higher MBC compared to without fertilization and 100% NPK treatments. Similarly, several studies reported that organic amendments would have a significant effect on the amount of MBC from the wide range of macro- and micro-nutrients added through the organic amendments (Hu et al., 2011; Chinnadurai et al., 2014; Tamilselvi et al., 2015; Liu et al., 2017; Rajput et al., 2019) but effectiveness of the organic sources depends on their quality. Green manure and the addition of crop residues had lower effectiveness than compost and biochar (Zavalloni et al., 2011; Liu et al., 2017).
The microbial quotient (MQ) denotes the importance of microbial biomass in increasing the SOC content in the soil (Sparling, 1992; Yang et al., 2010). The MQ is a soil indicator used for expressing changes in soil characteristics due to organic matter (Sparling, 1992). Novak et al. (2017) found the range of the MQ was 4.0–5.1% in Entisols and 1.0–1.9% in Inceptisols. A lower value of the MQ in Inceptisols was due to lower conversion of organic carbon into microbial biomass due to less microbial growth. In this study, the MQ was found positively affected by addition of organic matter in the INM compared to 100% NPK and without fertilization. The trend of the MQ in the decreasing order was INM followed by 100% NPK and without fertilization. MQ values were found to be more in rice than in wheat crop, and loamy soil than clayey soil, suggesting that habitat and crop type can influence microbial biomass levels within a system (Sparling, 1997). A higher MQ value suggests more availability of nutrients for microbial growth, and potential for the conversion of C inputs to microbial biomass for better soil quality and microbial functions (Richardson et al., 2014; Novak et al., 2017; Tresch et al., 2018). Availability of nutrients such as N, P, and S can limit microbial growth and consequently soil organic matter formation, especially in the nutrient-limited cropping soils in India. It is suggested that provision of adequate supply of nutrients can significantly increase the microbial humification efficiency, that is, the proportion of crop residue C converted into soil organic matter (Richardson et al., 2014). Therefore, organic amendments providing carbon and nutrients such as those seen under INM practices together would support higher levels of MBC, MQ, and microbial turnover resulting in greater efficiency of conversion of carbon into SOC and consequently increased SOC stocks.
CONCLUSION
Results from this meta-analysis study show that the INM treatment can increase rice and wheat yield, SOC content, and microbial biomass compared to the application of inorganic fertilizers alone, for example, 100% NPK chemical fertilizer treatment. This study also shows that crop yields, SOC, and MBC were higher in the loamy soils than in clayey soils in rice–wheat cropping systems. Additionally, the higher microbial quotient and concomitant increase of SOC in the INM treatment suggest that the nutrient addition most likely increased microbial humification efficiency and the observed increase in SOC stocks. Overall, findings from this study indicate the INM treatment as one of the better crop management strategies for Indian soils, in order to improve soil quality, soil biological health, and crop production, thereby improving food security for India’s rapidly growing population.
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Cotton is a valuable fiber and cash crop in Telangana, India. This study examines how crop growth and fiber yield are affected by the uneven distribution of rainfall. Cotton phyllosphere bacterial isolates were gathered from the Rangareddy and Warangal Districts of Telangana, and in total, 31 phyllosphere bacterial isolates were obtained. These isolates were screened for drought tolerance and it was found that fifteen suitable isolates grew at −1.25 Mpa stress level with copious amounts of exopolysaccharides production. These isolates were further screened for ACC deaminase production and we observed 0.13–0.40 mM of α-ketobutyrate per milligram of cellular protein per hour. Five efficient bacterial isolates, namely Pseudomonas stutzeri, Acinetobacter sp., Bacillus mojavensis, Pseudomonas chlororaphis, and Enterobacter asburiae were found to produce ACC deaminase and were able to grow at −1.25 Mpa stress level. The cotton variety ADB-542 (drought susceptible) was treated with drought-tolerant five isolates. Acinetobacter sp. treated seeds had the highest seed germination and seedling vigor of 76.67 and 45.81%, respectively. The nutrient status of inoculated plots was considerably improved. The root length, fresh weight, proline content, and the number of bolls were increased by 28.52, 41.9, 28.78, and 12.99%, respectively, with the inoculation of Acinetobacter sp., to plants at −0.75 Mpa water potential. Overall the performance of cotton was improved significantly with the inoculation of phyllosphere bacteria to seeds; hence they can be recommended for the application of field crops as bio-inoculants.

Keywords: drought, water potential, ACC deaminase, phyllosphere, exopolysaccharides (EPS)


INTRODUCTION

Cotton is mainly cultivated as a rainfed crop in the Telangana districts of Warangal and Rangareddy due to a lack of irrigation facility. In recent years, cotton production was declined due to severe climate change biotic stress, increased temperature, inconsistent distribution of rainfall, decreased water availability, and crop yield (Gosal et al., 2009). As per Cotton Advisory Board (CAB) estimates, cotton production in India during 2017–18 was 377 lakh bales (170 kg) from 122 lakh hectares with a productivity of 524 kg lint/ha (CAB, AICRP for Cotton 2017–18). The quantity and quality of the fiber produced in cotton plant crops are directly related to water availability during the different phenological phases of development (Zakaria and Sabrina, 2017).

In many cases, the cotton economic yield was severely affected by drought stress in arid and semi-arid areas. Drought impedes germination, seedling growth, flower and bud drop, interferes with photosynthesis, and increases CO2 loss through transpiration, thus increasing the competition between vegetative and reproductive aspects for nutrients and carbohydrates (Qian et al., 2020). Moisture conservation practices have improved the crop stand by 10–15%; however, low yields were incurred due to peak moisture stress at the square formation stage. A lack of efficient moisture stress management technology makes the crops more vulnerable to drought conditions.

Developing climate-resilient varieties and hybrids takes several years and demands extensive labor and money. The potential for phyllosphere microorganisms to promote plant growth under various abiotic stress conditions, especially drought, has been of particular interest to researchers in recent years. Illustrating that the phyllosphere microflora is extremely useful for elucidating underlying plant stress mitigation pathways and identifying possible future candidates. However, there is a lack of detailed evidence on the phyllosphere bacterial population of cotton and their functions in abiotic stress mitigation. Beneficial phyllosphere microorganisms help plants manage abiotic stress more efficiently by interacting with roots and leaves (Glick et al., 2007; Chauhan et al., 2015; Ripa et al., 2019). Drought stress induces plants to produce more abscisic acids (ABA), which predisposes plant tissues to produce stress-related proteins and causes stomatal closure (Sah et al., 2016). The concentration of ABA in plants is influenced both favorably and adversely by bacterial interactions with plants. Inoculation of Bacillus pumilis, and Azospirillum lipoferum increased the ABA concentration several-fold in planta (Cohen et al., 2015; Yasmin et al., 2017). Several researchers have suggested using phyllosphere bacteria in drought stress mitigation in several crops (Timmusk and Wagner, 1999; Marulanda et al., 2008). Phyllosphere microorganisms tend to produce and share compatible solutes, amines, and sugars with plants and incite Induced Systemic Tolerance (IST) against drought stress (Yang et al., 2009).

It has also been reported that phyllosphere microorganisms produce exopolysaccharides (EPS), thus indirectly improving plants' water availability (Creus et al., 2004). In addition, they were capable of producing phytohormones like cytokinin and auxins with concomitant production of stress response enzyme-ACC deaminase under abiotic stress conditions (Madhaiyan et al., 2005; Chinnadurai et al., 2009). The phyllo-rhizosphere isolates, Pantoea agglomerans, and Azospirillum brasilience produce nitric oxide on leaves, a signaling molecule for IAA-producing pathways, and help with adventurous root formation which effectively checks the drought stress in plants (Molina-Favero et al., 2008). The phyllosphere bacteria are more competitive in stressed ecosystems because they are continually exposed to harsh conditions, as shown by the high microbial numbers. The common phyllosphere bacteria encountered are Pseudomonas sp., Xanthomonas sp., Bacillus sp., Erwinia sp. (Pantoea sp.), and Methylobacterium sp. (Holland et al., 2002; Kumar et al., 2019). In recent years, there has been raised concern about the possible role of phyllosphere microorganisms in foodborne illnesses and possible metabolic interaction with applied foliar microbes (Legein et al., 2020). Rhizosphere application of microbes potentially avoids foodborne illness through physical separation. Furthermore, because drought is primarily defined by a lack of moisture in the root zone, phyllosphere bacteria in the root zone have a more significant impact than phyllosphere application.

There is still a lack of research on the application of phyllosphere microorganisms to soil or the rhizosphere and their potential roles in drought mitigation (Saghafi et al., 2020). In response, this study aimed to find the prospective phyllobacteria for drought mitigation in the rhizosphere. The cotton-growing regions of Telangana (Warangal and Rangareddy districts) have witnessed intermittent rainfall or drought for the past few decades, and it is essential to find a suitable solution to the problem. In this view, the present study is focused on the isolation and characterization of drought-tolerant cotton phyllosphere-associated bacterial strains, which were screened for stress alleviating characters such as IAA, ACC deaminase, and exopolysaccharides production. They were then further evaluated for inducing drought tolerance in cotton under pot culture conditions.



MATERIALS AND METHODS


Collection of Leaf Samples

Leaf samples were collected from cotton crop growing areas in the Rangareddy and Warangal Districts of Telangana State. All samples were separately bagged, brought to the laboratory in sterile polythene bags, and stored at 4°C to isolate phyllosphere bacteria later.



Isolation of Cotton Phyllosphere Microorganisms

Different phyllosphere bacterial strains were isolated by leaf imprinting technique, using suitable media and serial dilution method. Ammonium Mineral Salts (AMS) medium (Whittenbury et al., 1970) amended with filter-sterilized solutions of cycloheximide (50 mg/ml), vitamins (Colby and Zatman, 1973), and 0.5% v/v methanol was used as a selective medium for isolating phyllosphere bacteria and methylotrophs, and the final pH of the medium was adjusted to pH 7.0. Fresh leaves of cotton were imprinted on the AMS medium so that each plate should have one side of the leaf (Corpe et al., 1985). Finally, the plates were incubated at 28 ± 2°C for 5 days in the incubator.



In vitro Responses of Isolates Under Stress
 
Drought Tolerance Screening Test

Trypticase Soy Broth (TSB) with different water potentials (0 Mpa, −0.25 Mpa, −0.50 Mpa, −0.75 Mpa, and −1.25 Mpa) was prepared by adding 2.4, 4.7, 6.5, and 9.4 g of polyethylene glycol (PEG-6000) in 100 ml of distilled water (Michel and Kaufmann, 1973; Sandhya et al., 2015). Pure bacterial isolates were inoculated into TSB and incubated at 30°C for 24 h at 120 rpm, and shaken in a rotary shaker. Growth measurements were recorded at 600 nm in a spectrophotometer for the treatments, including control (TSB without bacterial culture). Isolates with an increased optical density of 48 h incubation were considered drought-tolerant bacteria.



Exo Polysaccharide Production (EPS)

The production of exopolysaccharides by isolates at stress-induced conditions was estimated as per the procedure given by Ali and Kim (2018). In brief, isolates were inoculated in trypticase soy broth with −0.75 Mpa stress level and incubated at 30°C for 3 days in the shaker at 200 rpm. Bacterial cells were harvested with 500 μl of 1 mM EDTA and centrifuged at 9,000 rpm for 10 min. Then the supernatant was separated and added with cold acetone solution. Biomass deposited in exopolysaccharide was washed twice with distilled water and dried at 60°C for 24 h. Dry weights of biomass produced by the bacterial isolates were expressed as mg/ml.




Morphological, Physiological, and Molecular Characterization of Isolates

Morphological characters such as shape, size, and gram responses were studied using standard protocols (Cappuccino and Sherman, 1992). The physiological/biochemical characters such as indole production (Isenberg and Sundheim, 1958), methyl red test (Macfaddin, 2000), Voges-Prausker test (Macfaddin, 2000), Citrate utilization test (Macfaddin, 2000), starch hydrolysis test (Macfaddin, 2000), catalase test (Rangaswami and Bagyaraj, 1993), and oxidase test (Collins and Lyne, 1970) were performed for all isolates. The production of HCN by bacterial isolates was tested on AMS medium amended with glycine at 4.4 g/l (Castric and Castric, 1983). Production of brown or reddish-brown was considered positive and scored as moderate (++) or strong (+++) based on color intensity.

The genomic DNA of bacteria was isolated by following the standard method given by Ausubel et al. (1999). The extracted DNA was initially quantified against the lambda DNA standard (1 Kb). The 16S rRNA gene of the target bacterial isolates was amplified by using universal primers as reported by Heddi et al. (1998). The reaction mixture was incubated in a thermal cycler (Eppendorf, Germany), and the conditions for PCR amplification were 94°C for 5 min for initial denaturation, followed by 35 cycles of 95°C for 1 min (denaturation), 60°C for 45 s (annealing), 72°C for 1 min 30 s (extension) and a final extension at 72°C for 7 min. Electrophoresis used 1% agarose gel to resolve the amplified PCR products in 1 X Tris-acetate EDTA buffer, a 1 kb DNA ladder (Bangalore Genei) marker. PCR products of the 16S rRNA gene of five efficient bacterial isolates were freeze-dried in a lyophilizer. The purified PCR products were sequenced using the forward primer 5′-AGA GTT TGA TCC TGG CTC AG- 3′ and reverse primer 5′-CGG TTA CCT TGT TAC GAC TT-3′ in Sanger dideoxy method. The partial 16S rRNA sequences of bacterial isolates were compared with the available sequences in GenBank-BLAST (Basic Local Alignment Search Tool) Database (http://www.ncbi.nih.gov/blast).



In vitro Solubilization of Inorganic Zinc, Phosphorous, and Potassium Minerals

Isolates were tested for their ability to solubilize tri-calcium phosphate [Ca3(PO4)2], zinc phosphate, and potassium release on Pikovaskaya's agar medium (Pikovaskaya, 1948), Tris minimal medium (Saravanan et al., 2003), and Aleksandrov's medium supplemented with mica (Prajapati and Modi, 2012), respectively. The plates were incubated at 37°C for 3–5 days. The isolates showed a clear halo zone of solubilization around the colony were taken as solubilizers, and solubilization was expressed in mm.



Indole-Acetic Acid (IAA) Production

Indole-Acetic Acid production by isolates was measured by the method given by Gordon and Weber (1951). In short, bacterial cultures were inoculated to Luria-Bertani broth containing 5 mM tryptophan and incubated for 3–4 days. They were followed by centrifugation at 10,000 rpm for 20 min. Two ml of the supernatant were mixed with two drops of orthophosphoric acid and 4 ml of Salkowski reagent and incubated at room temperature for 25 min. The pink colors developed after 30 min, which was considered positive for IAA production. The intensity of the pink color developed was measured at 530 nm in a spectrophotometer. A standard graph determined the quantity of IAA in the culture filtrate and expressed as μg/ml of the medium.



Siderophores Production

Isolates were tested for siderophore production on Chrome azurol sulfonate (CAS) agar medium (Schwyn and Neilands, 1987). CAS agar medium was prepared by dissolving 60.5 mg CAS in 50 ml of double-distilled water, mixed with 10 ml of iron (III) solution (1 mM FeCl3. 6H2O in 10 mM HCl) was added to 72.9 mg of hexadecyl trimethyl ammonium bromide (HDTMA) in 40 ml of distilled water. This reagent was added to the PIPES agar medium (30.24 g of PIPES buffer dissolved in 750 ml of distilled water + 15 g of agar, and its pH was adjusted to 6.8 using 1.06 g of NaOH pellets). The medium was then allowed to solidify in the plates, and isolates were spot inoculated and incubated at 30°C for 3–4 days. Siderophore-producing isolates produced an orange color around the colony.



Measurement of ACC Deaminase Activity

The ACC deaminase production by isolates was assayed using the protocol laid down by Honma and Shimomura (1978). In this method, the amount of α-ketobutyrate produced after the cleavage of ACC by ACC deaminase was measured in mM/mg/h of α-ketobutyrate, which was compared to a standard curve of α-ketobutyrate based on the absorbance at 540 nm in a spectrophotometer.



Preparation of Bacterial Inoculum

The selected bacterial inoculum was prepared in the Tryptic Soya Broth (TSB) and incubated at 28 ± 2°C in an orbital shaking incubator at 160 rpm for 3–5 days. The cells were harvested at 15,000 × g for 10 min and then suspended in 0.03 M MgSO4 to obtain the requisite cell concentration (109 CFU/ml) at OD600. The compatibility of the five bacterial isolates was examined on TSA plates using the dual culture technique for microbial consortium preparation (Kunova et al., 2016). The bacterial consortium was prepared by inoculating TSB medium with equivalent quantities of 3-day old bacterial suspensions of CPB23, CPB24, CPB25, CPB27, and CPB31.



Germination Percentage

Cotton (G. hirsutum L.) variety ADB-542 seeds were surface sterilized in 70% ethanol for 30 s, then 0.1 per cent mercuric chloride for 3 min, followed by sterile distilled water rinses. The cotton seeds were incubated for 1 h in the appropriate suspension of bacterial cultures, then air-dried aseptically in the laminar airflow for bacterial inoculation. Cotton seeds that had been surface-sterilized but not primed were used in the control group and immersed in a 0.03 M MgSO4 solution for 5 min. Surface-sterilized seeds were aseptically placed on 0.8 percent seedling agar and incubated for 48–96 h to test germination (Islam et al., 2009).



Microcosm Experiment

A microcosm experiment was carried out at the Deptartment of Agricultural Microbiology and Bioenergy, the College of Agriculture, PJTSAU, Rajendranagar, Hyderabad during Rabi-2018 (September 20, to December, 20). The mean temperature during the crop growth period was ~22 ± 2°C. The soil was collected from College Farm, PJTSAU, Hyderabad, which had physiochemical properties, namely, red color with pH-7.25, Electrical Conductivity (EC)-0.498 (dS m−1), organic carbon (OC) 0.65%, available Nitrogen (N)-148.18 Kg ha−1, available phosphorous (P2O5)-68.22 Kg ha−1, available potassium (K2O)-270.12 Kg ha−1, and bulk density 1.7 mg m−3. This soil was autoclaved (121°C for 15 min at 15 psi) three times and cooled before filling into pots, and each pot was filled with 15 kg of soil pot−1. Seeds of ADB-542 variety were obtained from RRC, Rajendranagar, Hyderabad. The inoculum was prepared by growing selected isolates in LB broth for 24 h. Treatments were imposed by inoculating the drought susceptible cotton variety (ADB-542) seeds with 2 ml (109 CFU/ml) of efficient strains (Whittenbury et al., 1970); seeds without inoculation served as control. Three seeds per pot were sown at a depth of 5 cm, and the experiment was laid out in Complete Randomized Block Design (CRD) with eight treatments (five isolates, consortium, and two controls) and three replications. After 15 days of sowing, drought was imposed by adding PEG-6000 at 10, 20, and 30% in pots with 50% field capacity. After 20 days of sowing, cultures were sprayed on leaves with a hand sprayer at the rate of 25 ml/plant (Holland and Polacco, 1994). The recommended fertilizer (RDF) dose for cotton was 120-60-60 kg of NPK ha−1. Irrigations were given based on the soil field capacity status.



Biometric and Yield Observations

Biometric observations viz., germination percentage (20 DAS), seedling vigor index [Seedling vigor index = (Root length + shoot length) x germination %] as given by Abdulbaki and Andersons (1973) and shoot length (cm), root length (cm), fresh weight (g), dry weight (gm, after oven drying at 60–65°C for 1 h for 3 consequent days), number of leaves, and number of branches were recorded at 30, 60, and 90 days after sowing in five competitive plants selected at random from each treatment and the mean per plant was worked out. Yield attributes including the number of bolls, boll weight (g), and seed cotton yield (Kg ha−1).



Enumeration of Rhizosphere and Phyllosphere Bacterial Population

The bacterial population count on Tryptic soya Agar (TSA) was recorded at 30, 60, and 90 DAS in soil and leaf samples. In brief, leaf samples and rhizosphere soil samples were collected from eight treatments. Leaf samples were processed as per the procedure given by Yadav et al. (2010), and soil samples were processed as per the procedure laid down by Parmar et al. (2016).



Proline Estimation

The amount of proline in cotton leaf samples was determined based on proline's reaction with ninhydrin (Bates et al., 1973) at the flowering stage in pot culture (60 Days After Planting). Fresh cotton leaves (0.5 g) were hand–homogenized in 5 ml of 3% (w/v) sulfosalicylic acid. The homogenate was filtered through Whatman no. 2 filter paper. In another test tube, 2 ml of acid ninhydrin and 2 ml of glacial acetic acid were added to the 2 ml of filtrated extract. The resulting mixture was incubated at 100°C in a hot water bath. The reaction was then stopped using an ice bath, and the contents were extracted with 4 ml of toluene and mixed vigorously using a stirrer for 15–20 s. The chromophore containing toluene was aspirated from the aqueous phase and thawed to room temperature, and the absorbance of the solution was measured at 520 nm using a spectrophotometer. The proline concentration was determined from a standard curve prepared with L—proline and expressed as μg/g FW (Fresh weight).



Statistical Analysis

The data obtained in different treatments were statistically analyzed using a Completely Randomized Design (CRD) described by Yates (1937). Data on other characters viz., growth parameters, NPK analysis, bacterial population, proline estimation, yield attributes, and yield were subjected to analysis of variance (ANOVA) procedures outlined for CRD (wherever necessary). Statistical significance was tested by p-value at 0.01 level of probability, and the critical difference was worked out where the effects were significant.




RESULTS


Isolation and Screening for Drought Tolerance in Phyllosphere Bacteria

A total of 31 isolates from the Telangana districts of Rangareddy (17 isolates) and Warangal (14 isolates) were isolated and purified based on variations in colony morphology on the AMS medium. In the Gram staining test, seventeen isolates retained crystal violet (Gram-positive) and fourteen isolates retained safranin (Gram-negative). Microscopic studies (Olympus) using an oil immersion lens (Numerical aperture-0.95) revealed that eighteen isolates were rods and thirteen were oval. At 0 Mpa (Megapascal) stress level, all the isolates grew well in TSB, but their growth was slowed as PEG−6000 concentration increased (Figure 1). Growth at −0.25, −0.50, −0.75, −1.25 Mpa stress levels was recorded in spectrophotometer at OD600, values were in the range of 0.2–1.09 (31 isolates), 0.14–0.99 (31 isolates), 0.09–0.62 (31 isolates), 0.02–0.39 (28 isolates), and 0.02–0.17 (15 isolates), respectively. Drought tolerant isolates had OD600 values >0.10 at a stress level of −1.25 Mpa. We also noticed that isolates grew well at stress levels ranging from −0.25 to −0.75 Mpa.
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FIGURE 1. Growth of bacterial Isolates under drought stress. As the concentration of PEG-6000 increases, many isolates' growth was inhibited. Few isolates tolerated the higher concentrations of PEG-6000, which were labeled as Drought tolerant bacteria. *indicates that the isolate that doesn't fall in the mean values.


Furthermore, these isolates were tested for their ability to develop EPS at a stress level of −0.75 Mpa. Nine isolates were able to produce exopolysaccharides with concentrations ranging from 0.20 to 0.99 mg ml−1. Drought stress caused a significant amount of EPS demand. CPB 24 had the most EPS (0.99 mg ml−1) under similar conditions (Table 1). The isolates with the maximum in vitro drought tolerance and EPS output were selected for in vivo cotton growth promotion under drought stress.


Table 1. Biochemical and plant growth attributes: physiological/biochemical responses of efficient isolates and production of EPS, ACC deaminase, IAA, HCN under in vitro conditions.
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Biochemical and Molecular Characterization of Selected Isolates

The physiological or biochemical characteristics of isolates are illustrated in Table 1. Selective isolates such as CPB 23, CPB 24, CPB 25, CPB 27, and CPB 31 were characterized using 16S rRNA sequencing. BLAST analysis of 16S rRNA isolates showed homology Pseudomonas stutzeri, Acinetobacter sp., Bacillus mojavensis, Pseudomonas chlororaphis, and Enterobacter asburiae, respectively. These isolates were submitted to NCBI-GenBank and obtained accession numbers i.e., MZ614657, MZ614623, MZ614631, MZ614656, and MZ614653, respectively.



Inorganic Chemical/Minerals Solubilization

Phosphate solubilizers were characterized by forming a clear halo zone around the colony on Pikovoskay's media after 5 days of incubation. Fifteen isolates tested positive in this test, with CPB-24 (Acinetobacter sp.) having the maximum solubilization of 21 mm (Table 1). Solubilization zones ranged from 2 to 21 mm in diameter. Potassium release on Aleksandrov's medium was recorded in 13 isolates with solubilization zones ranging from 3 to 18 mm, isolate Acinetobacter sp., showed a maximum of 18 mm solubilization zone. Zinc phosphate solubilization assay was performed on Tris Minimal media Solubilization, and observation was recorded after 5 days of inoculation. Thirteen isolates were positive for this test. The diameter of solubilization zones was in the range of 3–22 mm. Highest zinc phosphate solubilized by Enterobacter asburiae (22 mm).



Plant Growth-Promoting Attributes

The production of IAA by 31 phyllosphere bacteria was quantified at 530 nm in a spectrophotometer. The isolates released different amounts of indole acetic acid, with 9 preferring to grow in L-tryptophan's presence. They produced significant amounts of IAA in the range of 3.81–17.93 μg ml−1. When combined with 0.1% of L-tryptophan, Acinetobacter sp. produced the maximum IAA of 17.93 μg/ml, followed by Enterobacter asburiae with 14.44 μg/ml. ACC deaminase activity test was performed on Dworkin and Foster (DF) salts minimal broth and found seven positive isolates viz., CPB 11, Pseudomonas stutzeri, Acinetobacter sp., Bacillus mojavensis, Pseudomonas chlororaphis, and Enterobacter asburiae. Quantification of ACC deaminase activity was performed based on the production of α-ketobutyrate through deamination reaction in DF minimal media. The observation was recorded at 540 nm in the spectrophotometer, and ACC deaminase activity was recorded in the range of 0.13–0.40 mM of α-ketobutyrate per milligram of cellular protein per hour. The highest ACC deaminase activity was reported in the bacterial isolate Acinetobacter sp. (0.40 mM α-ketobutyrate mg protein−1 h−1) followed by Pseudomonas stutzeri (0.32 mM α-ketobutyrate mg protein−1 h−1) (Table 1). The highest IAA production was reported in Acinetobacter sp. (17.93 μg ml−1), followed by Enterobacter asburiae (14.44 μg ml−1).



HCN and Siderophores Production

HCN production was observed in 21 isolates. Eight were classified as vigorous HCN producers and 13 isolates as moderate HCN producers based on the brown color intensity developed in picric acid filter paper. Siderophore production was observed among the 13 isolates; of these, 3 isolates were classified as the highest siderophore producers and 10 isolates as moderate producers based on the size of the yellow halo zone around the colony.



Effect of Inoculation of ACC Deaminase Producing Isolates on Cotton Growth Under Drought Stress

The influence of the five highest ACC deaminase, IAA producing and phosphate, zinc, and potassium solubilizing PGPR strains, namely, Pseudomonas stutzeri, Acinetobacter sp., Bacillus mojavensis, Pseudomonas chlororaphis, and Enterobacter asburiae, on growth promotion of cotton under no stress and drought stress conditions, were evaluated through pot trials. Soil nutrient status was improved over control plants. The soil nitrogen (224 kg/ha), phosphorous (99.8 kg/ha), and potassium (547.3 kg/ha) content were highest in Acinetobacter sp. treated soils (Table 2). The compatibility test between the isolates was satisfactory and did not find any inhibitory activity between the five efficient isolates.


Table 2. Details of the nutrient status of soil.
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The adverse effects of drought stress resulted in a reduction in growth and yield parameters such as germination percentage, seedling vigor index, number of bolls per plant, boll weight, seed cotton yield per plant, plant height, root length, number of leaves, number of branches, fresh and dry weight of root and shoot of cotton plants in uninoculated plants compared to non stressed cotton plants. However, the plant growth and yield parameters in root and shoot length, fresh and dry weight, boll weight, and cotton yield were significantly (p < 0.01) increased in bacterial inoculated plants under drought-stressed conditions. The isolate Acinetobacter sp. application enhanced cotton plant growth exposed to drought-stressed conditions (30% PEG-6000).

The seed germination was significantly higher in T4 (Acinetobacter sp., + 30% PEG-6000) 76.67%, which was 17% higher than the control treatment. The seedling vigor index increased by 45.81% in T4 compared to the control under drought stress conditions. The plant height had improved (p < 0.01) by 10% in T4 treatment than corresponding uninoculated control plants. However, no significant difference was found in the case of shoot length between individual strain applications.

Similarly, the isolate Acinetobacter sp. treatment had a tremendous influence on root length, number of leaves, and the number of secondary branches of cotton plants on exposure to drought-stressed conditions. The root length was increased by ~28.52% in T4 treatment than controls with an unstressed and stressed plants group. Furthermore, increased fresh and dry weights under drought stress were recorded in Acinetobacter sp. and Enterobacter asburiae treated cotton plants (Table 3). Fresh weight was significantly (p < 0.01) increased by 41.9 and 33.3%, while dry weight improved by 41.7 and 29.7% at T4 and T7 treatments when compared to the stressed control (T2). A significant increase in the proline content was reported in inoculated cotton plants over the control plants. The proline content in cotton plants under drought stress was increased by 28.78% in T4 treatment, followed by 25.39 at Treatment T7. The number of bolls and boll weight were significantly higher in Acinetobacter sp., treated cotton plants (Table 3). The number of bolls was markedly higher in T4 (12.66 per plant), followed by T7 (11.66 per plant). The boll weight in cotton was highest in T4 (5.36 g), followed by T7 (5.10 g). Similarly, the seed cotton yield was highest in T4 (1027.77 kg ha−1).


Table 3. Influence of phyllosphere bacteria on the cotton crop: significant increase in fresh and dry weights of cotton in bacteria primed treatments.
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Bacterial Population Dynamics in Rhizosphere and Phyllosphere

Cultivable bacterial populations in rhizosphere and phyllosphere samples were analyzed on Nutrient Agar plates. The bacterial population in the rhizosphere and phyllosphere samples were increased up to 60 days of sowing in all treatments; the maximum population was reported in Acinetobacter sp., treated cotton plants (Table 3). The cultivable bacterial population in the rhizosphere and phyllosphere were recorded at 60 DAS as 5.70 × 107 and 6.25 × 105 CFU gm−1.




DISCUSSION

Drought conditions are better controlled by the soil application of microorganisms as drought mainly refers to soil conditions. In addition, soil application will enhance their chances of survival in the rhizosphere, as the rhizosphere is a nutrient-rich environment and better coordinates with plants' defense mechanisms to control soil-borne pathogens. The phyllosphere microorganisms with ACC deaminase activity play a significant role in promoting plants grown under different stress conditions (Chandra et al., 2018). When the plant is under stress, an intermediate compound of ethylene called 1-aminocyclopropane-carboxylic acid (ACC) makes its way into the rhizosphere as a root exudate. Rhizosphere microbes produce a special kind of enzyme called ACC deaminase, which breaks ACC and produces ammonia and α-ketobutyrate (Zhang et al., 2010). Ultimately, the ethylene production in plants was interrupted by rhizosphere microorganisms and usually helped the plant function (Barnawal et al., 2014).

In the present work, 31 phyllosphere bacterial isolates were tested for drought tolerance under in vitro conditions. Five isolates grew at high moisture stress (−1.25 Mpa) and were identified as Pseudomonas stutzeri, Acinetobacter sp., Bacillus mojavensis, Pseudomonas chlororaphis, and Enterobacter asburiae based on BLAST analysis. The cotton plants inoculated with the highest EPS (0.99 mg ml−1) and ACC deaminase-producing (Figure 2) isolate Acinetobacter sp., (CPB 24) showed maximum nutrient uptake and soil nutrient status. Bashan et al. (2004) reported, inoculation with EPS producing Azospirillum sp. increased soil nutrient status, structure, and aggregation. Several strains of Pseudomonas sp., Bacillus sp., and Acinetobacter sp. were reported to produce EPS, IAA, ACC deaminase, and solubilize insoluble minerals under different strains (Verma et al., 2018; Nagaraju et al., 2020). The precursor (L-tryptophan) concentration directly affects IAA produced (Nagaraju et al., 2020). According to current research, isolates preferred to grow at a five mM concentration of L-tryptophan and generated variable amounts of IAA, which was confirmed spectrophotometrically at 600 nm optical density.
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FIGURE 2. Exopolysaccharides (EPS) and ACC deaminase production. The production of both EPS and ACC was less commonly observed; few isolates were positive for exopolysaccharides production, and very few were able to produce ACC deaminase. The isolate CPB-24 was able to produce both exopolysaccharides and ACC deaminase.


In many cultivated plants, nutrient uptake was impeded by drought stress; however, in the current study, inoculated plants showed increased plant nutrient status and fresh and dry weights. The highest levels of soil nitrogen, phosphorous, and potassium were recorded in Acinetobacter sp. treated plots. Concomitant observations made under in vitro conditions showed that phosphorous and potassium solubilization were highest in the same treatment. Earlier reports suggested that phosphate solubilization and chelation by beneficial soil microorganisms are the primary reason for the higher nutrient status in soil (Kour et al., 2020). Several findings support early reports on zinc, phosphate, and potassium solubilization and confirm their universal soil occupancy (Kour et al., 2019). Solubilization of the minerals/chemicals are accomplished by lowering the pH of the surroundings, production of several organic acids by Pseudomonas sp., Enterobacter sp., and Bacillus sp., was reported by Nagaraju et al. (2016, 2020). In addition, several microbes produce siderophores when the available forms of iron and zinc are limited in soil (Priyanka et al., 2015). Several reports have highlighted the importance of siderophore production in promoting plant growth. However, little work has been carried out under drought-stress conditions. In the present investigation, we highlighted the production of siderophores by drought-tolerant phyllosphere bacteria.

Intergenic compatibility i.e., seed and microbes, were tested by inoculating drought-tolerant PGPR bacterial isolates to seeds under drought stress and found a significant improvement in germination percentage and seedling vigor, compared with the untreated control. The compatibility between the bacterial isolates was confirmed in the dual culture test and recorded their cumulative positive effects in cotton crop growth when applied as a consortium under a pot culture experiment (Figure 3). In nature, microbes work synergistically with some microbes (Morris et al., 2013). Thus, applying a combination of two or more beneficial microbes to higher populations may positively impact the growth and yield of crops under different stresses (Triveni et al., 2013; Barra et al., 2016; Nagaraju et al., 2020). However, several researchers have reported that individual cultures might perform on par or higher than consortium because of their variable inhibitory activity under in vivo conditions when compared to in vitro conditions (Kour et al., 2019). In the current investigation, mono-inoculation with Acinetobacter sp. individual culture inoculated plants outperformed the control. In the present research, control plants showed the lowest root and shoot length and recorded the lowest proline content. Plants produce stress hormones under drought stress, which result in decreased yields. Several researchers suggest that applying plant growth-promoting bacterial isolates manifests ethylene production in plants and thus confers drought tolerance and crop growth (Safari et al., 2018). In the pot culture experiment, seed bacterization of PGP bacterial isolates enhanced the root, shoot length, fresh and dry weights, boll weight, number of bolls per plant, number of leaves per plant, and secondary branches per plant because of their multifarious PGP traits (Figure 4). Our study emphasizes that using a single strain or a consortium enhances crop growth under stressed and non-stressed conditions. Therefore, the application of stress-bursting microbes induces tolerance and increases crop growth under harsh climatic conditions. Furthermore, these can be multiplied and commercialized as biofertilizers or bio inoculants after careful evaluation in pot and field trials.


[image: Figure 3]
FIGURE 3. Growth promoting by phyllosphere bacteria in cotton. A significant increase in plant height with the inoculation of CPB-24 was recorded in cotton crops under imposed drought conditions.



[image: Figure 4]
FIGURE 4. Effect of phyllosphere bacteria on cotton growth parameters under drought conditions. (A) Plant height (B) number and leaves, and number of branches per plant.




CONCLUSIONS

The current study reports on the isolation of drought-tolerant ACC deaminase-producing bacteria from the phyllosphere of cotton. Five potential strains, Pseudomonas stutzeri, Acinetobacter sp., Bacillus mojavensis, Pseudomonas chlororaphis, and Enterobacter asburiae, were found to have plant growth-promoting potentials such as siderophore production, IAA production, phosphate, zinc, and potassium solubilization. Screening for drought tolerance in pot culture conditions revealed that inoculating drought-tolerant isolates improved cotton crop growth and yield. It is also unclear if inoculating other plants with these drought-tolerant isolates has a comparable effect on plants other than cotton, allowing them to produce more grain or fruit under various stresses. As a result, more emphasis should be given to multi-location trails with multiple crops in future research.
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In this study, a total of 50 halophilic bacterial isolates were screened for 1-aminocyclopropane-1-carboxylate (ACC) deaminase activity, of these six with the highest ACC deaminase activity were selected for an increase in chickpea yield under salinity. The ACC deaminase activity among the isolates was ranged between 0.12 and 3.56 mM α-KB mg−1 min−1. These six isolates and one reference strain from the Agricultural College, Raichur, were used in the microcosm experiment during the rabi season of 2018. After 60 days of sowing, decreased rhizosphere pH and electrical conductivity (EC) from 8.4 to 7.6 and 4.3 to 3.4 dS m−1, respectively, were reported in chickpea. Among the treatments, Bacillus safensis (B. safensis)-inoculated plants showed a higher number of flowers (71 flowers/plant), pods (49.3 pods/plant), branches (33.3 branches/plant), and enhanced fresh weight (17.2 g/plant) and dry weight (8.1 g/plant). They were corroborated by improved nitrogen and phosphorus absorption of 71.5 and 43.5%, respectively, in B. safensis-treated plants. Based on the microcosm experimental findings, three cultures improving biometric and yield attributes were chosen for the field investigation. The field study was carried out at the Agricultural Research Station, Ganagavathi, during Kharif 2019. The chickpea plants treated with the consortium [B. safensis, Pseudomonas stutzeri, and Staphylococcus xylosus] increased the superoxide dismutase and catalase activity of plants by 258 and 196%, respectively. In addition, an increase in ascorbate peroxidase activity (0.41 μmol of ascorbate oxidized s−1 g−1 fresh weight) in the leaves and proline content was also recorded. The consortium (B. safensis, P. stutzeri, and S. xylosus) significantly increased nutrient uptake (N and P), the number of flowers, number of pods, and yield by 63.26, 39.03, 110, 59.96, and 17.56%, respectively, in chickpeas. Finally, inoculation with a mixture of three isolates is an effective method for increasing chickpea production under osmotic stress.

Keywords: salinity, chickpea, microhabitats, Bacillus safensis, pH, ACC deaminase


INTRODUCTION

Salinity affects more than 6% of the land area globally exacerbated by the high temperatures and low rainfall (Etesami and Maheshwari, 2018). In India, statewide estimates showed an extensive area distribution across the Gangetic Plain of Uttar Pradesh, arid and semiarid regions of Gujarat, and peninsular plains of Maharashtra. There is also 3.1 M ha of land in the coastal zone encompassing seven states of India (Mandal et al., 2009). Salt-affected regions are one of the crucial degraded regions wherein soil productivity was decreased because of salinization [electrical conductivity (EC) > 4 dS m−1], sodicity [exchangeable sodium percentage (ESP) > 15%], or both. Soil salinity poses a massive challenge for the cultivation of crops and substantially impacts growth and yields. Salt influences plant growth mainly through the poisonousness brought about by the unnecessary take-up of salts, particularly sodium chloride (NaCl) (FAO, 2005). Soil salinity minimizes the process of plant photosynthesis because of the mind-boggling complex negative impacts of osmotic, ionic, and nutritional interactions (Shirokova et al., 2000). Most flora is vulnerable to salinity pressure (glycophytes); yet, a few plants endure and develop within sight of salts (halophytes). Aggregates of environmental adaptations and intrinsic hereditary characteristics modulate salinity resilience systems in glycophytes and halophytes (Munns, 2002). Glycophytes will, in general, exclude the salts from the roots, postponing the salinity stress (Zhu, 2007). Conversely, halophytes amass salts, carrying them through the xylem stream, and precipitating them into the leaves. A few halophyte groups have advanced with specialized cells called salt glands in shoots to discharge salt to its surface and then expelled by water or wind (Flowers and Colmer, 2015).

Legumes are essential due to their one of a kind dinitrogen fixation potential, high protein content, mineral nutrients, and occupy 12–15% of arable lands in the world (Flexas et al., 2004). In any case, cultivated legumes are moderate to profoundly sensitive to salinity and just a couple of agronomical legumes can grow in the salt-affected soils (Ashraf and McNeilly, 2004; Singh et al., 2018). For instance, two annual pasture legumes, messina (Melilotus siculus) and burr medic (Medicago polymorpha), can grow in soils with an EC up to 36 dS m−1 (Rogers et al., 2005). Chickpea is commonly grown for animal feed and human food in semiarid regions globally and yield losses are 8–10% per annum globally due to salinity (Flowers et al., 2010). Chickpea is grown in many environments; however, being highly susceptible to salinity results in reduced productivity per hectare (Atieno et al., 2017). Negative impacts of salinity can be observed during the reproductive stage of crop (Turner et al., 2013). Reduction in the external osmotic potential meddles with water take-up of plants, promoting diminished plant biomass (Boursiac et al., 2005). Photosynthesis hampered by the prolonged exposure to Na+ and Cl− ions and plants keep up the net Na+ take-up by excluding through transpiration stream in young leaves. Several plants can endure the salinity stress by accumulating compatible solutes and osmotic adjustments (Munns and Tester, 2008). Plant breeding strategies are constrained by the lack of information on critical traits responsible for inferior performance under raised salinity. The presence of a tremendous number of germplasms with the slightest genetic variation hinders success and pulls a lot of investment and labor. Microbial-based technologies are financially savvy, eco-friendly, practical, and sustainable (Etesami and Glick, 2020).

Plant growth-promoting rhizobacteria (PGPR) from saline soils improves glycophytic growth of plants that result in high salinity levels (Barassi et al., 2006). These bacteria endure a wide range of salinity stresses and empower plants to withstand by improving hydraulic conductivity, osmolyte accumulation, toxic ions (Na+) removal, and keeping up photosynthetic activity (Dodd and Alfocea, 2012). Further, amassing compatible solutes in the cytoplasm and/or inorganic ions, such as sodium, potassium, and chloride, stabilizes the biological structures (Mandal et al., 2009). Rise of ethylene levels because of the excess accumulation of Na+ and Cl− ions in plants causes leaf senescence and necrosis (Campbell et al., 2015). Ethylene altogether represses shoot and root prolongation and minimizes plant height and growth in general development (Klassen and Bugbee, 2002). PGPR from stressed environments generally exhibits 1-aminocyclopropane-1-carboxylate (ACC) deaminase activity, which decreases the degree of ACC and endogenous ethylene (Ansari et al., 2019). Halophilic bacteria with ACC deaminase activity mitigate the pernicious effects of salt stress on plant growth. The plants immunized with ACC deaminase-positive PGPR are more tolerant to salt stress (Nishimura et al., 2007; Tiwari et al., 2016). Microbial reduction of rhizosphere pH was well studied, although utilizing facultative anaerobe never endeavored. The more significant part of the studies focused on the solubilization of minerals by the organic and inorganic acids. This study made endeavors to assess the plant growth-promoting halophilic facultative anaerobes in soil acidification and salt stress alleviation in chickpea plants.



MATERIALS AND METHODS


In vitro Screening for ACC Deaminase Production

A total of 50 halophilic bacteria were isolated from the saline soils of Raichur and Ganagavathi. All the bacterial isolates (50) were grown separately in 5 ml of Tryptic Soy Broth (TSB) and incubated for 24 h at 28°C at 120 rpm and then cells were harvested as cell pellets centrifugation at 3,000 rpm for 5 min. Cell pellets were subsequently washed twice with sterile 0.1 M Tris-HCl (pH 7.5) and resuspended in 1 ml of 0.1 M Tris-HCl (pH 7.5) and eventually spot inoculated on modified Dworkin and Foster (DF) minimal medium (Dworkin and Foster, 1958). The DF minimal medium without ACC served as negative control and positive control with ammonium sulfate [(NH4)2SO4] (0.2 % w/v). The plates were incubated for 72 h at 28°C, the growth of isolates on ACC supplemented plates was compared with the negative and positive controls, and the samples were chosen based on bacterial content. The amount of α-ketoglutarate produced was determined by using a standard curve and the absorbance was recorded at 540 nm (Ali et al., 2014).

Of these, seven isolates with the highest ACC deaminase activity and plant growth-promoting attributes such as solubilization of Zn and P, the release of K, and indole-3-acetic acid (IAA) production at 10% NaCl were selected based on the previous studies of Nagaraju et al. (2020). The treatments were imposed for microcosm study by inoculating the individual cultures of Bacillus albus (MN098871.1, HB-4), Bacillus safensis (B. safensis) (MN121550.1, HB-5), Pseudomonas stutzeri (P. stutzeri) strain 1 (MN098847.1, HB-13), Lysinibacillus sphaericus (MZ413352, HB-15), Staphylococcus xylosus (S. xylosus) (MZ413353, HB-18), P. stutzeri strain 2 (MZ413354, HB-41), and Pseudomonas spp. (GP-21) (52). The treatments were compared with the uninoculated controls treated with 100% recommended dose of fertilizer (RDF) and 75% RDF under saline conditions.



Soil Acidification Test

A method was developed to identify the soil acidification by halophilic bacteria; for this test, sterilized saline soil (pH ≥ 8 and EC = 4.2 ± 0.2 dS m−1) was used (collected from the Agricultural Research Station, Gangavathi Farm). A composite soil sample (pH ≥ 8 and EC 4.2 ± 0.2 dS m−1) was collected and a small fraction weighing approximately 30 g was shared into 250 ml of sterile Erlenmeyer flasks under the aseptic conditions. Subsequently, 60 ml of double-distilled sterile water, 1–2% glucose, and 0.04 g of bromothymol blue were administered. Finally, each flask was inoculated with a single acid-producing PGPR-halophilic bacterial isolate; a total of eight treatments were imposed with three replications and control remained untreated. Flasks were sealed with a nonabsorbent cotton plug and incubated at 37 ± 2°C at 120 rpm in a rotary shaker. Observations such as pH and EC were recorded at the 5, 10, and 15 days after inoculation (DAI) and subsequent color changes were reported from blue to green (alkaline) or yellow (acidic).



Microcosm Experiment

From the Gangavathi area, the experimental soil was collected and used for the microcosm study from November 2017 to March 2018. Pots were filled with about 5 kg of soil (clay loamy) with an initial pH and EC around 8.4 and 4.0 dS m−1, respectively. The experiment was conducted at the Glasshouse, Agricultural college, University for Agricultural Sciences (UAS), Raichur. The experiment was laid out in a completely randomized design (CRD) with eight treatments including one control consisting of 24 total experimental units (pots). High-yielding chickpea (TAU-1) seeds were collected from the Seed Unit, College of Agriculture, Raichur, India and sterilized for 30 s using 1% sodium hypochlorite preceded by sterile distilled water rinsing and cleaning (Han and Lee, 2005). Treatments were imposed on each by inoculating one efficient strain. Seven halophilic bacterial isolates were grown separately in nutrient broth (250 ml supplemented with 3% NaCl) at 37°C for 4 days at 120 rpm. Later, individual cultures were mixed with lignite powder @ 1:3 and allowed to be cured overnight. Finally, chickpea seeds were treated with inoculum, leaving the control untreated. Seeds were planted at a rate of eight seeds per pot and a 4–5 cm depth. Normal pH and EC testing were carried out at intervals of 15 days. After 5 days of seedling emergence, chickpea seedlings were irrigated daily with an equal amount of 4 dS/m (40 mM NaCl to maintain salinity stress) solution. As per the standard protocols, soil samples were tested for physiochemical properties such as pH, EC, phosphorus, organic carbon, nitrogen, and potassium at regular intervals (Subbiah and Asija, 1956; Piper, 1966; Jackson, 1973). The experimental data obtained from this experiment were subjected to statistical analysis by using a completely randomized block design (CRD) and grouping was carried out by using the Tukey's method.



Field Experiment

The chickpea field experiment was performed from November 2018 to February 2019 at the Agricultural Research Station, Gangavathi, Koppal, India (15°27′N, 76°31′E). The soil of experimental site is a deep, well-drained clay loamy with an initial pH and EC of 8.2 ± 0.2 and 4.2 ± 0.2 dS m–1, respectively. No fertilizer amendments were followed before planting. The same TAU-1 variety grown in the microcosm study was planted in the field study. Seeds were sown at a rate of 43 seeds m–2 and a depth of 3–5 cm. The plots were arranged in a randomized complete block design with four replications. The plot size was 5 m–2 × 3 m–2 with a row spacing of 30 cm seeds were treated with the three isolates which increased plant height, root length, nodulation, and the yield of chickpea in microcosm studies such as B. safensis (HB-5), P. stutzeri strain 1 (HB-13), and S. xylosus (HB-18). For both the pot culture and field experiments, biometric observations such as plant height, root length, number of branches plant–1, fresh weight of shoot and root, dry weight of shoot and root after drying at 65°C for 4 days, number of flowers, number of pods, nitrogen (nitrogen uptake was calculated by multiplying the concentration of N by the amount of dry matter produced), phosphorus, and number of root nodules were made at regular intervals (30, 60 days, and at harvest) (Piper, 1966). Grain yield was analyzed at 14% moisture content before statistical analysis. Furthermore, rhizosphere soil samples were collected intermittently at 30, 60 days, and at harvest stages and soil pH was analyzed by using the standard protocols (Piper, 1966). The experimental data obtained from a field experiment (in vivo) was analyzed by using a randomized block design (RBD). All the values are grouped based on the Tukey's pairwise and 95% CI method.



Antioxidant Enzyme Activities

A total of 1 g of each leaf and root samples were frozen and then grounded in 4 ml of 50 mM phosphate buffer solution (pH 7.0) and 1% polyvinylpyrrolidone (PVP) (w/v). At 15,000 × g for 30 min at 4°C, the homogenate was centrifuged and the supernatant was collected for enzymatic assays. Superoxide dismutase (SOD) activity in plates has been determined according to Giannopolities and Ries (1977) method. One unit of enzyme activity was determined by monitoring the absorbance at 560 nm as the amount of enzyme to achieve a 50% Nitroblue tetrazolium (NBT) reduction rate. Catalase activity (CAT) was calculated by monitoring a decrease in absorbance at 240 nm for 1 min (extinction coefficient of 0.036 mM −1 cm −1) (Change and Maehly, 1955). The enzyme required to break down 1 μmol hydrogen peroxide (H2O2) per min at 25°C was specified as one unit of activity. For ascorbate peroxidase activity, plant tissue was homogenized in 100 mM NaCl, 5 mM Ethylenediamine tetraacetic acid (EDTA), 5 mM Dithiotreitol (DTT), 2% (w/v) PVP, and 5 mM ascorbate mixed in 1 ml of 50 mM phosphate buffer (pH 7.8). Further, the homogenized material was centrifuged at 15,000 × g for 15 min at 4°C (absorbance coefficient 2.8 mM−1 cm−1). At 290 nm absorbance, the reaction rate was measured (Aono et al., 1995). The sum required to decompose 1 μmol of ascorbate per min at 25°C was described as one enzyme unit. Ascorbic acid was measured by using the procedure outlined by Mukherjee and Choudhuri (1983); in brief, tissues were extracted with 6% trichloroacetic acid (10 ml), which was mixed with 2% dinitrophenylhydrazine (2 ml) and one drop of 10% thiourea in 70% ethanol. The mixture was boiled for 5 min in a water bath after which the mixture was allowed to cool at room temperature. At 0°C, 5 ml of 80 % (v/v) sulfuric acid (H2SO4) was added to the mixture and absorbance at 530 nm was reported. The ascorbic acid concentration was determined from a standard curve plotted with the known concentration of ascorbic acid. This experimental data was analyzed by using a CRD.



Estimation of Proline Content

From microcosm and field-grown chickpea plants, approximately 0.5 g of fully opened leaf samples were obtained. The samples were homogenized in 10 ml of 3% aqueous sulfosalicylic acid and the homogenate was extracted through the filter paper. A total of 2 ml of filtrate was reacted with 2 ml of acid ninhydrin and 2 ml of glacial acetic acid for 1 h at 100°C and the reaction was terminated by using an ice bath. The chromophore was extracted by using 4 ml of toluene and its absorbance was measured at 520 nm by using a spectrophotometer (toluene used as a blank). The proline concentration was estimated from a standard curve and measured on a fresh weight basis by using the formulae (Bates et al., 1973):
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RESULTS


Soil Acidification by Halophilic Bacteria

The soil pH and EC changes were measured with a 1-week interval and the results were promising. Halophilic bacterial inoculation substantially decreased saline soil pH and EC. The decrease in soil pH and EC was significant with the treatment of B. safensis (supplemented with 2% glucose), reduced pH maximum of 12.31%, and EC up to 17.96% after 5 days of inoculation. The pH decrease was peak after 5 days of inoculation and, subsequently, there was a slight increase in pH. In P. stutzeri-inoculated treatments, an increase in pH and EC was recorded after 15 days (Table 1).


Table 1. Influence of facultative anaerobic halophilic bacteria on pH and electrical conductivity (EC) of saline soil.
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Qualitative and Quantitative Assay for ACC Deaminase

A total of 50 halophilic bacterial isolates were isolated on enrichment media from saline soils of Gangavathi, of which 39 isolates were able to grow on DF minimal salt medium supplemented with 3 mM ACC as a source of nitrogen, based on which it was postulated that these isolates were positive for the activity of ACC deaminase. The amount of α-ketoglutarate produced by the isolates ranged from 0.12 to 3.56 mM αKB mg−1 min−1. The maximum ACC deaminase production was observed in B. safensis with 3.56 mM αKB mg−1 min−1.



Effect of Plant Growth-Promoting Halophilic Bacteria (PGPHB) on Chickpea Under Microcosm Conditions

This experiment was performed at the Glasshouse, Agricultural college, UAS, Raichur during the rabi season of 2017–2018. Uninoculated pots with 40 mM NaCl (v/v) served as control. The pH of rhizosphere and EC were continuously recorded at an interval of 15 days over the entire crop duration. A significant decrease in pH was recorded after 60 days of sowing, an active crop growth stage (Figure 1), whereas reduction in EC was observed from 30 to 60 days (Figure 2). The maximum intake of nitrogen (N) was reported when B. safensis (89.29 kg ha−1) was inoculated, followed by P. stutzeri (85.29 kg ha−1) and S. xylosus (85.03 kg ha−1), and the lowest was observed in control (52.04 kg ha−1). Maximum phosphorus uptake was achieved by treatment with B. safensis (20.05 kg ha−1), followed by P. stutzeri (18.29 kg ha−1), S. xylosus (17.52 kg ha−1), Lysinibacillus sphaericus (15.92 kg ha−1), and the lowest was observed in T2 (13.63 kg ha−1).


[image: Figure 1]
FIGURE 1. Influence of plant growth promoting halophilic bacteria (PGPHB) on chickpea rhizosphere pH: the reduction in pH of the chickpea rhizosphere commenced after 15 days after planting and reached a maximum after 60 days. The inoculation of PGPHB resulted in an overall decrease in soil pH in all treatments. The treatments having means greater or less than the average mean are denoted by an asterisk (*).



[image: Figure 2]
FIGURE 2. Influence of plant growth promoting halophilic bacteria (PGPHB) on chickpea rhizosphere EC: up to 30 days after planting, there was a continuous reduction in EC, which then stabilised after 60 days. All of the treatments showed a small decrease at harvest. The treatments having means greater or less than the average mean are denoted by an asterisk (*).


In the microcosm experiment, seed bacterization with ACC deaminase-positive PGPHB isolates significantly influenced the growth and yield of chickpea. With the inoculation of B. safensis (39.4 and 26.2 cm) and S. xylosus (39.2 and 23.27 cm), maximum plant height and root length were recorded (Table 2). Branch numbers (including primary and secondary) were higher than uninoculated control in the inoculated treatments; B. safensis (33.3 branches/plant) had the most significant number of branches followed by Pseudomonas spp. (30 branches/plant) (Table 2). More fresh weight (including pods) was reported in B. safensis (17.1 g/plant) followed by treated plants with S. xylosus (16.7 g/plant). After inoculation, the highest development of dry matter was obtained by B. safensis (8.1 g/plant) followed by S. xylosus (7.4 g/plant). B. safensis- and S. xylosus-inoculated plants displayed a more significant number of flowers, 71 and 64.3 per plant, respectively. In contrast to the number of flowers, the number of pods per plant was considerably low. The treatment of B. safensis (49.3), followed by S. xylosus (45.6), revealed many pods in uninoculated control; a lower number of pods was reported (33.3). Salinity impeded the nodulation entirely in all the treatments. With the treatment of B. safensis (13 q/ha), P. stutzeri (11.67 q/ha), and S. xylosus (11.67 q/ha), significant increases in grain yield were reported under salinity stress and the lowest yield was observed in the control treatment (8 q/ha).


Table 2. Influence of halophilic bacteria on plant height, root length, and number of branches of chickpea in the microcosm experiment.
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Influence of PGPHB on Chickpea Under Field Conditions

Based on the microcosm experimental results, the three best isolates, viz., B. safensis (HB-5), P. stutzeri strain 1 (HB-13), and S. xylosus (HB-18) were selected for the field study. This investigation was carried out during the rabi season of 2018–2019 at the Agricultural Research Station, Gangavathi, India. At the beginning of the experiment, pH and EC were recorded as ~ 8.38 and ~ 4.2 dS m−1, respectively. Significant reduction of pH and EC was observed after 15 days with the treatment of S. xylosus and B. safensis up to 0.53 and 0.96 dS m−1, respectively. Nitrogen (N) uptake has a positive correlation with the growth and yield of the crop. Consortium of B. safensis + P. stutzeri + S. xylosus showed maximum N uptake of 71.84 kg ha−1 followed by B. safensis + P. stutzeri (70.89 kg ha−1). Similarly, phosphorus uptake was maximum in the B. safensis + P. stutzeri + S. xylosus (20.02 kg ha−1) and the data are shown in Table 3. The shoot length was significantly improved by B. safensis + P. stutzeri + S. xylosus inoculation at 30, 60, and 90 days; shoot length was recorded as 10.95, 34, and 48.6 cm, respectively, and the lowest was recorded in the stress-induced control treatment. However, no significant difference was found among the individual inoculated plants. The consortium treatment (B. safensis + P. stutzeri + S. xylosus) improved the root length at 30, 60 days, and harvest; individual inoculation (B. safensis) showed significant enhancement in root length at 60 days. The number of branches was recorded maximum with the treatment of B. safensis + P. stutzeri + S. xylosus at 30, 60, and 90 days with 19, 28, and 33.3 branches/plant, respectively. Similar improvements were achieved in fresh weight by B. safensis + P. stutzeri + S. xylosus inoculation (19.75 g/plant) followed by P. stutzeri + S. xylosus (15.9 g/plant) inoculation. The lowest fresh weight was observed in the stress-induced control (10 g/plant). Dry matter accumulation had been orchestrated similarly to fresh weight accumulation (Table 3). Blooming started after 30 days and a significant number of flowers was recorded with the inoculation of B. safensis + P. stutzeri (11.6 flowers/plant), which was on par with the monoculture treatments, S. xylosus (11.3) and B. safensis (11.3). A significant number of flowers (75 flowers/plant) and pods (91.6 pods/plant) was observed with the treatment of B. safensis + P. stutzeri + S. xylosus. Nodulation was noticed in the field experiment; B. safensis + P. stutzeri treatment showed 10 nodules/plant followed by B. safensis + P. stutzeri + S. xylosus (9.6 nodules/plant) and the data are shown in Table 4. Nutrient uptake and biomass yield enhancement by consortium treatment reflected the achievement of maximum grain yield of 11.22 q/ha followed by B. safensis and P. stutzeri treatment (10.89 q/ha) (Table 4). The results suggest that a consortium of B. safensis + P. stutzeri + S. xylosus can mitigate the adverse effects of salinity on the growth and yield of chickpea.


Table 3. Influence of halophilic bacteria on plant growth parameters of chickpea under field conditions.
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Table 4. Influence of halophilic bacteria on nutrient uptake and yield parameters of chickpea under field conditions.
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Antioxidant Enzymes Activity and Proline Content

Under salinity stress, SOD, CAT, and ascorbate peroxidase activity were increased with the treatment of halophilic bacteria. The consortium of halophilic bacterial isolates improved the SOD, CAT, and ascorbate peroxidase activities by treated plants over the control. The SOD activity was more in leaves, which was 258% higher in consortium-treated plants than in the control treatment (Figure 3). Similarly, CAT was reported highest in leaves of the consortium, which was 196% higher than the control treatment (Figure 4). Ascorbate peroxidase activity was maximum in leaves; consortium treatment showed 0.41 μmol of ascorbate oxidized s−1 g−1 fresh weight (Figure 5). The proline content was increased in the salt stress-induced plants and maximum proline content was recorded in consortium treatment (14.84 μ mol g−1 of fresh weight).


[image: Figure 3]
FIGURE 3. Superoxide dismutase activity in the roots and leaves of chickpea: the roots of chickpeas have more superoxide dismutase activity than the leaves. The plants inoculated by the consortium had the highest superoxide dismutase activity.



[image: Figure 4]
FIGURE 4. Catalase (CAT) activity in roots and leaves: leaves had more pronounced CAT activity than roots, and consortium treatment had the greatest catalase activity.



[image: Figure 5]
FIGURE 5. Ascorbic peroxidase activity in chickpea: Ascorbic peroxidase activity was greater in the leaves than in the roots. The consortium treatment (B. safensis + P. stutzeri + S. xylosus) was shown to have enhanced ascorbic acid peroxidase activity.





DISCUSSION

1-aminocyclopropane-1-carboxylate deaminase activity is one of the critical growth-stimulating traits required under the stress in plants (Ahmad et al., 2011). ACC deaminase is a pyridoxal phosphate-dependent and inducible enzyme that breaks the ACC, an intermediate precursor for ethylene production in plants, into ammonia and α-ketoglutarate by opening the cyclopropane ring (Honma and Shimomura, 1978). The enzyme was first purified from the Pseudomonas spp. strain ACP (Klee et al., 1991) and size varies from 110 to 112 kDa; it is a trimetric enzyme with an approximate subunit mass of 36,500 Da. This enzyme activity can be observed in the pH range of 8.0–8.5 (Zhao et al., 2003). In this study, seven halophilic bacteria with high ACC deaminase activity (0.12–3.56 mM αKB mg−1 min−1) were used to assess the growth and yield promotion of chickpea under saline conditions. They were also reported to change the pH and EC of the rhizosphere, i.e., reduction of pH and EC were recorded as 12.31 and 17.96%, respectively, with the inoculation of B. safensis. The decrease in pH and EC of rhizosphere was maximum at 60 days in the microcosm experiment. Changes in pH and EC of rhizosphere were attributed to rhizodeposition, microbial, and plant acid production near the root zone (Guihua et al., 2018). Rhizosphere pH alteration under severe nutrient stress by dissolved organic acids from plant root exudates was well documented (Etesami et al., 2014). After 75 days of seeding, all of the treatments showed a modest and consistent increase in pH and EC. Facultative anaerobes produce several organic acids in soil, viz., fumaric, maleic, lactic, butyric, propionic, and citric acids [low-molecular-weight organic acids (LMWOAs)] and most of them are byproducts or products of the tricarboxylic acid (TCA) cycle (Takeno et al., 2007). These LMWOAs are more soluble in water and differ in their interaction of oxygen, carbon, and hydrogen elements. In this study, a change in color from green to yellow of soil solution with bromothymol blue was recorded, i.e., indicating a decrease in pH. Organic acids in soil solution typically range between 0 and 50 μM for di-/TCAs and from 0 to 1 μm for monocarboxylic acids (Strobel, 2001). There is an unimaginable thrust in the root zone for nutrients under saline conditions, since many soluble salts create a nutrient deficiency. N and P uptake of a plant depends on the physical and genetic factors; higher yielding genotypes uptake more amounts of N and P (Rao et al., 2002).

However, sufficient nutrient uptake (N and P) was observed in B. safensis-treated plants. Similarly, increased N and P uptake with the inoculation of Bacillus pumilus was noticed in wheat at 60 and 90 days when compared with control plants (Upadhyay and Singh, 2014). The phosphate solubilizers and Rhizobium application enhanced the nitrogen and phosphorus uptake of chickpea (Gangwar and Dubey, 2012). PGPR solubilizes and mobilizes the nutrients by producing organic acids and improving the water use efficiency and physiological and biochemical changes in plants (Mukherjee et al., 2019). oxalic acid (OA) solubilizes and mobilizes Fe, K, P, and Mg-containing minerals by forming a strong bond with mineral ions, transferring electrons, or breaking the oxygen links of the complex minerals (Uroz et al., 2009; Kang et al., 2014). They also play a crucial role in the carbon cycle and detoxification of heavy metals in the rhizosphere (Adeleke et al., 2017). PGPHB enhanced nutrient availability reflected in growth of chickpea, yield, individual inoculations of B. safensis and S. xylosus, increased plant height, root length, number of branches, number of flowers, number of pods, and grain yield when compared to control. B. safensis is positive for ACC deaminase, acid production, and a potential potassium releaser. S. xylosus also have zinc solubilization capacity at 10% NaCl concentration. Similarly, inoculation with B. safensis enhanced soybean and wheat growth. Salt stress significantly reduced the plant height in chickpea at higher salinity (Seyoum and Diriba, 2017). The decrease in shoot length was observed in the uninoculated control ascribed to the poor availability of water or increased NaCl concentration (Munns and James, 2003). Inoculation with Rhizobium enhanced the growth of chickpea up to 19% at 3.3–7.4 dS m−1 salinity. Root length was enhanced with the individual inoculations of B. safensis, S. xylosus, and P. stutzeri in the decreasing order. Inoculation of PGPR enhances the plant growth attributed to the biosynthesis and secretion of IAA near the root zone (Patten and Glick, 1996; Qin et al., 2016). Production of IAA by several PGPR bacteria enhances the root length and proliferation (Spaepen et al., 2007). However, the IAA concentration plays a key role, i.e., it can promote growth at low concentrations, whereas high concentration inhibits the development. Increased root length was attributed to the micronutrient availability (Subramaniam et al., 2016). Application of phosphorus increases the plant height, root nodules, number of branches, and dry matter accumulation. Significant yield enhancement was reported with the treatment of S. xylosus in chickpea. Exopolysaccharides production by S. xylosus enhanced soil aggregate formation in the presence of salts (Qurashi and Sabri, 2013). In turn, polysaccharides production enhances biofilm formation, enhancing the survivability of microorganisms in the salinity stress. Increased exopolysaccharide production and biofilm formation with an increase in salinity were evidenced in the isolates such as Halomonas variabilis and Planococcus rifietoensis. Accumulation of osmolytes, viz., proline, glycine, betaine, and choline in moderately halophilic bacteria B. subtilis and S. haemolyticus and their inoculation to chickpea enhance the growth under salinity stress (Qurashi and Sabri, 2013). Based on the microcosm study and previous findings, three (B. safensis, P. stutzeri, and S. xylosus) ACC deaminase positive were selected for the field study.

In this field study, consortium performed better than the individual inoculation and shoot length was significant with the coinoculation of B. safensis, P. stutzeri, and S. xylosus at 30, 60 days, and harvest. Root length was maximum at harvest with the earlier treatment. Seed inoculation with Bacillus spp. increased the shoot and root growth of chickpea by excluding the considerable amounts of Na+ ions out of the cell (Munns and Tester, 2008). The decrease in root length was observed in control; nonavailability of nutrients and carbon for growth might hamper the growth (Cheesman, 1988). In saline soils, the preponderance of nonessential elements makes the essential elements unavailable (Fageria et al., 2011). The nitrogen uptake can be enhanced by dressing fertilization in chickpea (Ahmet et al., 2018). Inoculation with Bacillus spp. enhanced the plant growth by increased P uptake. Nutrient uptake (N and P) was observed maximum with the coinoculation of B. safensis, P. stutzeri, and S. xylosus; the release of fixed minerals by microbial and plant-produced organic acids might enhance nutrient uptake under salinity stress (Toro et al., 1997). Halophilic bacteria deploy the siderophores, which will scavenge the iron and few other micronutrients (Zn, Ca, Cu, Mn, and Mg) required for the growth of plant (Sathya et al., 2017), which improves the plant growth considerably. Fresh weight and dry weight were significantly enhanced under salinity with the coinoculation of B. safensis, P. stutzeri, S. xylosus, and monoinoculation of B. safensis. Solubilization of insoluble phosphorus and IAA production by B. safensis might enhance the fresh and dry weight of chickpea.

In addition, increased water availability and nutrient content under salinity conditions promoted the fresh weight of chickpea (Subramaniam et al., 2016). An increase in the fresh weight of wheat and soybean was also observed. Reduction of dry weight was inconspicuous under low salt stress, whereas it was observed at higher salinity; negative results were also reported at 200 mM NaCl concentration (Sathya et al., 2017).

Control (4 dS m−1) showed a significantly smaller number of flowers. Salinity severely reduces the number of flowers; Na+ ions adverse effects were observed (Yousef et al., 2008). Similarly, progressive reduction in the number of flowers with increased salinity in desi chickpea due to the suppression of growth at higher salinity during early developmental stages. This study noticed the flowering delay, which may occur differently with increased salinity in different cultivars. The number of flowers was maximum in coinoculated treatment. However, increased numbers can also be found in resistant cultivars than susceptible cultivars of chickpea (Dhingra and Varghese, 1993). The number of flowers and the number of pods were coherently affiliated with each other. Salinity stress decreased the number of pods in desi cultivars that was more pronounced than kabuli type (Neera and Ranju, 2006).

In contrast to the microcosm experiment, nodulation was observed under field conditions and native Rhizobium spp. induced nodulation. Under nonsaline conditions, three times, a more significant number of nodules was found over saline soils (Rao et al., 2002). In contrast, nodulation does not affect chickpea by salinity. The selection of efficient nodulating plants showed more nodules per plant (Rao et al., 2002). Sterilized soil was utilized to fill in the pots; moreover, no Rhizobium inoculation was made throughout the investigation, attributed to a lack of nodulation.

Conversely, nodulation was observed in the field study, which may be attributed to promoting native Rhizobium spp. by the consortium. Increased nodulation was marked with the inoculation of PGP bacteria in chickpea (Subramaniam et al., 2016). The dry weight of nodules was enhanced by the coinoculation of Azospirillum spp., Azotobacter chroococum, Mesorhizobium ciceri, and Pseudomonas fluorescens (Asad and Vafa, 2011). Seed bacterization using Bacillus spp. enhances the plant growth and yield in different crops, viz., canola (Bertrand et al., 2001), soybean (Halverson and Handelsman, 1991), and pigeon pea (Podile, 1995). This study suggests that ACC deaminase-positive fermentative halophilic bacterial consortium application enhances plant growth and yield under saline conditions. However, further study is necessary to understand the critical genes involved in regulating plant stress and metabolism.
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Potassium fertilization is often ignored by assuming alluvial soils have sufficient K reserves in the North West Plain Zone of India under cereal-based cropping systems. There is scanty information on the impact of integrated K fertilization on soil enzymes, nutrients availability, microbial population, and wheat yield cultivated in the corn–wheat cropping system. The current study exhibits that treatment (T7) applied with a dose of 90 kg K ha−1 [30 kg K by farmyard manure (FYM) and 60 kg K by muriate of potash (MOP)] significantly enhances the various microbial populations from 48.00 to 123.10% and 39.00 to 124.00%, soil enzymatic activities from 70.31 to 180.00% and 102.42 to 175.68%, and available nutrients from 2.43 to 8.44% and 14.79 to 22.87% for the first and second years of wheat cultivation, respectively. It also improved various yield parameters (12.39–41.71% and 18.24–41.14%) during both the consecutive years of cultivation. Statistical analyses revealed that the treatments (T4, T5, and T7) applied with integrated fertilization of wheat cultivation through FYM and MOP were more promising for improving soil enzymatic activities (11.59–57.22%), microbial populations (5.14–15.70%), available nutrients in soil (7.60–16.54%), and crop yield (1.06–5.85%) during the second year of cultivation as compared to the first year of cultivation. This study might be helpful to reclaim soil health and reduce chemical fertilizers used in agricultural lands.
Keywords: farmyard manure, functional activities, microbial population count, soil enzymatic activities, integrated fertilization approach, yield, wheat
INTRODUCTION
Soil is home to different kinds of microbes and enzymes. The activities and functions of these microbes and soil enzymes are dependent on soil pH, soil temperature, soil organic matter, cropping system, crop management factors, soil amendments, and conditioners. Soil microbial population and enzymatic activities are a key driving force that helps in degeneration and management of exogenic plant material and anthropogenic depositions, conversion of organic matter, and progression and conservation of the soil structure (Canarutto et al., 1995; Bandick and Dick, 1999). The function of the secondary trophic levels mainly relies on the energy prevalent through primary organic matter decomposer soils. Subsequently, this functional process contributes a significant role in the cycling of nutrients and favor to plant life (Clarholm and Rosengren-Brinck, 1995; Balota et al., 2003). The enzymatic activities and soil microbial populations preserve soil health and fertility by imparting alterations through their biochemical procedures (Nannipieri et al., 2003; Okore et al., 2012).
In India, post green revolution, intensive agriculture replaced subsistence farming. New cropping systems and farming systems were tested and have evolved across the country. In these cropping systems, rice–wheat systems and corn–wheat systems occupy a major part. Wheat is generally cultivated in the winter season due to its climatic requirements. Wheat is the essential cereal crop that fulfils the feed, food, fodder, and industrial needs globally. It is often cultivated in the alluvial soils of northwestern India (Luan et al., 2016). The corn–wheat cropping is extremely rigorous concerning about the removal of nutrients from the soil.
Under an intensive cropping system, farmers are utilizing especially nitrogen (N) and phosphorus (P) fertilizer in an uncontrolled and imbalanced manner, which results in creating a negative potassium (K) nutrient balance in the soil. High removal of K by the crop compared to the amount of K applied in the soil by farmers, and an imbalanced application of the NPK fertilizer leads to a huge amount of K excavation and insufficiency in soils and crops (Yousaf et al., 2017; Li et al., 2019). The input–output proportions of K in India showed negative K proportions (in 10,000 tonnes) among most of the states such as Haryana (−346), Uttar Pradesh (−931), and Punjab (−577). They also reported that less application of K contributes to nutrient excavation from the soil, which leads to depletion of soil fertility and may significantly limit crop yields in the future (Dutta et al., 2013; Dwevedi et al., 2017; Rajawat et al., 2020). Farmyard manure (FYM) is a decomposed mixture of dung, urine, litter, and leftover materials from roughages and fodder fed to animals. A well-decomposed FYM contains 0.5–1.5% N, 0.2–0.4% P2O5, and 0.5–1.0% K2O. FYM is a good source of organic carbon, which activates the biotic life of the soil flora and fauna. Ghoshal and Singh (1995) found an increase in soil microbial biomass carbon, nitrogen, and phosphorous in the soil applied with FYM. Using long-term experiments, Kaur and Benipal (2006) reported an increase in different forms of K when FYM was applied in the soil. A study was carried out by collecting surface soil (depth 0–15 cm) and foliar samples of various crops such as cotton, sugarcane, wheat, and rice crops intensively grown by farmers in the fields of India during 2004 and 2005 and reported widespread deficiency K in the soils and crops (Singh and Bansal, 2009). Similarly, based on the Soil Health Card database derived from eight districts of different agroclimatic zones of India, most of the districts' average plant-available K status (kg K2O ha−1) was medium to low in their K status (Patra et al., 2017).
Potassium is the most crucial macronutrient for plant development and crop yield. Many crops take up a substantial quantity of K through their roots from the soil (Steingrobe and Claassen, 2000). Potassium contributes a vital role for antagonistic and synergistic interactions with other nutrients (Dibb and Thompson, 1985). Potassium amends root development, increases tolerance to drought, increases nutrient assimilation and translocation, produces starch and protein–enriched grain, and decreases crop lodging and diseases (Dobermann, 2001; Polara et al., 2009; Nejad et al., 2010).
The current study was carried out to understand the influence of integrated K fertilization through FYM and muriate of potash (MOP) on soil microbial populations (bacterial population, K-solubilizing bacteria, P-solubilizing bacteria, actinomycetes, and cellulose-degrading bacteria), soil enzyme activities (dehydrogenase, fluorescein diacetate (FDA), β-glucosidase, and acid and alkaline phosphatase), available nutrients (nitrogen, phosphorus, and potassium), and yield parameters of wheat crop (grain, straw, and biological) in farm field condition under the corn–wheat cropping system. This study might be beneficial to contribute to soil reclamation and improve crop productivity with low input cost value for sustainable agriculture.
MATERIALS AND METHODS
Experimental Site
The field trials were performed in wheat during the winter season and in corn during the rainy season in the first and second years at the farm field of ICAR-Indian Agricultural Research Institute, New Delhi (India) (28.35 N, 77.12 E). During the cultivation period in the first and second years of corn cultivation, the maximum and minimum temperatures ranged between 38.5°C and 19.8°C, and 38.2°C and 22.0°C, respectively. In the first year, the daily maximum and minimum temperatures during the period of wheat cultivation were 35.4 C and 2.0°C, whereas in the second year, these were 0 and 39.0°C, respectively. The wheat crop encountered 65.6 mm of rainfall, having 11 rainy days in the first year, and 40.8 mm of rainfall, having 4 rainy days in the second year.
The soils from experimental fields were characterized as sandy loam, and the characteristics are as follows: EC, 0.43 ± 0.02 dS m−1; pH, 8.0 ± 0.2; available N, 173.30 ± 8.45 kg ha−1; available K, 261.00 ± 12.40 kg ha−1; organic carbon, 0.40 ± 0.03% (w/w); and available P, 13.80 ± 0.72 kg ha−1. The field study was performed at fixed sites in a randomized block design in triplicates and seven treatments. Different treatments designed for corn (C) during the rainy season and wheat (W) during the winter season are given in Table 1. Recommended doses of nitrogen (120 kg N ha−1) and phosphorus (26 kg P ha−1) were used for wheat by introducing chemical fertilizers—urea and diammonium phosphate, respectively. The full dose of potassium (K) and phosphorus (P) was employed as basal, whereas nitrogen (50 kg N ha−1) was employed as basal, and the rest 100 kg N ha−1 was employed in equal split doses after 30 and 60 days of sowing (Nejad et al., 2010). FYM and MOP were employed as the sources of K. The recommended dose for wheat was applied—120 kg N ha−1 and 26 kg P ha−1 through urea and diammonium phosphate (DAP), respectively. FYM was examined for N, P, and K content that showed 5.46 ± 0.13 g N kg−1, 4.32 ± 0.09 g P kg−1, and 5.51 ± 0.17 g K kg−1 for the first year and 6.34 ± 0.17 g N kg−1, 4.23 ± 0.07 g P kg−1, and 4.43 ± 0.11 g K kg−1 for the second year in field, respectively, where FYM was applied as a source of fertilizer. The quantity of N, P, and K employed by urea, DAP, and FYM was maintained among treatments for maintaining the recommended doses of N, P, and K according to the designed experiments. The final quantity of N, P, and K was introduced in the field during corn and wheat crop cultivation, as mentioned in Table 1. The corn hybrid variety “PEHM2” (CM137 × CM138) was selected for the present study and sown with a seed rate of 20 kg seed ha−1 and spacing at 60 × 20 cm maintained. The wheat variety “HD 2967” was used in this study with a seed rate of 100 kg seed per hactare and maintained the spacing at 22.50 × 5.00 cm. The wheat variety “HD 2967” tolerant to rust, with a moderate level of tolerance to the Ug99 race of stem rust, was used for the present study.
TABLE 1 | Experimental design of different treatments using FYM for integrated potassium fertilization under the corn–wheat cropping system.
[image: Table 1]Estimation of Effect of Integrated Fertilization on Soil Parameters
Analysis of Microbial Population Count
The soil samples were collected from the rhizospheric regions of the root at crop maturity to examine the influence of integrated potassium application on microbial populations and enzymatic activities. The microbial population count was performed through serial dilution followed by spreading on respective agar plates. We analyzed the total bacterial population, P-solubilizing bacteria, actinomycetes, K-solubilizing bacteria, and cellulose-degrading bacteria using nutrient agar, Pikovskaya agar, Kenknight and Munaier's agar, Aleksandrov medium, and carboxymethyl cellulose agar media, respectively.
Analysis of Soil Enzymatic Activities
FDA and dehydrogenase activities were performed by following the method of Green et al. (2006) and Klein et al. (1971), respectively. We analyzed the alkaline and acid phosphatase activities using the standard spectrophotometric method (Tabatabai and Bremner, 1969). The β-glucosidase activity was analyzed using the standard spectrophotometric method (Eivazi and Tabatabai, 1988).
Analysis of Available Nutrients
Soil samples were collected from each plot of the experimental field, mixed, air dried, sieved, and analyzed for the amount of available N using the alkaline KMnO4 method (Subbaiah, 1956), 0.5 N sodium-bicarbonate– extractable P (Olsen, 1954), and 1.0 N Ammonium Acetate-extractable K (Jackson, 1973).
Estimation of Effect of Integrated Fertilization on Yield of Wheat
Wheat harvesting was done manually in an area of 4.5 m2 from the center point of each plot. The dry weight of grains and stems was calculated individually. The straw and grain yield were analyzed by calculating the weight of the dried plant and further converted into tons per hectare.
Estimation of Cumulative Response of Integrated K Fertilization
The cumulative response of integrated K fertilization on soil health and wheat yield was estimated by the analysis of interactions among the various parameters (microbial population count, soil enzymatic activities, nutrients availability, and yield of wheat) and treatments studied. The statistical analysis was carried out using the data for each year separately and also analyzing the overall effect of integrated K-fertilization by using the data of both years of wheat cultivation.
Statistical Analysis
The obtained results were analyzed by employing the analysis of variance (ANOVA) technique for randomized block design (Gomez and Gomez, 1984). The least significant difference among the triplicates at p ≤ 0.05 probability was calculated and shown as error bars. The principal component analysis and scatter plot matrix were performed through Origin Pro 9.0 software, OriginLab Corporation, United States. The heat map for the expression of various activities among treatments was prepared through Graphpad Prism 7.0 software, San Diego, California.
RESULTS
Microbial Population Count
Bacterial Population
The maximum bacterial population count was recorded as 1.03 × 108 and 1.15 × 108 cfu g soil−1 in treatment T7 during the first and second years of cultivation, respectively. Treatments T4 (0.99 × 108 cfu g soil−1) and T5 (0.95 × 106 cfu g soil−1) were recorded on a par with each other and had a higher bacterial population count than the other treatments during the first year of cultivation. Treatment T1 was recorded the least for the bacterial population count in the first (0.48 × 108 cfu g soil−1) and second (0.52 × 108 cfu g soil−1) years of cultivation; while in the second year of cultivation, treatment T5 was recorded as the second most promising treatment for the bacterial population count (1.0 × 108 cfu g soil−1), followed by T4 (0.94 × 108 cfu g soil−1), T2 (0.86 × 108 cfu g soil−1), and T6 (0.79 × 108 cfu g soil−1). In this study, the bacterial population count was significantly improved through integrated fertilization of K in the combination of MOP and FYM among the treatments T4 (106.25 and 80.80%), T5 (97.92 and 92.30%), and T7 (114.58 and 121.20%) as compared to treatment T1 during the first and second years of wheat cultivation, respectively (Figure 1A).
[image: Figure 1]FIGURE 1 | Effect of integrated K application on microbial population count among treatments: bacterial population (A); P-solubilizing bacteria (B); actinomycetes (C); cellulose-degrading bacteria (D); and K-solubilizing bacteria (E).
P-Solubilizing Bacteria
The population of P-solubilizing bacteria was recorded as the highest (0.46 × 104 and 0.44 × 104 cfu g soil−1) in treatment T7 during the first and second years of cultivation, respectively; while treatments T4 (0.41 × 104 and 0.39 × 104 cfu g soil−1) and T5 (0.41 × 104 and 0.41 × 104 cfu g soil−1) were recorded on a par with each other during the first and second years of cultivation and improved the colonization of P-solubilizing bacteria in rhizospheric soil in comparison to other treatments, respectively. The least P-solubilizing bacterial count was recorded in treatment T1 during the first (0.25 × 104 cfu g soil−1) and second (0.27 × 104 cfu g soil−1) years of cultivation. Treatments T4 (0.41 × 104 and 0.39 × 104 cfu g soil−1) and T5 (0.41 × 104 and 0.41 × 104 cfu g soil−1) were jointly the second most effective treatment for improving P-solubilizing bacterial count followed by T6 (0.36 × 104 and 0.33 × 104 cfu g soil−1) and T2 (0.36 × 104 and 0.34 × 104 cfu g soil−1) during both the years of wheat cultivation, respectively. In this study, the P-solubilizing bacterial count was significantly improved through integrated fertilization of K in the combination of MOP and FYM among treatments T4 (64.00 and 44.00%), T5 (64.00 and 52.00%), and T7 (84.00 and 63.00%) as compared to treatment T1 during the first and second years of wheat cultivation, respectively (Figure 1B).
Actinomycetes
The population count of actinomycetes was recorded maximum (0.69 × 104 and 0.72 × 104 cfu g soil−1) in treatment T7 during the first and second years of cultivation, respectively. In the first year of wheat cultivation, treatment T4 (0.60 × 104 cfu g soil−1) was recorded as the second most effective as compared to T1 (0.60 × 104 cfu g soil−1), followed by T5 (0.56 × 104 cfu g soil−1), T2 (0.51 × 104 cfu g soil−1), and T6 (0.48 × 104 cfu g soil−1); while in the second year of cultivation, treatments T4 (0.62 × 104 cfu g soil−1) and T5 (0.65 × 104 cfu g soil−1) were recorded on a par with each other and had no significant differences. The least actinomycetes population was recorded in treatment T1 (0.35 × 104 and 0.37 × 104 cfu g soil−1) in the first and second years of cultivation, respectively. In this study, the population count of actinomycetes was significantly improved through integrated fertilization of K in the combination of MOP and FYM among the treatments T4 (71.43 and 67.60%), T5 (60.0 and 75.70%), and T7 (97.14 and 94.60%) as compared to treatment T1 during the first and second years of wheat cultivation, respectively (Figure 1C).
Cellulose-Degrading Bacteria
In the first year of wheat cultivation, the population of cellulose-degrading bacteria was recorded the maximum in treatment T7 (1.16 × 104 cfu g soil−1) and T4 (1.11 × 104 cfu g soil−1) followed by T5 (1.07 × 104 cfu g soil−1), T2 (0.92 × 104 cfu g soil−1), and T6 (0.85 × 104 cfu g soil−1); while during the second year of cultivation, treatment T7 was recorded as the maximum population of cellulose-degrading bacteria (1.23 × 104 cfu g soil−1). The population of cellulose-degrading bacteria in treatments T4 (1.15 × 104 cfu g soil−1) and T5 (1.16 × 104 cfu g soil−1) was on a par with each other. The least population of cellulose-degrading bacteria was recorded in treatment T1 (0.52 × 104 and 0.55 × 104 cfu g soil−1, respectively) during the first and second years of wheat cultivation. In this study, the population count of cellulose-degrading bacteria was significantly increased through integrated fertilization of K in the combination of MOP and FYM among treatments T4 (113.50 and 109.10%), T5 (105.80 and 110.90%), and T7 (123.10 and 123.60%) as compared to treatment T1 during the first and second years of wheat cultivation, respectively (Figure 1D).
K-Solubilizing Bacteria
The highest population of K-solubilizing bacteria was recorded in treatments T7 (0.43 × 104 cfu g soil−1 for each), T4 (0.41 × 104 and 0.42 × 104 cfu g soil−1), and T5 (0.42 × 104 and 0.41 × 104 cfu g soil−1) during the first and second years of wheat cultivation, respectively. The least population of K-solubilizing bacteria was recorded in treatments T1 (0.29 × 104 cfu g soil−1) and T3 (0.30 × 104 cfu g soil−1) during the first and second years of cultivation, respectively. In this study, the population count of K-solubilizing bacteria was significantly increased through integrated fertilization of K in the combination of MOP and FYM among treatments T4 (41 and 35%), T5 (45 and 32%), and T7 (48 and 39%) as compared to treatment T1 during the first and second years of wheat cultivation, respectively (Figure 1E).
Soil Enzymatic Activities
Soil Dehydrogenase
The soil dehydrogenase activity was recorded the maximum in treatment T7 (142.0 ± 7.1 and 167.0 ± 8.35 μg TPF g soil−1 d−1), followed by T4 (128.0 ± 6.4 and 152.0 ± 7.6 μg TPF g soil−1 d−1) and T5 (129.0 ± 6.45 and 152.0 ± 7.6 μg TPF g soil−1 d−1) during the first and second years of cultivation, respectively. The least dehydrogenase activity was recorded in treatments T1 (65.0 ± 3.25 and 72.0 ± 3.6 μg TPF g soil−1 d−1) and T3 (75.0 ± 3.75 and 83.0 ± 4.15 μg TPF g soil−1 d−1) during the first and second years of cultivation, respectively. In this study, dehydrogenase activity was significantly improved through integrated fertilization of K in the combination of MOP and FYM among treatments T4 (96.92 and 111.11%), T5 (98.46 and 111.11%), and T7 (118.46 and 131.94%) as compared to treatment T1 during the first and second years of cultivation, respectively (Figure 2A).
[image: Figure 2]FIGURE 2 | Effect of integrated K application on soil enzymatic activities among treatments: dehydrogenase activity (A); FDA activity (B); beta-glucosidase activity (C); acid phosphatase activity (E); and alkaline phosphatase activity (E).
FDA
The soil FDA activity was recorded the maximum in treatment T7 (9.5 ± 0.48 μg fluorescein g soil−1 h−1) followed by T4 (7.4 ± 0.37 μg fluorescein g soil−1 h−1), T5 (7.3 ± 0.36 μg fluorescein g soil−1 h−1), and T2 (6.6 ± 0.33 μg fluorescein g soil−1 h−1) during the first year of wheat cultivation. Treatment T7 (9.6 ± 0.48 μg fluorescein g soil−1 h−1), T5 (9.4 ± 0.47 μg fluorescein g soil−1 h−1), and T4 (9.3 ± 0.46 μg fluorescein g soil−1 h−1) were recorded for the maximum FDA activity during the second year of wheat cultivation. In this study, the FDA activity was significantly increased through integrated fertilization of K in the combination of MOP and FYM among treatments T4 (100.00 and 132.50%), T5 (97.30 and 135.00%), and T7 (156.76 and 140.00%) as compared to treatment T1 during the first and second years of cultivation, respectively (Figure 2B).
β-Glucosidase
The β-glucosidase activity was recorded the maximum in treatment T7 (9.8 ± 0.49 and 10.2 ± 0.51 µg PNP g soil−1 h−1), followed by T5 (6.7 ± 0.34 and 9.2 ± 0.46 µg PNP g soil−1 h−1), T4 (6.9 ± 0.35 and 8.9 ± 0.45 µg PNP g soil−1 h−1), and T2 (5.9 ± 0.30 and 7.7 ± 0.39 µg PNP g soil−1 h−1) during the first and second years of wheat cultivation, respectively. In this study, the β-glucosidase activity was significantly increased through integrated fertilization of K in the combination of MOP and FYM among the treatments T4 (97.14 and 140.54%), T5 (91.43 and 148.65%), and T7 (180.00 and 175.68%) as compared to treatment T1 during the first and second years of cultivation, respectively (Figure 2C).
Acid Phosphatase
The acid phosphatase activity was recorded the maximum in treatment T7 (43.6 ± 2.18 and 41.9 ± 2.10 µg PNP g soil−1 h−1), followed by T4 (36.8 ± 1.84 and 37.6 ± 1.88 µg PNP g soil−1 h−1), T5 (37.0 ± 1.85 and 36.2 ± 1.81 µg PNP g soil−1 h−1), T2 (33.3 ± 1.68 and 33.6 ± 1.66 µg PNP g soil−1 h−1), and T6 (32.8 ± 1.67 and 33.4 ± 1.64 µg PNP g soil−1 h−1) during the first and second years of wheat cultivation, respectively. The ANOVA showed that the acid phosphatase activity was significantly increased through integrated fertilization of K in the combination of MOP and FYM among treatments T4 (43.75 and 81.64%), T5 (44.53 and 74.88%), and T7 (70.31 and 102.42%) as compared to treatment T1 during the first and second years of cultivation, respectively (Figure 2D).
Alkaline Phosphatase
The alkaline phosphatase activity was recorded the maximum in treatment T7 (119.0 ± 5.95 and 148.0 ± 7.40 µg PNP g soil−1 h−1), followed by T5 (105.0 ± 5.25 and 123.0 ± 6.15 µg PNP g soil−1 h−1), T4 (109.0 ± 5.45 and 119.0 ± 5.95 µg PNP g soil−1 h−1), T2 (94.0 ± 4.7 and 106.0 ± 5.3 µg PNP g soil−1 h−1), and T6 (87.0 ± 4.35 and 98.0 ± 4.9 µg PNP g soil−1 h−1) during the first and second years of wheat cultivation, respectively. In this study, the alkaline phosphatase activity was significantly increased through integrated fertilization of K in the combination of MOP and FYM among the treatments T4 (73.02 and 72.46%), T5 (66.67 and 78.26%), and T7 (88.89 and 114.49%) as compared to treatment T1 during the first and second years of cultivation, respectively (Figure 2E).
Nutrients Availability in Soil
Available Nitrogen
During the first year of wheat cultivation, the availability of nitrogen through integrated fertilization of K among treatments T2 (177.90 ± 8.90 kg N ha−1), T3 (175.20 ± 8.76 kg N ha−1), T4 (174.30 ± 8.72 kg N ha−1), and T5 (175.40 ± 8.8.77 kg N ha−1) was recorded higher than treatment T1 (163.50 ± 8.18 kg N ha−1) and had no significant differences with each other. But, treatment T7 (167.50 ± 8.38 kg N ha−1) had no significant increment of available N compared to treatment T1. During the second year of wheat cultivation, a similar trend for enhancement of available N was recorded among the treatments and enhanced availability of N in treatment T7 (173.60 ± 8.68 kg N ha−1) compared to T1 (151.20 ± 7.56 kg N ha−1). In this study, we observed that the enhancement of available N was significantly higher during the second year of cultivation than in the first year of cultivation. The amount of available nitrogen declined in the second year compared to the first year of wheat cultivation. In this study, available N was significantly increased through integrated fertilization of K in the combination of MOP and FYM among treatments T4 (6.60 and 17.79%), T5 (7.24 and 19.20%), and T7 (2.43 and 14.79%) as compared to treatment T1 during the first and second years of cultivation, respectively (Figure 3A).
[image: Figure 3]FIGURE 3 | Effect of integrated K application on nutrients availability in soil among treatments: available N (A), available P (B), and available K (C).
Available Phosphorus
The amount of available P in soil was recorded the maximum in treatment T2 (14.80 ± 0.74 kg P ha−1), followed by treatment T5 (14.70 ± 0.73 kg P ha−1), T4 (14.40 ± 0.72 kg P ha−1), T6 (14.50 ± 0.72 kg P ha−1), and T7 (14.30 ± 0.71 kg P ha−1) during the first year of wheat cultivation. But there was no significance with each other. Integrated fertilization in the combination of MOP and FYM (T4, T5, and T7) showed a significant difference compared to treatment T1 (13.30 ± 0.67 kg P ha−1). Besides, during the second year of wheat cultivation, the highest amount of available phosphorus was recorded in treatment T2 (15.70 ± 0.78 kg P ha−1), followed by treatments T5 (15.60 ± 0.78 kg P ha−1), T4 (15.30 ± 0.76 kg P ha−1), T6 (14.90 ± 0.74 kg P ha−1), and T7 (14.50 ± 0.72 kg P ha−1). In the current study, the amount of available phosphorus declined in the second year compared to the first year of wheat cultivation. But we observed that the enhancement of available phosphorus was significantly higher during the second year of cultivation than in the first year of cultivation. In this study, available phosphorus was significantly increased through integrated fertilization of K in the combination of MOP and FYM among treatments T4 (8.79 and 21.75%), T5 (10.80 and 23.87%), and T7 (7.79 and 15.38%) as compared to treatment T1 during the first and second years of cultivation, respectively (Figure 3B).
Available Potassium
Available K in soil was recorded the maximum in treatment T3 (248.30 ± 12.42 kg K ha−1), followed by treatment T2 (242.30 ± 12.12 kg K ha−1), T5 (227.10 ± 11.36 kg K ha−1), T6 (222.00 ± 11.10 kg K ha−1), and T7 (210.00 ± 10.50 kg K ha−1) during the first year of wheat cultivation. During the second year of wheat cultivation, the available K was recorded significantly the highest in treatment T3 (227.00 ± 11.35 kg K ha−1), followed by treatment T2 (213.00 ± 10.65 kg K ha−1), T5 (202.90 ± 10.15 kg K ha−1), and T4 (191.40 ± 9.57 kg K ha−1). Treatments T4 and T6 did not show significant differences from each other. In the current study, the amount of available K declined in the second year compared to the first year of wheat cultivation. But we observed that the enhancement of available K was significantly higher during the second year of cultivation than in the first year of cultivation. In this study, available K was significantly increased through integrated fertilization of K in the combination of MOP and FYM among treatments T4 (9.02 and 25.56%), T5 (17.23 and 33.06%), and T7 (8.44 and 22.87%) as compared to treatment T1 during the first and second years of cultivation, respectively (Figure 3C).
Influence of Integrated Potassium Fertilization on Yield of Wheat
Grain Yield
The grain yield of wheat was recorded the maximum in treatment T7 (5.39 ± 0.27 and 5.49 ± 0.27 t ha−1), followed by T5 (5.05 ± 0.25 and 5.16 ± 0.26 t ha−1), T4 (5.15 ± 0.26 and 5.25 ± 0.26 t ha−1), and T2 (4.94 ± 0.25 and 5.05 ± 0.25 t ha−1) during the first and second years of wheat cultivation, respectively. But in the first and second years of wheat cultivation, treatments T5, T4, and T2 did not show significant differences with each other. The least grain yield of wheat was recorded in treatment T1 (5.39 ± 0.27 and 5.39 ± 0.27 t ha−1) during both years of cultivation. Among the treatments, the grain yield of wheat was higher in the second year of cultivation than in the first year of cultivation. In this study, the grain yield of wheat was significantly increased through integrated fertilization of K in the combination of MOP and FYM among treatments T4 (35.48 and 35.05%), T5 (32.94 and 32.76%), and T7 (41.71 and 41.14%) as compared to treatment T1 during the first and second years of cultivation, respectively (Figure 4A).
[image: Figure 4]FIGURE 4 | Effect of integrated K application on various yield parameters among treatments: grain yield (A), straw yield (B), and biological yield (C).
Straw Yield
The straw yield of wheat was recorded the maximum in treatment T7 (8.20 ± 0.41 and 8.98 ± 0.45 t ha−1), followed by T5 (8.14 ± 0.41 and 8.77 ± 0.44 t ha−1), T4 (8.18 ± 0.41 and 8.66 ± 0.43 t ha−1), and T2 (8.13 ± 0.41 and 8.53 ± 0.43 t ha−1) during the first and second years of wheat cultivation, respectively. But in the first and second years of wheat cultivation, there was no significant difference with each other among the treatments. Low straw yield of wheat was recorded in treatment T1 (7.30 ± 0.37 and 7.59 ± 0.38 t ha−1) during both years of cultivation. Among the treatments, the straw yield of wheat was higher in the second year of cultivation than in the first year of cultivation. In this study, the straw yield of wheat was significantly increased through integrated fertilization of K in the combination of MOP and FYM among treatments T4 (12.09 and 14.05%), T5 (11.57 and 15.51%), and T7 (12.39 and 18.24%) as compared to treatment T1 during the first and second years of cultivation, respectively (Figure 4B).
Biological Yield
The biological yield of wheat was recorded the maximum in treatment T7 (13.59 ± 0.68 t ha−1), followed by T5 (13.19 ± 0.66 t ha−1), T4 (13.33 ± 0.67 t ha−1), and T2 (13.07 ± 0.65 t ha−1) during the first year of cultivation. But, treatments T5, T4, T2, and T6 did not show significant differences with each other. Besides, the biological yield of wheat during the second year of cultivation was recorded the maximum in treatment T7 (14.47 ± 0.72 t ha−1), followed by T5 (13.93 ± 0.70 t ha−1), T4 (13.91 ± 0.70 t ha−1), and T2 (13.58 ± 0.68 t ha−1). Although treatments T7, T5, and T4 did not show significant differences with each other. The least biological yield of wheat was recorded in treatment T1 during both years of cultivation. Among the treatments, the biological yield of wheat was higher in the second year of cultivation than in the first year of cultivation. In this study, the biological yield of wheat was significantly increased through integrated fertilization of K in the combination of MOP and FYM among the treatments T4 (13.33 and 21.16%), T5 (13.19 and 21.35%), and T7 (13.59 and 26.00%) as compared to treatment T1 during the first and second years of cultivation, respectively (Figure 4C).
Response of Integrated K Fertilization on Soil Health and Yield of Wheat
First Year of Cultivation
The response of integrated K fertilization among the treatments and various parameters were analyzed through the principal component analysis and scatter plot matrix. The statistical analysis showed that data for the first year of cultivation possess two significant principal components, PC1 and PC2. Among them, PC1 showed a 97.80% level of variance and was more effective than PC2 that showed a 2.05% level of variance (Figure 5A). In the biplot graph, treatments were grouped into two clusters. The grouping among treatments strictly showed that the treatments (T7, T4, and T5) employed with FYM (cluster I) and treatments (T1, T2, T3, and T6) employed without FYM (cluster II) were found as separate clusters in the first year of wheat cultivation. The details of both clusters are: cluster I [K0(C)–MOP30 + FYM30 (W), MOP60 (C)–MOP30 + FYM30 (W), and K0 (C)–MOP60 + FYM30 (W)] and cluster II [K0 (C)–K0 (W), MOP30 + FYM30(C)–MOP60(W), MOP60 + FYM30(C)–K0(W), and MOP60 (C)–MOP60 (W)]. Although, cluster I was positively correlated with PC1 and negatively correlated with PC2, cluster II was positively correlated with both the principal components PC1 and PC2. However, various parameters were grouped into four clusters. The details of the obtained clusters are: cluster I (available N and available K); cluster II (alkaline phosphatase, dehydrogenase, bacterial population, and cellulose-degrading bacteria); cluster III (actinomycetes); and cluster IV (acid phosphatase, K-solubilizing bacteria, phosphate-solubilizing bacteria, beta-glucosidase, FDA, available phosphorus, grain yield, straw yield, and biological yield). Cluster I and cluster II were positively correlated with PC1, while cluster I showed a positive correlation with PC2 and cluster II was negatively correlated with PC2. Cluster III showed a negative correlation with both PC1 and PC2. Cluster IV showed a negative correlation with PC1 and a positive correlation with PC2. Moreover, integrated fertilization of K through FYM along with MOP contributed to significantly improve the available K, available N, alkaline phosphatase, bacterial population, dehydrogenase activity, and population of cellulose-degrading bacteria (Figure 5A). The scatter plot matrix for the first year of cultivation showed that the treatments applied with FYM along with MOP (T7, T4, and T5) and the various parameters (microbial population count, soil enzymatic activities, available nutrients in soil, and yield of wheat) showed strict regression coefficient (r2) > 0.98. Based on the response on various parameters, the regression coefficient between the treatments applied with MOP and FYM were 0.99 (T7 and T4), 0.98 (T7 and T5), and 0.99 (T4 and T5), while the regression coefficient (r2) among the treatments applied without MOP and FYM varied from 0.83 to 0.98. Moreover, the regression coefficients (r2) among the treatments applied with MOP only were less than treatments used with MOP and FYM (Figure 5B). The integrated K-fertilization through MOP and FYM showed significant improvement among various parameters (microbial population count, soil enzymatic activities, available nutrients in soil, and wheat yield). The scatter plot matrix analysis revealed that integrated K fertilization applied with MOP and FYM was more promising to improve soil health and agricultural productivity than fertilization through MOP only or without MOP and FYM.
[image: Figure 5]FIGURE 5 | (A) Principal component analysis among various parameters and treatments in the first year of wheat cultivation. (B) Scatter plot matrix and regression analysis among various parameters and treatments in the first year of wheat cultivation.
Second Year of Cultivation
The effect of integrated K fertilization among the treatments and various parameters was further analyzed for the second year of cultivation through the principal component analysis and scatter plot matrix. The statistical analysis showed that there were two significant principal components, PC1 and PC2. PC1 showed a 97.20% level of variance and was more significant than PC2 that showed a 2.46% level of variance (Figure 6A). In the biplot graph, treatments were grouped into two clusters. The grouping among treatments strictly showed that the treatments employed with FYM except for treatment T6 (cluster I) and treatments employed without FYM (cluster II) were found as separate clusters. The details of the clusters are: cluster I [MOP60 (C)–MOP60 (W), K0(C)–MOP30 + FYM30 (W), MOP60 (C)–MOP30 + FYM30 (W), and K0 (C)–MOP60 + FYM30 (W)] and cluster II [K0 (C)–K0 (W), MOP30 + FYM30(C)–MOP60(W), and MOP60 + FYM30(C)–K0(W)]. Cluster I was positively correlated with PC1 and negatively correlated with PC2. Besides, cluster II was positively correlated with both principal components PC1 and PC2. However, various parameters were grouped into four clusters. The details of the obtained clusters are: cluster I (available K and available N), cluster II (alkaline phosphatase, dehydrogenase, bacterial population, and cellulose-degrading bacteria), cluster III (actinomycetes and acid phosphatase), and cluster IV (K-solubilizing bacteria, phosphate-solubilizing bacteria, β-glucosidase, FDA, available phosphorus, grain yield, straw yield, and biological yield). Both cluster I and cluster II were positively correlated with PC1, while cluster I showed a positive correlation with both PC2 and cluster II showed a negative correlation with PC2. Cluster III showed a negative correlation with both PC1 and PC2. Cluster IV showed a negative correlation with PC1 and a positive correlation with PC2. Moreover, integrated fertilization of K through FYM along with MOP in the second year of wheat cultivation also significantly improved the available K, available N, alkaline phosphatase, bacterial population, dehydrogenase activity, and population of cellulose-degrading bacteria (Figure 6A). The scatter plot matrix for the second year of cultivation showed that the treatments applied with FYM along with MOP (T7, T4, and T5) and the various parameters (microbial population count, soil enzymatic activities, available nutrients in soil, and yield parameters of wheat) also exhibited strict regression coefficient (r2) > 0.98 similar to the first year of cultivation (Figure 6B). Based on the response on various parameters, the regression coefficient (r2) for the second year of cultivation between the treatments applied with MOP and FYM were 0.98 (T7 and T4), 0.98 (T7 and T5), and 0.99 (T4 and T5), while the regression coefficient (r2) among the treatments applied without MOP and FYM varied from 0.77 to 0.98. Moreover, the regression coefficient (r2) between the treatments applied with MOP only was less than that between treatments used with MOP and FYM (Figure 6B). The integrated K fertilization through MOP and FYM showed significant improvement among various parameters (microbial population count, soil enzymatic activities, available nutrients in soil, and yield parameters of wheat). The scatter plot matrix analysis revealed that integrated K fertilization applied with MOP and FYM was also prominent in the second year of wheat cultivation and contributed to reclaim biological activities and productivity of soil compared to fertilization through MOP only or without MOP and FYM.
[image: Figure 6]FIGURE 6 | (A) Principal component analysis among various parameters and treatments in the second year of wheat cultivation. (B) Scatter plot matrix and regression analysis among various parameters and treatments in the second year of wheat cultivation.
Moreover, the integrated fertilization of K through MOP and FYM showed that the cultivation of wheat crop in the consecutive two years recorded an enhancement in soil enzymatic activities (11.59–57.22%), microbial populations (5.14–15.70%), available nutrients in the soil (7.60–16.54%), and crop yield (1.06–5.85%) during the second year of cultivation as compared to the first year of cultivation. In the second year of cultivation, the bacterial population count (6.57% by T7), actinomycetes population (15.70% by T5), and cellulose-degrading bacteria (5.14% by T5 and 0.56% by T7) were enhanced. The enzymatic activities were also enhanced, such as dehydrogenase (14.19% by T4, 12.65% by T5, and 13.48% by T7), FDA (32.50% by T4 and 37.70% by T5), β-glucosidase (43.40% by T4 and 57.22% by T5), acid phosphatase (37.89% by T4, 30.35% by T5, and 32.10% by T7), and alkaline phosphatase (11.59% by T4 and 25.60% by T5). Moreover, improved accessibility of nutrients in the soil (11.19% by T4, 11.97% by T5, and 12.37% by T7 for available N; 12.96% by T4, 13.07% by T5, and 7.60% by T7 for available P; 16.54% by T4, 15.82% by T5, and 14.53% by T7 for available K) was recorded (Figure 7).
[image: Figure 7]FIGURE 7 | Expression pattern of various soil biological activities, available nutrients, microbial population, and yield of wheat for consecutive two years.
DISCUSSION
Microorganisms possess a high surface: volume ratio, because of which they exhibit intimate relationships with their native environments. A variation in microbial functioning in the soil is conceived as an index of soil reclamation and transient alterations to different perturbations (Pankhurst et al., 1995; Ezeokoli et al., 2020). In the present study, a significant enhancement of microbial communities like bacterial population, P-solubilizing bacteria, actinomycetes, K-solubilizing bacteria, and cellulose-degrading bacteria during the first and second years of wheat cultivation were found among treatments (T4, T5, and T7) employed with integrated K fertilization through FYM and MOP in comparison to treatments employed with K via MOP only and without K treatment (Figure 1). Among these, treatment T7 employed with 90 kg K ha−1 recorded the highest microbial population count for bacterial population (1.03 × 108 and 1.15 × 108 cfu g soil−1), P-solubilizing bacteria (0.46 × 104 and 0.44 × 104 cfu g soil−1), actinomycetes (0.69 × 104 and 0.72 × 104 cfu g soil−1), cellulose-degrading bacteria (1.16 × 104 and 1.23 × 104 cfu g soil−1), and K-solubilizing bacteria (0.43 × 104 cfu g soil−1 each) during both years of cultivation. In comparison to chemical fertilizers, integrated fertilization of K showed the most prominent response on microbial activities and biomass. Firstly, the integrated fertilization of K furnished abounding organic matter for the growth and development of living soil microbial communities. Secondly, integrated fertilization of K showed a beneficial response for improving the growth of plant roots, which also imparted soil organic matter for microorganisms (Gong et al., 2009; Enebe and Babalola, 2020; Wu et al., 2020; Zhu et al., 2020).
Various enzymes in the soil contribute a significant role. Dehydrogenase activity is regarded the most prominent index of microbial activities, which occurs in viable cells only and indicates the sum of oxidative activities mediated by soil microfauna (Nannipieri et al., 1990). The dehydrogenase activity was increased due to integrated K management treatments, as dehydrogenase activity is influenced by the amount of organic matter included in the soils (Pancholy and Rice, 1973; Meena and Rao, 2021). Thus, integrated K fertilization practices that have FYM with the easily decomposable component for supplying K possess a more substantial influence on soil microorganisms' metabolic activity leading to an enhancement in the dehydrogenase activity in the soil. In this study, dehydrogenase activity was recorded the highest in treatment T7 (142.0 ± 7.1 and 167.0 ± 8.35 μg TPF g soil−1 d−1) followed by T5 (128.0 ± 6.4 and 152.0 ± 7.6 μg TPF g soil−1 d−1), and T4 (129.0 ± 6.45 and 152.0 ± 7.6 μg TPF g soil−1 d−1), while poor dehydrogenase activity was observed in treatment (T1) that did not use K fertilization, which is consistent with the earlier studies (Liu et al., 2010; Heidari et al., 2016).
Those enzymes which act to hydrolyze anhydrides and esters of phosphoric acid are broadly classified as phosphatases. Phosphatases are crucial as they are involved in the conversion of organic P to available P (Lee Taylor and Sinsabaugh, 2015) for plant uptake. In this study, the treatments applied with integrated fertilization of K had significantly affected alkaline and acid phosphatase activities. The alkaline and acid phosphatase activities were found lower in control (T1) and showed significantly increased activities arranged from 43.75 to 114.49% among the treatments applied with integrated fertilization of K through FYM and MOP or MOP alone during both the years. Earlier reports showed that acid and alkaline phosphatase activities had been enhanced through both inorganic and integrated fertilization (Mandal et al., 2007; Garg and Bahl, 2008; Heidari et al., 2016). K application led to better crop productivity and higher root biomass development in preceding corn crop (Kumar et al., 2018) which was the reason for increased activity of alkaline and acid phosphatase enzymes in the soil, whereas under integrated K management treatments, application of FYM was responsible for enhanced diverse phosphate-solubilizing bacterial activity.
β-glucosidase is one of the enzymes that contributed to the degradation of biomass and is considered as an early indicator of variations in soil characteristics (Ekenler and Tabatabai, 2003). The fluorescein diacetate [3′,6′-diacetyl fluorescein (FDA)] assay is generally utilized to examine hydrolytic enzymatic activities of soil microbial communities (e.g., fungi and bacteria) (Alkorta et al., 2003; Liu et al., 2007). In the present study, the integrated fertilization of K showed enhanced β-glucosidase activity (9.8 ± 0.49 and 10.2 ± 0.51 µg PNP g soil−1 h−1) and FDA (9.5 ± 0.48 and 9.6 ± 0.48 μg fluorescein g soil−1 h−1) by treatment T7 activity in comparison to treatments (T2, T3, and T6) employed with K by MOP only or by treatment T1 used without K during both years of cultivation (Figure 2). The increase in β-glucosidase and FDA activities through integrated fertilization of K was found because of high accessibility of easily decomposable organic components or organic carbon through introduced FYM for the metabolism, development, and growth of soil microorganisms (Gopinath et al., 2008; Gong et al., 2009; Burns et al., 2013; Heidari et al., 2016). Higher β-glucosidase and FDA activities recorded in treatments employed with K by MOP alone confirmed previous findings (Rani et al., 2014; Singh et al., 2015; Heidari et al., 2016).
Accessibility of N, P, and K nutrients reduced after wheat harvest (Figure 3). The regular mining of various nutrients through crops reduces available nutrients irrespective of applied nutrients (Johri and Yadav, 2006; Ramamurthy et al., 2009). In the present study, the treatment used with integrated K-fertilization recorded enhancement in the availability of different nutrients that ranged from 2.43 to 22.87%, which is the property of FYM to supply organically bound nutrients such as N and P in a slow manner (Diacono and Montemurro, 2011; Choudhary and Sureshky, 2013). The addition of FYM in integrated K management treatments increases the process of weathering in nutrient-bearing minerals, which aids the dissolution of insoluble minerals and makes plant nutrients available. Furthermore, FYM slowly adds available C in the soil, which acts as an energy source to favor highly diverse microbial communities with different functional properties, which supports dissolution and nutrients availability to crop plants (Wolf and Wagner, 2005; Heidari et al., 2016).
In the present study, the treatments employed with integrated fertilization of K exhibited substantial enhancement in wheat yield up to 12.39–41.71% and 18.24–41.14% in the first and second years of cultivation, respectively (Figure 4). The maximum yield was found in treatment T7 employed with 90 kg K ha−1 (30 kg K by FYM and 60 kg K by MOP) in wheat. The utilization of 90 kg K ha−1 enhanced the availability of K in the soil. The available K is essential to several plant metabolic pathways that include photosynthesis in plants, photosynthates translocation to different plant parts, synthesis of protein, and plant enzymes activation (IPNI, 1998). Among treatments, integrated K fertilization through FYM supplies nitrogen, phosphorus, and potassium along with micronutrients in readily available forms to the crop plants by the process of bio-decomposition, which helps in achieving higher yields. A study on integrated K fertilization through FYM and MOP showed an important enhancement in yield compared to 100% NPK and 100% NP fertilizers because of the high abundance of macro- and micronutrients (Kumar et al., 2015). Various levels of FYM and NPK, either single or in combinations, exhibited a vital influence on wheat yield (Rehman et al., 2008). Moreover, the enhanced K fertilization showed a prominent rise in wheat yield and growth (Mehdi et al., 2001).
The strict positive relationship exhibited that enzymatic activities and microbial population count contributed an important role in improving the yield (Figure 5A and Figure 6A). Moreover, the integrated fertilization of K in the combination of FYM and MOP showed more effectiveness among the treatments in comparison to MOP or FYM only. The treatments also showed distinct relationships with each other based on the regression analysis of various parameters (Figure 5B and Figure 6B). By the release of nutrients, the activity of microbes and enzymes assists in biomass transformations. The enhancement in microbial activities indirectly exhibited an enhancement in microbial biomass that acted as a low but reliable source for these nutrients.
CONCLUSION
This study revealed that integrated fertilization of FYM showed a significant role to improve soil health and yield of crops. Integrated fertilization through FYM modulates microbial population and soil enzymatic activities that enhance the availability of nutrients (N, P, and K) and yield parameters. The high availability of nutrients in the soil helps plants for their growth and development. Thus, the consecutive use of integrated fertilization of K through FYM and MOP exhibited the most promising impact on soil biological activities and yield of wheat, followed by the reduction in the use of chemical fertilizers. Less chemical fertilizers introduced in agricultural lands may benefit farmers economically and enhance soil health or soil fertility. Thus, the use of FYM as an alternate to K fertilization could be helpful to reclaim soil fertility and farmers' economy.
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Seven strains of Pseudomonas spp. were isolated from the south Gujarat region of India. Antifungal and bacterial activities of bacterial strains were evaluated against important plant pathogens in vitro, among them, PaRS was found most effective. The indole acetic acid production was recorded in all isolated Pseudomonas spp. Seed treatment with PaRS at 6 g/kg was significantly superior over other treatments for plant growth promotion (germination, shoot and root length, shoot and root weight, vigor index, and both shoot and root colonization) under standard roll towel method and pot conditions. The maximum siderophore production was observed in PaRS and medium production in PfRB, PaNS, and PfNC. PaNS and PaRS strains recorded strong HCN production but moderate production recorded in PaWP, PaWS, and PfNC. The maximum phosphate solubalization zone (22 mm) was found in PaRS. PaRS recorded maximum chitinase, ß-1,3-glucanase activity, hydrogen cyanide, and salicylic acid production as compared to other strains.

Keywords: Pseudomonas, plant growth, secondary metabolites, enzymatic activity, colonization


INTRODUCTION

Various agrochemicals are available in the market for the management of pests and diseases, and a few of them cause harmful effects on the environment. Recently, consumers are demanding organic products in the world market which are safer for consumption (Kumar, 2009; Waghunde et al., 2016, 2021; Morales-Cedeño et al., 2021). The higher input cost, economical losses from pests and disease, climate change, as well as the risk of invasive pests resulted in a search for alternate low cost techniques and management practices (Waghunde et al., 2021). Biological control is an effective, eco-friendly, and economical practice, and the best alternative to agrochemicals for pest management (Iftikhar et al., 2020). The microorganism is one of the smartest living organisms on the earth because of its survivability under extreme conditions, andpresently many beneficial microorganisms are utilized for plant disease management (Shelake et al., 2019; Waghunde et al., 2021). The different agriculturally important microbes like Trichoderma, Bacillus, Serratia, Pseudomonas spp. were used to manage plant pathogens i.e., Ganoderma boninense, Fusarium oxysporum f. sp. cubense, Burkholderia glumae, Xanthomonas oxyzae pv. Oryzae, Pseudomonas syringae, Pectobacterium carotovorum, Ralstonia solanacearum, Fusarium oxysporum f. sp. cucumerinum, Sclerotium rolfsii, and Pyricularia oryzae, and also increase plant growth (Kishore et al., 2005a; Durairaj et al., 2017; Islam et al., 2018; Muniroha et al., 2019; Wong et al., 2021). The plant-growth-promoting bacteria comprising a different group has a beneficial effect on the host through the direct and indirect mechanism which not only helps plant growth but also reduces plant disease (Durairaj et al., 2017; Islam et al., 2018; Wong et al., 2021). The maximum emphasis should be given to identification, characterization, and mass multiplication of native bioagents for the promotion of sustainable agriculture throughout the world (Waghunde et al., 2016; Verma et al., 2019, 2020). The successful use of native strains of Pseudomonas as bioinoculants for applications on crops requires these strains to compete satisfactorily with the indigenous microflora of soil, to survive, and to persist in adequate viable-cell numbers in the rhizosphere (Fischer et al., 2010). Some bioagents like Pseudomonas have the potential to manage a diverse group of pathogens by releasing volatile and non-volatile compounds (Kishore et al., 2005b).

The objectives of the present study were to isolate Pseudomonas spp. and in vitro evaluation against different important plant pathogens. The secondary metabolites production with the enzymatic activity of bacterial strains was also studied during the investigation.



MATERIALS AND METHODS


Isolation and in vitro Screening

The Pseudomonas strains were isolated during 2011–2012 from the Waghai region of south Gujarat, India which is especially known for organic farming. It is situated at a cross-section of latitude of 20.77′N and longitude of 73.50′E under the agro-climatic zone of the south Gujarat heavy rainfall zone, agroecological situation-I. The location, habitat, crop, and code of bacterial strains are mentioned in Table 1.


Table 1. Sampling site location, habitat and code of bacterial strains used during experiment.

[image: Table 1]

The bacterial strains were subjected to identification and based on the morphological, biochemical, and physiological characterization, among them four bacterial strains were identified as Pseudomonas aeruginosa (PaWP, PaWS, PaRS, and PaNS) and three as P. fluorescens (PfWN, PfRB, and PfNC).

The bacterial strains were evaluated against important fungal pathogens i.e., Pyricularia oryzae Cavara, Colletotrichum falcatum Went, Fusarium moniliformae Sheldon, Macrophomina phaseolina (Tassi) Goud, Sclerotium rolfsii Sacc., Pythium aphanidermatum (Eds.) Fitz., Pestalotiopsis anacardia, and Lasiodiplodia theobromae Pat.; and bacterial pathogens i.e., Xanthomonas axonopodis pv. oryzae, Xanthomonas axonopodis pv. Malvacearum, and Xanthomonas axonopodis pv. citri in vitro by dual culture (Dennis and Webster, 1971) and paper disc method (Thornberry, 1950), respectively. Seven days old mycelia disc (5 mm) of pathogen were placed on the opposite side of bacterial strain streaked (Vidhyasekaran et al., 1997). The plates were incubated at room temperature (25 ± 2°C) for 5 days and the radial growth of pathogens in treated and control plates were recorded. Each treatment was repeated three times. Two days old culture of bacterial pathogens was spread with the help of a sterile spreader on sterilized nutrient agar Petri plates. Three sterile 5 mm filter paper discs were dipped in the cell suspension (108 cells/ml) of Pseudomonas spp. and placed on a Petri plate spread with the pathogen. Three Petri plates were kept for each pathogen. Filter paper discs without dipping in Pseudomonas spp. considered as control. The Petri plates were incubated at room temperature (25 ± 2°C) for 2 days and inhibition was recorded.



Plant Growth Promoting Activity of PaRS
 
Roll Towel Method

An experiment was conducted to assess the efficacy of PaRS on seed germination and plant growth promotion ability by the standard roll towel method (ISTA, 1985) in the growth chamber.

The seeds of finger millet variety GN-4 were sterilized with 1% sodium hypochlorite (NaOCl) solution for 2–3 min then washed 2–3 times and air-dried for 15 mins. A talc and vermicompost-based formulation of PaRS applied to finger millet seed at 4, 6, and 8 g/kg seeds (107 cfu/g) and without PaRS was considered as control. Five repetitions of each treatment were made. One sheet of germination paper was wetted by distilled water and 25 seeds of the respective treatment were placed on the first sheet evenly. The rolled papers were incubated in a seed germinator at 25 ± 2°C and 95 ± 3% RH. Sterile water was added to maintain paper towel moisture. The emergence of seedlings from the grain was considered as successful germination and recorded after 7 days. Three seedlings were taken at random from each replication and the length of root and shoot were measured along with fresh root and shoot weight after 7 days. Plant growth promotion of finger millet seedling was assessed using Vigour Index (VI).

VI = percent germination × mean total length of seedling (root length + shoot length) (Baki and Anderson, 1973).

The PaRS colonization was assessed as per the method suggested by Papavizas and Davey (1960). Three seedlings from each replication were selected, a root and shoot portion was cut and transferred to a test tube containing 10 ml sterile water. After thorough shaking, the population of PaRS in the suspension was estimated by the dilution plate method using a KB medium containing rifamycine (195 μg/ml), penicillium G (90 μg/ml), actinomycin D (100 μg/ml), and streptomycin D (30 μg/ml). Fluorescence of the colony was checked under UV light. Three Petri dishes for each dilution and five replications were maintained. The colony forming unit was enumerated at 104 dilutions. The root samples were weighed and the population of bacteria was expressed per gram of root samples.



Pot Study

The treatment details in the roll towel method were repeated in pot conditions to validate the efficacy in pots under greenhouse conditions. The experiment was conducted in the greenhouse of the Department of Plant Pathology, N.M. College of Agriculture, Navsari Agricultural University, Navsari, Gujarat, India during the year 2011–2012. Five repetitions of each treatment were made and without PaRS treated seeds, which served as control. Plastic pots (300 × 300 mm) were used and filled with sterilized soil. Finger millet (GN-4) seeds were treated with PaRS formulation (107 cfu/g) 4, 6, and 8 g/kg seeds, and eight seeds were sown in each pot. Five seedlings of 4, 6, and 8 g/kg PaRS formulation treated seeds were kept in each pot for the pot experiment. The germination was recorded initially and the number of leaves, plant height, and root colonization (cells/g) were recorded at 15 day intervals. The root portion was cut and washed gently in 100 ml of sterile water in an Erlenmeyer flask to remove soil. CFU was enumerated at 106 dilution as per the procedure given by Papavizas and Davey (1960).




Qualitative and Quantitative Estimation of Siderophore

All the glassware used in the siderophore assays and in the preparation of the Chrome Azurol S blue agar medium (CAS) were soaked in a 2N HCl solution for 24 h. After removing from the acid solution, the glassware was invariably washed with double distilled water. The rest procedure followed as per Schwyn and Neilands (1987).



Preparation of CAS for the Detection of Siderophore

For one liter of blue agar CAS medium, 60.5 mg Dehydrated Chromo Azurol S (Hi Media) was dissolved in 50 ml water and mixed with 10 ml of iron solution (1 mM FeCl3·6H2O in 10 mM HCl). While stirring, a 40 ml aqueous solution containing 72.9 mg cetyl trimethyl ammonium bromide was slowly added, with continuous stirring, and the final solution was autoclaved. King's B agar medium was prepared with PIPES (30.2 g) and Difco agar (18.0 g). The pH of the medium was adjusted to 6.8 with the addition of 50 percent (w/w) sodium hydroxide (NaOH) solution and autoclaved it. Cooled CAS dye was added to the glass wall with gentle agitation to achieve mixing without the formation of foam. The 20 ml of CAS agar dye was added to each plate and stored in a refrigerator (4°C) for 24 h before use. The bacterial strains PaRS (10 μl) grown overnight were spotted on CAS plates and incubated at 25±2°C for 48 h. A Yellow to orange colored clear zone around the spotted colony was considered as a positive indication of siderophore production.

The CAS-shuttle assay method (Tank and Saraf, 2010) was used for the quantitative estimation of siderophore. The bacterial strains were grown in Fiss minimal medium at 25 ± 2°C for 48 h. The cell suspension was centrifuged at 2,700 rpm for 15 min, CAS assay solution was added to the culture supernatant. The solution was kept for 15 min and four repetitions of each strain were taken. The absorbance was done at 630 nm and measurement as per the below formula:

[image: image]

where, Ar = absorbance of reference (minimal media + CAS assay solution), As = absorbance of sample (culture supernatant + CAS assay solution).



Qualitative and Quantitative Estimation of HCN

Whatman No. 1 filter paper was placed on the lid of the Petri plate to detect HCN production activity and the plates were sterilized. TSA medium amended with glycine (4.4 g/l) was sterilized and poured into the sterile plates as per the protocol of Wei et al. (1991). The seven native bacterial strains were streaked on the medium and filter paper placed in each plate was soaked with 2 ml sterile picric acid solution. The plates were sealed with parafilm in order to contain gaseous metabolites produced by the bacterial strains and allowed the chemical reaction with picric acid present in the filter padding. The color change of the filter paper was noted after 5 days at 30°C and the HCN production potential of bacterial strains was assessed as per Wei et al. (1991). On the basis of filter paper color change from yellow to light brown, brown, or reddish-brown was recorded as weak (+), moderate (++) or strong (+++) reaction, respectively.

For quantitatively estimation of HCN production, the bacterial strains were grown in the broth contained flask and the medium composition was the same except agar-agar. The filter paper strips (10 × 0.5 cm) were soaked in picrate solution and kept hanging position near to neck of the flask. It was incubated at 30°C in a rotary shaker and color change was observed after 4 days. The color was eluted by placing the changed filter paper in a test tube containing 10 ml of distilled water, and its absorbance was read by the spectrophotometer at 625 nm. Five repetitions of each treatment were made.



IAA Production

The native Pseudomonas bacterial strains were inoculated into the pre-sterilized SIM agar slants. The tubes were incubated for 48 h at room temperature (25 ± 2°C). After incubation, 10 drops of Kovac's reagent were added to each tube. The production of red color was considered as positive for indole production.



P-Solubilization

The bacterial strains were tested for their ability to solubilize insoluble inorganic phosphate on Pikovskaya's agar by adding the overnight grown culture. The plates were incubated for 48 hrs at room temperature. The diameter of the solubilization zone was measured and expressed in millimeters.


SA

The quantitative analysis of the SA was done using the method of Meyer et al. (1992). The purple iron–SA complex, developed in the aqueous phase was measured at 527 nm using a spectrophotometer. A standard curve was prepared with SA dissolved in the succinate medium. The quantity of SA in the culture filtrate was expressed as mg/ml (Meyer et al., 1992). Five repetitions of each treatment were made.



Enzymes

Pseudomonas cell suspension was grown at 28°C for 96 h and mixed in a rotary shaker containing 50 ml of chitin–peptone medium as per Lim et al. (1991). The centrifuged cell suspension supernatant was used as an enzyme source. The reaction mixture was incubated at 50°C for 4 h in a water bath. Chitinase activity was measured by the method Nelson (1944). A unit of chitinase was considered as 1 nmol of GlcNAc released per minute per mg of protein. The primary procedure followed in chitinase enzyme estimation, the same procedure repeated up to supernatant preparation except growing medium as peptone medium containing laminarin as per Lim et al. (1991). The reaction mixture was incubated at 40°C for 2 h in a water bath and ß-1,3-glucanase activity was measured as 1 nmol of glucose released per minute per mg of protein. The protein content for both the enzymes was determined as per Bradford (1976). Five repetitions of each treatment were made.





RESULTS


In vitro Evaluation

Antifungal and antibacterial properties of bacterial strains were evaluated by dual culture and paper disc methods under in vitro conditions. The PaRS strain recorded minimum mycelial growth (3.37, 3.53, 3.47, 3.40, 2.80, 2.47, 2.63, and 2.47 cm) against fungal pathogens and the maximum growth inhibition zone (20.6, 23.67, and 16.67) in the case of bacterial pathogens, as shown in Table 2. The PaNS and PfNC were also effective to manage mycelia growth after PaRS in the case of bacterial pathogens. PaNS and PaWP were effective against P. grisea, C. falcatum, P. dermatum, and M. phaseolina while PaNS and PaWS in the rest of the fungal pathogens as mentioned in Table 2.


Table 2. Fungal mycelial growth and bacterial inhibition zone by Pseudomonas isolates.
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PGPR and Colonization Activity of PaRS
 
Roll Towel Paper Method

All the doses of seed treatments (ST) with PaRS proved significantly superior over the control for seed germination. Among these, ST @ 6 g/kg seed was significantly superior over the rest and gave maximum germination (79.78%). The next best dose was @ 4 g/kg (62.89%). The lowest germination was recorded in untreated seeds i.e., the control (41.56%) (Table 3). Shoot and root length were significantly more in all the doses of ST tested as compared to control. The significantly larger shoot (7.94 cm) and root (2.59 cm) length were recorded in ST @ 6 g/kg than the other treatments. The next best treatment was ST @ 4 g/kg. The lowest shoot and root lengths were recorded in the untreated control (Table 3). All the doses of seed treatment of PaRS produced a significantly higher shoot and root weight as compared to control. Among these, significantly higher shoot (4.22 mg) and root (1.72 mg) weights were recorded in ST @ 6 g/kg than the rest of the doses. The next best dose was ST @ 4 g/kg. The minimum shoot (1.81 g) and root (0.49 g) weight was recorded in the control (Table 3). The vigor index was significantly higher in all the doses of seed treatments with PaRS as compared to control. Among these, seed treated @ 6 g/kg was significantly (838.97) superior as compared to other doses. The next best dose was 4 g/kg (458.89) followed by 2 g/kg (210.72). The lowest vigor index was recorded in the control (125.85) (Table 3). PaRS colonization was maximum ST at 6 g/kg in shoot (6.72 × 104 cfu/g) and root (4.83 × 104 cfu/g). The next best dose was 4 g/kg. The least PaRS colonization was recorded in 2 g/kg seed treatment. There was no bacterial colonization in the control (Table 3).


Table 3. Effect of seed bacterization by P. aeruginosa on plant growth promoting activity of Finger millet (Roll Towel Paper Method).
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Thus, seed bacterization with P. aeruginosa @ 6 g/kg seed proved better for germination and plant height. Further, field confirmations of the results are required for practical utility and feasibility. This can be suggested to the farmers for cost-effective and eco-friendly management of finger millet blast.



Pot Study

An experiment was conducted to evaluate plant growth-promoting activity of PaRS and results are mentioned in Table 4. The percent germination was observed in ST @ 2, 4, and 6 g/kg and at 70% in control. A significantly higher plant height was recorded in ST at 6 g/kg at 15–60 days after transplanting (52.07–72.36 cm) as compared to other treatments. The next best treatment was ST @ 4 g/kg (47.47–65.20 cm) (Table 4). The minimum plant height was recorded in the untreated control (29.01–45.60 cm). Seed treatment @ 6 g/kg was significantly superior in producing a greater number of leaves (8.68–20.27) than the rest of the doses at 15–60 days after transplanting. The next best treatment was ST @ 4 g/kg (7.87–17.07). The least number of leaves was recorded in the control (4.63–11.20) (Table 4).


Table 4. Effect of seed bacterization by PaRS on plant growth promoting activity of Finger millet.
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Colonization

The ability of PaRS for colonization was studied during the pot study and results are mentioned in Table 4. The bacterial colonization in the rhizosphere was significantly higher in all the treatments as compared to the control. Among these, the seed treatment @ 6 g/kg seeds proved superior at 15 (5.06 × 106 cfu/g), 30 (6.67 × 106 cfu/g), 45 (8.00 × 106 cfu/g) and 60 (7.06 × 106 cfu/g) days after transplanting having significantly higher bacterial counts as compared to the rest (Table 4). The next best in order of merit was seed treatment @ 4 g/kg while 2 g/kg was comparatively less effective. This showed that seed treatment @ PaRS 6 g/kg was better for increasing bacterial rhizosphere colonization. The seed treatment of PaRS recorded higher plant height, the greatest number of leaves, and largest colonization up to 60 days (Table 4).




Biochemical Characterization

The biochemical properties i.e., indole acetic acid, hydrogen cyanide, siderophore, and P-solubilizing of seven Pseudomonas spp. were studied and results were interpreted in Table 5.


Table 5. Biochemical properties of native isolates of Pseudomonas spp.
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PaRS showed high siderophore fluorescence while PfRB, PaNS, and PfNC recorded medium siderophore fluorescence (Table 5). The weak siderophore fluorescence was observed in PaWP, PfWN, and PaWS strain (Table 5). The maximum siderophore production was recorded in PaRS (12.20±0.08) followed by PaNS and PfNC (11.86 ± 0.16 and 10.06 ± 0.07) as mentioned in Table 6. The minimum siderophore production was recorded in PaWN (5.38 ± 0.06).


Table 6. Secondary metabolites and enzymes productions by native isolates of Pseudomonas spp.
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Among the 7 strains of Pseudomonas spp. tested for the HCN production, the highest production of HCN was recorded in isolate PaRS (0.084 ± 0.003) followed by PaNS (0.066 ± 0.003). The next best isolate for HCN production was PaWN, PaNC, PaWP, and PfRB. The lowest production was found in PaWS (Table 6).

All the seven native strain of Pseudomonas were positive to IAA production. PaRS showed high siderophore fluorescence while PfRB, PaNS, and PfNC recorded medium siderophore fluorescence (Table 5). The weak siderophore fluorescence was observed in PaWP, PfWN, and PaWS strain (Table 5). Strong HCN production was observed in PaNS and PaRS while moderate in PaWP, PaWS, and PfNC. The highest P-solubilizing zone (22 mm) was recorded in PaRS followed by PaNS (20 mm) as mentioned in Table 4. The P-solubilizing zone in PfWN, PaWS, PaWP, and PfRB was 18, 17, 15, and 14 mm, respectively. The lowest inhibition was recorded in the PfNC (10 mm) as mentioned in Table 5.

The SA production was found to be the maximum in PaRS (12.68 ± 0.36) followed by the PaNS (10.84 ± 0.39) and PfNC (10.24 ± 0.24) isolate (Table 6). The PaWP recorded the lowest (1.68 ± 0.07) SA production.

The lytic enzyme production supported antagonism, which is the ideal character of an effective bioagent for plant diseases management. The PaRS (76.24 ± 0.35 and 132.36 ± 0.31) recorded the highest activity of chitinase and b-1,3-glucanase enzymes followed by PaNS (54.38 ± 0.29 and 116.20 ± 0.26), respectively. The lowest chitinase activity was found in PaWN (12.36 ± 0.21), while PaWP (28.18 ± 0.06) isolate in b-1, 3-glucanase (Table 6).




DISCUSSION


In vitro Evaluation

The efficiency of different strains of P. fluorescens and P. aeruginosa were also reported significant against P. oryzae (Gnanamanickam and Mew, 1992), S. rolfsii and Xanthomonas campestris pv. malvacearum (Bhowmik et al., 2002), F. moniliformae (Sharma et al., 2007), C. falcatum (Sangeetha et al., 2009), P. aphanidermatum (Muthukumar et al., 2010), R. solani and M. grisea (Reddy et al., 2010), L. theobromae (Nath, 2010), and P. anacardii (Patil, 2012) earlier. The native strains became most potent for the reduction of pathogen growth confirmed as per the results of Manjula et al. (2004), Sen et al. (2006), Razeena and Rasheed (2007), Sivakumar (2007), and Vishwanathan and Samiyappan (2007). Reported that 14 bacterial isolates inhibit the mycelia growth of M. phaseolina due to HCN, chitinase, b-1,3-glucanase, and siderophore production. An antagonist exhibits direct and indirect mechanisms to inhibit pathogen growth. The production of volatile and non-volatile compounds along with lytic enzymes reduced the vegetative growth of pathogens. The present results are more or less similar to Arora and Verma (2017), who observed that fluorescent Pseudomonas spp. Inhibited the mycelia growth of P. capsici and R. solani. Yasmin et al. (2017) evaluated P. aeruginosa against BLB rice pathogen strains under in vitro conditions because of lytic enzymes and secondary metabolites production. In the present investigation, PaRS proved as a potential bioagent against important fungal as well as bacterial pathogens.



PGPR and Colonization

The results of the experiments are quite confirmative with the results of Ramanathan et al. (2002) who revealed that all the strains of P. fluorescens promoted plant growth. Ramamoorthy and Samiyappan (2002) supported that seed bacterization with P. fluorescens isolate Pf-1 effectively increased plant vigor and produced the maximum amount of IAA in the culture medium. The increase in plant biomass in respect to germination, plant height, root and shoot weight, and vigor index may be due to higher water and nutrient uptake, phytohormone production i.e., gibberellic acid, indole acetic acid, and siderophore production by PaRS. The antagonist inoculum dose and its delivery system determine and significantly influence their population in the crop rhizosphere (Fischer et al., 2010). PaRS might have also contained the enzyme 1-aminocyclopropane-1-carboxylate (ACC) deaminase, a hydrolase of ACC (the precursor of ethylene in the plant), and thus, in this way reduce the level of ethylene during plant development. PaRS could also increase K, Zn, and Mn uptake by the above plant parts. It might also be produced organic acids involved in phosphorus solubilization or the fixation of atmospheric N2 (Smolin and Shabaev, 1992).

The results corroborate with, Bergsma-Vlami et al. (2005) who recorded the significant effect of plant species on the population densities of fluorescent Pseudomonas spp. The dynamics of bacteria population are a complex phenotype affected by many different traits and environmental factors. These are motility, synthesis of the O-antigen of lipopolysaccharide and cellulose, thiamine production, amino acid synthesis biotin production, and an isoflavanoid-inducible efflux pump.

Pseudomonas spp. synthesizes osmolytes to protect themselves against fluctuations in osmotic conditions and accumulate to higher levels to alleviate stress effects. The accumulated osmolytes enhance the stability of proteins and membranes under water-limiting environments. PaRS might have produced proline, free amino acid, sugars, and extracellular polysaccharides (EPS) under stress conditions than under non-stressed conditions, indicating the role of these metabolites in stress tolerance to maintain PaRS population. However, the concentration of protein should be reduced significantly under stress indicating the degeneracy under stress conditions. Under stress, proteins are used for polysaccharide production. PaRS might have EPS under stress conditions, EPS produced by bacterial cells forms as an organo-mineral sheath around the colonies that creates a micro-environment that decreases the water potential decline. The level of glutamate in PaRS might have increased in response to osmotic stress conditions. The desiccation-tolerant cells also accumulate high levels of disaccharides such as trehalose, sorbitol, fructose, glucose, and sucrose, which protect cellular enzymes by replacing water around macromolecules and also stabilize cell membranes during desiccation (Sandhya et al., 2010).

PaRS population increased after 15 and 30 days, it might be due to that above-discussed characteristics that may be possessed in PaRS during rhizospheric osmotic stress conditions. The P-solubilisation and IAA production capacity of PaRS is better than in the others, hence helping to promote growth. The higher HCN production might be reducing the pathogen infection which helps to maintain the plant health as compared to rest. The higher siderophore production in PaRS probably helps the survivability and colonization. The decreased colonization after 45 and 60 days might be due to the optimum availability of protein in the PaRS and hence there is no conversion of protein in EPS.



Biochemical Characterization

The quantitatively HCN production results are similar to the result of Goswami et al. (2013), Reetha et al. (2014), Rijavec and Lapanje (2016) and Abd El-Rahman et al. (2019) under in vitro conditions.

The six isolates of bacteria (Pseudomonas japonica strain NBRC 103040, Bacillus megaterium strain CtST3.5, Pseudomonas sp. strain Gamma-81, P. tolaasii strain ATCC 33618, P. chlororaphis strain Lzh-T5, and P. mosselii strain CV25) inhibit the growth of Agrobacterium tumefaciens as reported by Abd El-Rahman et al. (2019). Reetha et al. (2014) found a similar result; they isolated Pseudomonas and Bacillus from the sunflower rhizosphere. The inhibition of Macrophomina phaseolina was found under in vitro conditions due to HCN production. Goswami et al. (2013) isolated Pseudomonas spp. from marine water and recorded IAA, HCN, phosphate solubilization, and siderophore production which increased chickpea and green gram growth. Rijavec and Lapanje (2016) found that Fusarium moniliforme EXF1, F.graminearum EXF2, Pseudomonas syringae pv. syringae z1, P.syringae pv. coronafaciens z1238, Erwinia carotovora pv. carotovora z87, and Xanthomonas campestris pv. campestris recorded growth inhibition in the presence of HCN.

The quantitative siderophore production results are similar to the results of Goswami et al. (2013), Arora and Verma (2017), and Nithyapriya et al. (2021).

The siderophore results also respond to the finding by Arora and Verma (2017) that 23 bacteria including Pseudomonas, Rhizobium, Enterobacter, Chronobacter, Kosakonia, Beijerinckia, and Pantoea spp. genus produced the siderophore at different levels. The Bacillus sp. LSB2 produced siderophore which helped to increase plant growth and other biochemical parameters of sesame as recorded by Nithyapriya et al. (2021).

The results are less or more similar to Megha et al. (2007) who studied the quantitative estimation of 52 fluorescent Pseudomonas for GA, IAA, protease, and phosphate solubilization similarly to the present study. Meera and Balabaskar (2012) studied Gram staining, gelatin, liquefaction, catalase and oxidase test, starch hydrolysis, siderophore, and HCN production. Umamaheswari et al. (2008) detected activity of IAA, SA, HCN, and siderophore from P. fluorescens (PfCIAH-196) with the same results as obtained in the present study.



Statistical Analysis

The biochemical experiments were performed in five repetitions and the data is represented as mean_standard deviation (SD). The data were analyzed by One Way Analysis of Variance (ANOVA) and DMRT tests. The significant differences in the means were analyzed based on the DMRT test (p < 0.05).
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Agricultural practices, specifically crop and land management schemes, greatly influence the ability of soil to produce CO2 under varying conditions. A 2-year research study was planned to quantify carbon-dioxide (CO2) emission fluxes and total C (TC) contribution in a no-till tropical soil under carambola with sunn hemp-velvet bean cover cropping (CC) systems. Composted poultry manure (PM) was applied as an additional N source. The treatments were fallow control (F), fallow with PM (FM), sunn hemp (SH), SH with PM (SHM), velvet bean (VB), and VB with PM (VBM). Average daily CO2 emission from VB was 23 and 15% higher than control and SH plots, respectively, during CC growing season. Similarly, CO2 emission after CC termination was highest from VB plots. About 17% higher CO2-C emission was observed from manure applied plots which indicates that additional food sources stimulated microbial activity in the soils and subsequently produced more CO2. However, total C contribution in SH plots were significantly higher than in VB plots and was more apparent when manure was not applied. Soil and air temperature played key roles in CO2 emission, specifically during the CC growing season. Considering both input and output parameters of C in the soil, our results suggest that SH has the better potential in reducing CO2 emission and accumulating more C in the soil than VB in tropical fruit orchard.
Keywords: cover crop, Sunn hemp (Crotalaria juncea), Velvet bean (Mucuna pruriens), Carambola (Averrhoa carambola), soil health, soil respiration, carbon balance
INTRODUCTION
Soil respiration plays a major role in global carbon (C) cycle (Schlesinger and Andrews, 2000; Gougoulias et al., 2014) and is actively related to soil ecosystem productivity. Studies identify conservation or sustainable agriculture as an effective option for enhancing C storage, and in some cases, minimizing CO2 loss from agricultural soil (Martínez-Mena et al., 2021; Jia et al., 2021). Typically, conservation or sustainable agriculture is the culmination of strategies for cultivating crops with minimal inputs, soil disturbances, and implementation of continuous soil cover (mulch) (Hobbs et al., 2008; Zhang and Peng, 2021). Cover cropping is recognized as one of the sustainable agricultural practices that influences soil C balance depending on soil types, land management, and environmental conditions. Ecosystem services provided from cover cropping include organic matter addition, soil structure improvement, weed control, nutrient management, and pollinator attraction, which are especially important in organic, low input systems (Scholberg et al., 2010). Sunn hemp (Crotalaria juncea L.) (SH) and velvet bean (Mucuna pruriens L. DC.) (VB) are leguminous cover crops (CC) with potential to contribute 4 to 14 Mg ha−1 soil organic C (SOC) in tropical climates (Wang et al., 2012; Rosolem et al., 2016).
When CCs are incorporated into a no-till farming system, they have the ability to enhance soil biodiversity and fertility through increasing soil CN fractions and improving aggregate stability (Rigon et al., 2020). While the addition of CCs can be beneficial for soil fertility and crop production, enhanced microbial activity in CC systems can also increase CO2 emission from soil (Sanz-Cobena et al., 2014). In fact, CO2 emissions can even be heightened with the use of legume CCs due to the low C:N ratio of plant tissue produced (Alluvione et al., 2010; Muhammad et al., 2019). Therefore, a soil C balance is needed to elucidate both positive and negative aspects of these CCs in a fruit production setting. This research was conducted in an organically produced carambola (commonly known as starfruit (Averrhoa carambola)) orchard, which are commercially grown only in Florida within the mainland United States.
Traditionally, poultry manure (PM) is commonly applied as fertilizer in organic tropical fruit production systems (Canali et al., 2004; Jones et al., 2020). As over 10 billion kg of poultry litter is produced annually in the United States, composting poultry litter is a useful way to repurpose problematic waste into a nutrient source for crop production (Reddy et al., 2007). Repurposing the waste for agricultural purposes is a sustainable method of adding carbon (C) and nitrogen (N) to soils (Nyakatawa et al., 2001; Reddy et al., 2004), while reducing the risk of N leachate polluting natural systems (Kaiser et al., 2009). Because carambola requires intensive nutrient management during production (both at young and mature stages; Crane, 2016), growing of CCs combined with PM additions could be beneficial to soil health and quality, along with providing economic benefits to the farmers, making this a potentially ideal management strategy for tropical fruit producers.
We selected SH and VB as our study CCs because of their large biomass producing nature (average 14–21 Mg ha−1). These CCs have also proven to accumulate large amounts of SOC and to enhance soil health in South Florida (Wang et al., 2015). However, a comparative analysis of C budget from these 2 CCs has not been studied, specifically, in organic cultivation where SOM is expected to play a major role in the C balance. We also recognized that no literature is available on analyzing the effect of CCs on soil respiration under organic no-till carambola production in the US. Carambola contributes $3.7 million per year to Florida’s economy with much room for growth (Ballen et al., 2020) with an increasing popularity for the growers since organic avocado (major fruit crop in South Florida) production has been facing serious pest and pathogen problems throughout the last 10–12 years (Menocal et al., 2018). Adding CCs can apply to many tropical fruit grove settings and results from this research may lay the foundation for this practice to be utilized throughout South Florida. Therefore, the specific objectives of this study were to: a) evaluate the emissions of CO2 from SH and VB plots (with and without manure treatments) and b) develop C budgets for both CC plots and elucidate the ability of SH and VB to mitigate CO2 emissions.
MATERIALS AND METHODS
Site Characteristics and Treatments
A two-season (2018 and 2019) field experiment was conducted in a multi-use certified organic fruit orchard (6.07 ha) located in the Redland Agricultural Area of South Florida, United States. Soil used for this experiment was a sandy loam (73% sand, 17% clay, and 10% slit). At the start of the experiment, the soil had an average pH of 7.6 with 17% SOM content. Soil total carbon and nitrogen were 175 and 8.9 g kg−1, respectively, with soil electrical conductivity at 0.820 dS/m. The soil in the RAA is categorized by the United States Department of Agriculture, National Resource Conservation Service (USDA, NRCS) as Krome Series soil. Prior to carambola being planted, mature sapodilla trees were grown in this area and treated with 5N-3P-2K USDA certified organic composted poultry manure. Average air and soil temperatures were 26.4°C and 28.8°C, respectively, for summer and 21.4°C and 23.7°C, respectively, for winter months. Relative humidity (%) ranged from 81 to 86%; average ∼83% per month and average monthly rainfall ranged from 11 to 35 cm during the wet season and 3–12 cm within the dry season.
Sunn hemp (cv: Tropic Sun) and velvet bean (var: pruriens) seeds were sowed via hand broadcast in a 3-year old carambola (cv: Hawaiian Super Sweet) orchard at seeding rates of 101 kg ha−1 and 75.8 kg ha−1, respectively. Sixty carambola trees were planted in two 122 m long rows (30 trees per row) with 7 m distance between rows and 3.8 m distance between each tree. The cover crop treatments were seeded directly in a circular fashion starting at the dripline (approx. 0.5 m radius from the trunk) and circling around the tree in a 1.25 m radius resulting in a planting area of 8.8 m2. Cover crop seeds were treated with OMRI certified seed inoculant (Verdesian Life Sciences, Cary, NC) to ensure robust plants with sufficient root nodulation. Both CC types were terminated 90 days after germination (DAG) but before flowering, followed by composted poultry manure (5N-3P-2K USDA certified organic) application at 105 kg ha−1 for both crops. Fallow (control), SH, and VB plots that received manure are noted as FM, SHM, and VBM in this manuscript. No manure was applied during CC growing seasons. Treatments were assigned in a completely randomized design (CRD) with nine replications for each treatment. We selected CRD as the experimental design based on 3-year old carambola seedlings that were within the same growth stage with very similar sizes and transplanted at the same time. With our small experimental area (0.2 ha), soils in the area are in relative homogeneity (based on previous studies conducted at this site). Biomass of SH and VB crops were measured by oven drying the biomass at 70°C for 72 h. A timescale of cultural operations and sampling events are presented in Table 1.
TABLE 1 | Timeline for agricultural practices followed throughout the experiment.
[image: Table 1]Sample Collection and Analysis
Soil collars were installed (thin-walled polyvinyl chloride) after initial weeding at each tree (Figure 1) for in situ soil respiration measurements via LI-6400 XT Portable Photosynthesis Meter (Lincoln, Nebraska) with Soil CO2 Flux Chamber attachment (Figure 1C). Soil collars were 10 cm in diameter and 9 cm long, inserted 8 cm into the soil, excluding the litter layer, therefore emission of CO2 from soil is the direct indication of root and microbial respiration of that soil. Gas samples (CO2) were collected every 2 weeks throughout the cover crop growing season (90 days) and once a month there after until the end of the experiment. Gas collection was executed between 11:00 am to 1:00 pm for each sampling event to avoid daytime interferences. Soil and air temperature, soil moisture content, and bulk density, were measured at corresponding soil respiration measurement times. In-field soil temperature and moisture were measured using a STEVENS Hydraprobe (Portland, Oregon), inserted 12.4 cm into the soil. Composite soil samples (0–15 cm depth) were oven dried at 105°C for 24 h to obtain soil moisture content. Bulk density of soils was determined by cylinder method and ranged from 1.2 to 1.3 g cm−3. Rainfall and air temperature data was collected from the Florida Automated Weather Network (FAWN) meteorological station throughout the experiment. Bulk density was used to calculate water filled pore space (WFPS, %) using the formula:
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where Ψ is the volumetric water content (%) and TP is the total porosity (%) of the soil. The remaining collected soil samples were oven-dried (30 °C for 48 h), sieved (2 mm), and ground for physicochemical analysis. Total carbon content was measured via dry combustion utilizing a Truspec Carbon/Nitrogen Analyzer (LECO Corporation, St. Joseph, MI). Measured C content of crop biomasses (harvested 90 days after germination, measured with and without manure applications) and dry biomass yields were used to calculate the amount of TC contributed by each cover crop followed the methods described by Wang et al. (2015).
[image: Figure 1]FIGURE 1 | Photographic images of (A) established sunn hemp (Crotalaria juncea) crop, (B) established velvet bean (Mucuna pruriens) crop around carambola, (C) in-situ soil CO2 efflux measurement from SH field, and (D) biomass harvesting of velvet bean.
Soil C Balance Calculation
Soil respiration (CO2 emission from soil) is an active indicator of soil health and directly related to soil ecosystem productivity. Soil C balance (SCB) is the measurement of net C contributed by each cover crop and calculated as:
[image: image]
where TC is the total C.
Soil C balances were developed for both cover crops (with and without manure application). Total C contribution was estimated based on the C content (%) in the dry biomass of each CC and the amount of biomass produced by CCs in manure and without manure applied plots. The amount of TC removed was analyzed by calculating the total amount of CO2 produced in the soil (soil respiration) during CC growing seasons.
Statistical Analyses
Statistical analyses were conducted using SPSS (IBM Corp.). IBM SPSS Statistics for Windows (Version 25.0). Armonk, NY: IBM Corp.) and SAS (SAS Institute Inc. 1976. Base SAS® 9.4. Cary, NC: SAS Institute Inc.) software. A one-way analysis of variance (ANOVA) was performed to distinguish between the effect of treatment at each sampling time. A two-way repeated ANOVA with Tukey-Kramer post-hoc test was performed to analyze the treatment differences over time at p < 0.05. We used a homogeneity of variance test to compare the variability of CO2 emission data between two seasons. As the variances were homogeneous (p < 0.10), we pooled the datasets and presented the average value for two seasons in this paper.
RESULTS
Emission of CO2 from experimental plots were separated for two timescales: A) CO2 emission from the day after crop germination till the day of CC termination (90 days) and B) CO2 emission from the day after CC termination (or the day manure was applied) to the end of this study (167 days). Average CO2 emission (µmol m−2 s−1) from the control plot (8.22) was similar to SH (8.85) throughout the CC growing seasons (Figure 2). However, CO2 emission from VB plots (10.21) was 23 and 15% higher than control and SH plots, respectively. The amount of CO2-C emission during the last few weeks (55–90 DAG) before CC termination was about 42% higher from both SH and VB plots than initial weeks of CC establishment. This is specifically because higher root respiration during full crop growth stages increased CO2 emission from the soil. Now while comparing the treatments after CC termination, we observed that VB with manure (VBM) plots produced the highest amount of CO2-C followed by SHM (Figure 3).
[image: Figure 2]FIGURE 2 | Carbon dioxide (CO2) emission fluxes from carambola orchard during cover crop (sunn hemp, SH and velvet bean, VB) growing season. Both cover crops were terminated 90 days after crop germination (DAG). Variances were homogeneous (p < 0.10); therefore, datasets were pooled and average values for two seasons are presented. Soil, air temperature (0C) and water filled pore space (WFPS%) data are also presented.
[image: Figure 3]FIGURE 3 | Carbon dioxide (CO2) emission fluxes from carambola orchard after cover crop (sunn hemp, SH and velvet bean, VB) termination. Manure was applied on the same day after cover crop termination (0 DAT). Variances were homogeneous (p < 0.10); therefore, datasets were pooled and average values for two seasons are presented. Soil, air temperature (0C) and water filled pore space (WFPS%) data are also presented.
Carbon dioxide emission was observed immediately after manure application and high CO2-C emission peaks were observed (as high as 16 μmol m−2 s−1) within first couple of weeks after CC termination (or the manure was applied). In this study, 41% of the total CO2 emission was found within 20 days after crop termination (DAT). Overall, CO2-C emissions from manure applied plots (average 8,030 kg ha−1 season−1) were 17% higher than plots without manure treatment (average 6,870 kg ha−1 season−1) and the emission was significantly higher (p < 0.05) during 20 days after manure application.
Furthermore, we need to consider both positive and negative aspects of CCs in CO2 emission and total C contribution (from crop biomass analysis) during production. Positive C balances were found for both SH and VB (Table 2). An average 13200 kg ha−1 TC was contributed by SH, 33% higher TC than VB and comparing all plots, about 8–10% higher (not significant at p < 0.05) TC contribution was observed from manure applied plots than plots where manure was not applied. The average fraction of emission vs C contribution (CO2-C/TC) was 1.46 times higher in VB plots than SH plots. Higher C emission fraction from VB plots was also an indirect indication of lower C use efficiency by VB cropping system as compared to SH.
TABLE 2 | Carbon contribution, % C in crop biomass, and CO2-C emissions from fallow (control) and cover crop (sunn hemp and velvet bean) treated plots in Carambola orchard for two growing seasons in South Florida, United States. Different letters indicate significant difference (p < 0.05) between treatments.
[image: Table 2]DISCUSSION
Average annual rainfall was 13.25 cm in season one and 11.13 in season two, with relatively higher rainfall observed during July- August (average of 18–24 cm per month) in both years as South Florida experiences a wet summer season and a dry winter season. Rainfall and water filled pore space (WFPS, %; range: 17 to 74, average: 36) did not have any effect on CO2 emission from all plots, however, soil and air temperature had a significant effect (p < 0.10). For instance, higher CO2 emission peaks (at 13, 26, 39, 54 days after germination; DAG) were correlated to higher air and soil temperatures.
Higher soil and air temperature have been reported to increase root and microbial respiration (Huang et al., 2005). Similarly, increased CO2 emissions were observed with higher soil and air temperatures in previous studies conducted in the sub-tropical US (Wang et al., 2013; Dattamudi et al., 2019; Ray et al., 2020). Daily average CO2-C emission (94 kg ha−1) during CC growing season from our experiment (Figure 2) corroborate well with other CC studies amended with organic manure (Ray et al., 2020). However, our study noted increased CO2 emission (3–4 times higher) when compared to other studies conducted in mineral soils in the same agroclimatic region (Tian et al., 2015; Dattamudi et al., 2019). This comparative analysis suggests that OM played a significant role (our soil had 17% OM) in increasing soil microbial activity and root respiration during crop production. This can be compared to a recent study in which Bosco et al. (2019) reported that cumulative and daily CO2 emissions from organic systems were higher than an integrated cropping system for vegetable production. Additionally, lower CO2-C emissions were observed from fallow (control) plots than CC treatments. This result was likely caused by lower root respiration from those plots. Crop biomass production and ground cover of SH was higher than VB, which resulted in lower soil temperature during SH production, and subsequently, a lower CO2 emission from soil during the CC growing season. Moreover, the quality and quantity of harvested CC biomass can also have an effect on soil respiration rates (Nilahyane et al., 2020), a possible factor impacting our results.
Furthermore, prior findings have supported that application of chemical fertilizers have little to no effect on CO2 emission from mineral soils (Dattamudi et al., 2019; Sistani et al., 2019). In our study, CO2-C emissions from manure applied plots was higher than those that were not treated with PM, specifically within the first 20 days of PM application. The spike in CO2 emission from manure applied plots possibly resulted from higher microbial degradation of 17% SOM along with increased root respiration in our soil. Average C:N ratio (mol:mol) of SH and VB leaf biomass were in the range of 12:1 to 17:1, similar to previous studies (Valenzuela and Smith, 2002). A C:N ratio lower than 15:1 indicates a net N mineralization in the soil (Hagemann et al., 2016) which likely resulted in higher microbial activity in manure and CC treated plots. Therefore, CO2 emission peaks were observed immediately after manure was applied (increased microbial activity and root respiration) in both crops. Large amounts of nutrients from CC biomass are often released 30–60 days after incorporation into the soil, which is highly dependent on the C:N ratio of the CC species (Lynch et al., 2016). As a result, a few CO2 emission peaks observed during 40–75 DAT were likely caused by an increased nutrient release in the second month after CC termination. Our findings indicate that soil respiration (and CO2 emission) can be influenced by the addition of macro and micronutrients if abundant food sources (SOM) are present for the microbial community. Interestingly, unlike the CC growing seasons, soil and air temperatures had very little effects on CO2 emissions after CC termination except for few relatively higher peaks (74 and 141 DAT) that corresponded to higher temperatures.
Higher TC contribution by SH (with and without manure) indicates that SH could be a stronger CC candidate for contributing C in organic rich soil than VB. In a study conducted in similar agroclimatic zone, Wang et al. (2012) found lower TC contribution by SH (8.71 Mg ha−1) and VB (4.73 Mg ha−1) monocultures in mineral soil, confirming that organic matter plays a major role in biomass production and subsequently TC contribution (our soil has 17% SOM) in soil. Soils in manure applied plots had higher TC regardless of the type of cover crop. It should be noted that average C content of the PM was 33.76 ± 0.29%, which would amount to 561 ± 67 kg ha−1 of TC contribution, which could account for higher TC contribution in manure applied plots. Interestingly, total C contribution by SH was greater than VB, but CO2 emission from VB was higher than SH plots. This indicates that C contributed by VB was likely in labile form which stimulated higher microbial activities and subsequently greater CO2 emissions. Another possible explanation could be the rate of crop biomass decomposition from SH and VB plots. Higher crop residue decomposition was reported to increase soil CO2 emission (Campos et al., 2011). We did not measure the biomass decomposition rate for SH and VB, but in a recent study conducted in tropical area of Brazil, Xavier et al. (2017) categorized SH as a cover crop with great resistance to decomposition, while VB was categorized as intermediate resistance.
We understand that the soil C balance developed in this study was only from two crop growing seasons, and a long-term field experiment would be more suitable to determine the CC contribution of soil C dynamics. However, in comparing the short-duration effectiveness of SH and VB in contributing/accumulating TC in the soil and influencing CO2 emission, our result suggest that SH has greater potential to reduce CO2 emissions from the soil. When sufficient C present in the soil, the addition of N and other nutrients combined with meteorological parameters can significantly influence soil respiration.
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Plant mutualistic association with various beneficial microbes is referred to as the plant enhancer microbiome. These microbes are found either in episphere or endosphere of the plant tissues. Several pieces of evidence have highlighted that plant microbiomes and soil play a pivotal role in making soil nutrient balance which is readily available to plants and provide strength under various stresses. Recently different technologies relevant to plant microbiome and diversity such as sequencing technologies, metagenomics, and bioinformatics have been utilized. Knowledge about factors that shape the composition of plant microbes is still less explored. Here, current insights into the issues driving the above/below plant microbial diversities are explored. Primarily, we address the distribution of microbial communities above and below ground across plant habitats that has benefitted plants. Microbial communities are efficient regulators of biogeochemical cycle which is a better approach to mitigate changing climatic patterns aids in proper utilization of greenhouse gases for their metabolic mechanisms. The present review is thereby significant for assessing microbiome mitigation toward climate change and multiple avenues of plant- microbe interaction under commuting climatic scenario. Finally, we summarize factors that promote the structure and composition of the plant microbiome.
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INTRODUCTION

Over the past few decades, several anthropogenic and natural activities stimulated the rise in average temperature and carbon dioxide levels which cause changes in climatic conditions globally. These changing climatic conditions involve erratic events like increase in rainfall and snowfall worldwide, excessive release of greenhouse gases, increase in air temperature which renders soil dry and decrease its moisture content forming drought lie conditions. Some other consequences consist of increase in pollution due to increased CO2 emissions, air pollutants, ground- level ozone, aerosols, methane, and others. It induces seasonal variations by altering wind patterns. In other terms, climate change involves the transposing of climatic or weather patterns that occur by emission of greenhouse gases which are likely to be more erratic and extreme in the forthcoming years. Statistical evidence presented by International Panel of Climate Change 2019 states that within food systems, during 2007–2016, the agricultural design (including crop production and livestock management) generated 142 ± 42 Tg CH4 yr−1, 8.0 ± 2.5 Tg N2O yr−1 and 4.9 ± 2.5 Gt CO2 yr−1 with total greenhouse gas emission 6.2 ± 1.44t CO2–eq yr−1 to 11.1 ± 2.9 Gt CO2–eq yr−1 (Jia et al., 2019). It is likely to increase about 30–40% by 2050. These climatic conditions may affect food security through an elevation in temperature, changing rainfall patterns, extreme events, and many more. Studies conducted revealed that the climatic variations affect the crop yields in lower- and higher-latitude regions differently. For instance, the changing climatic trends impart significant drought across Ethiopia, which causes widespread crop failure and food aid to the majority of people in that region (USDA., 2016; Huntington et al., 2017). Climate alterations influence the growth behavior of different crop species. Like, it has huge impact on nutrient acquisition and mineral accumulation in the plants.

Direct effects on the plants includes morphological changes, physiological and phenotypic changes, and changes in plant productivity. Due to stress conditions, the organs ad membranes of plants are impaired. The increased oxidative stress adversely influences the production of carbohydrates, proteins, secondary metabolite in the plants. It also affects soil fertility, irrigation measures, pests and diseases occurrence, and stress incidence like heat, drought. The other ill effects of climate change on production strategies includes effect on food demand, trade opportunities and unequal distribution of products (Raza et al., 2019). These alterations thus cause a negative impact on plant growth and developmental patterns and microbiomes present in the soil.

Like plants, the soil is also a home for many microorganisms like bacteria, fungi, protist, viruse and many others, which may be beneficial, neutral or pathogenic. It is a well-recognized fact that these microbiomes are key indicators of plant health and play an important role in productivity and growth (Berg et al., 2016). Microbiome is a contributor of multiple aspects of plant system. They regulate plant health through their antagonist and synergistic behavior in association with the plants. They influence plant system through metabolic cooperation, inducing signaling responses and microbial dysbiosis. Studies made regarding the phenomenon by which plants acquire defense mechanism against pathogenic microorganisms and get benefitted from beneficial ones have gained much attention in recent few years. Many researchers explored basic principles of interaction with plant and microbiota, signaling process of plant defense and symbiotic responses toward microbes (Jones et al., 2016), a genetic system of microbes that transport signaling molecule to modulate host cell functions (Hwang et al., 2017) and specific binary and community level conflict in plant and microbial interactions (Hacquard et al., 2017). The study of environmental impact on plant and microbiome interaction is seldom at mechanistic and molecular levels, thus, unravels the new avenues in exploring the plant and microbial association in nature mediating ecological resilience. The present review describes large microbial population that exists in the environment, their growth patterns, along with ecological functions. Secondly, it describes the effect of changing climatic conditions on microbial diversity present in nature by a designed framework to develop a better understanding of the influence of climate on plant-microbe interaction as well.


Microbial Diversity

The interaction of plants with microbiota is unavoidable and inseparable. Plants and soil harbor a wide range of microbiome which may be present inside (endosphere) and outside (episphere) the plant tissues (Khondoker et al., 2020). Soil can be considered a repository of microbial populations, whereas plants interact with surplus microbes and other entities present in nature. The microbial communities differ significantly in rhizosphere, endosphere, and phyllosphere in the environment (Trivedi et al., 2020). Plants and microbial population encompasses to form a “holobiont.” In general terms, holobiont can be defined as the assemblage or association of a host with various species surrounding it, together forming an ecological unit. Microbiota which interacts with plants have a diverse location, ecological function in both above-ground and below-ground environment and poses a potential role in regulating resistance to climatic alterations and other stress responses.


Above-Ground Plant-Microbiome Interaction

Plants including stems, leaves and their other parts contain abundant microscopic organisms like bacteria (Proteobacteria, Bacteriodetes), actinomycetes, fungi (Ascomycota and Basidiomycota), viruses, and others (Figure 1). The region surrounding the aerial portion of the plant is termed the phyllosphere. Different plant species possess a diverse range of microbiota in their phyllosphere region (Table 1). The phyllosphere region is very dynamic and greatly influenced by several factors like temperature, precipitation, light, etc. The bacterial population present in the phyllosphere α and γ proteobacteria belong to proteobacterial (phyla- Bacteriodetes & Actinobacteria) that are mostly non-pathogenic and hyperdiverse in nature. The phyllosphere fungi associated with forest trees are saprobic and key decomposers of leaf litter along with another group which are latent pathogens (Osono, 2006). Similarly, numerous studies on several crops like apple, almond, tobacco, pumpkin and many others concluded that Pseudomonas are the most abundant in these crops (Aleklett et al., 2014). Phyllosphere also consists of diverse group of algal microbiome, although the study of phyllospheric microbiome is seldom. Algae are aquatic organisms having diverse groups including green microalgae, cyanobacteria along with different classes namely chlorophyceae, Dinophyceae, Eustigamatophyceae, Trebouxiophyceae, and Ulvophyceae. These species are abundant in tropical trees, mangrove forests, Taiwan rain forests, and rice crop (Lin et al., 2012; Venkatachalam et al., 2016; Zhu et al., 2018). The Atlantic forest phyllosphere has diverse and rich communities of cyanobacteria (Rigonato et al., 2016). The algal groups like Nostocales and Oscillatoriales occurs predominantly in the phyllospheric region. Thus, the above evidence is enough to conclude the fact that microbiota is not only abundant but diverse in the phyllosphere in the plants. However, the core phyllospheric regions also contain pathogenic microbiota, which is often dramatic systemic and spreads vigorously to cause diseases in plants (Stone et al., 2018). The increased interest in phyllosphere research has disclosed the new aspects in understanding plant health, ecological principles, and atmospheric chemistry, but there are still many aspects that needed to be explored. The use of modern approaches like proteogenomics, community-based next-generation sequencing, metaproteomics, offers a great aid in understanding the role of novel proteins that stimulate phyllospheric growth. Although in situ interaction of microorganisms with phyllosphere using complementary approaches at microscale is needed to be attended thoroughly (Figure 1).


[image: Figure 1]
FIGURE 1. Schematic representation of plant and microbes interaction. Various plant and microbes derived compounds that shape the microbial community and altered the plant immunity under environmental stresses.



Table 1. Microbial communities present in phyllospheric and rhizospheric regions of different plant species.
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In contrast, fungal diversity is expected to remain lower. The endophytic fungi form a mutualistic symbiotic association with some plants, grasses, legumes, morning glory, thus producing bioactive metabolites, and perform defense mechanisms (Panaccione et al., 2014) and obligatory plant-associated. Fungal and bacterial endophytes present in plant ecosystems have a diverse role which includes stress resistance, increase biomass and decreased water consumption, altered resource allocation. They can be non-pathogenic for at least part of their life cycle (Rodriguez et al., 2009). The transmission of bacterial endophytes can commence either by seed, pollen, soil, atmosphere, insects, wind, or water (Frank et al., 2017). The study of endospheric and phyllospheric variability of grapevine revealed the presence of diverse genera, which included Pseudomonas, Sphingomonas, Enterobacteria, Bacillus, Erwinia, Methylobacteria like organisms (Compant et al., 2019), while maize leaves predominantly contained Sphingomonads and Methylobacteria in diverse maize lines (Wallace et al., 2018). Thompson et al. (1993) studied the presence of 1,236 bacterial strains on immature, mature and senescent leaves of sugarbeet over a complete growing life cycle of a plant.



Below-Ground Plant-Microbe Interaction

Soil is a habitat of plenty of microorganisms that supports life forms and anchors the root system of the plants. Plant roots contain a diverse form of microfauna, either endophytic or rhizospheric (Table 1). The rhizosphere is the region of soil adjacent to plant roots that harbors an environment for plant roots with microorganisms. Similar to phyllospheric region, the diverse microbiota in the rhizosphere can also be dispersed through air, soil, water, insects, animals, etc. Soil harbor's a wide range of bacteria, actinomycetes, fungi, and other microorganisms which interact with plant parts; some are mutualistically associated (PGPR, Rhizobia) while others perform vital ecological functions. e.g., the citrus rhizospheric microbiome contains diverse groups of microbiota that mainly includes Pseudomonas, Agrobacterium, Cupriavidus, Rhizobium, Sphingomonas, and many others as potential beneficial microbes (Jin et al., 2018; Xu et al., 2018). Root exudates like organic acids, amino acids, fatty acids, plant growth regulators, sugars, vitamins, and other metabolites have a pronounced effect on the availability and composition of microorganisms around roots (Compant et al., 2019). However, the plant roots are colonized by a diverse group of bacterial and fungal endophytes that are present internally. The endophytes enter plant roots passively by penetrating the sites of cracks at root emergence region, root tips, through lateral roots and also through an active process.

Seeds, on the other hand, are important sources for microbial proliferation in the roots. In grapevine roots, the bacterial phyla that are abundant include Proteobacteria, Acidobacteria, Actinobacteria, Bacteriodetes, Plantomycetes, Choloroflexi, Gemmatimonatedes (Faist et al., 2016; Samad et al., 2017). The symbiotic association of fungi with roots in the form of endophytes and mycorrhiza are key factors in nutrient acquisition and root colonization (Kariman et al., 2018; Li et al., 2018). The roots of cucumber, tomato, wheat and maize were dominated by Proteobacteria, Actinobacteria with relative abundance in the γ-proteobacteria and α-proteobacteria (Reinhold-Hurek et al., 2015). In a similar manner, the root endosphere and rhizosphere in A. thaliana were colonized by abundant bacterial species that included Bacteroidetes, Actinobacteria, Proteobacteria, Chloroflexi, Firmicutes, Acidobacteria, Saccharibacteria along with fungal phylum viz., namely Ascomycota, Basidiomycota, Olpidiomycota, Chytridiomycota and many more species (Bergelson et al., 2019).

The nitrogen-fixing bacteria (Rhizobium, Frankia) form a symbiotic association with Fabaceae in specialized nodules to fix atmospheric nitrogen into nitrate, which can be utilized by plants (Menge et al., 2019). Studies conducted on PGPR revealed that they had a pronounced effect on phytoremediation strategies. In Helianthus tuberosis, PGPR growing endophytically in roots showed considerable resistance to elevated concentration of cadmium and zinc (Montalbán et al., 2017). The rhizosphere and endosphere of the Populus genus contain an abundance of Acidobacteria, Alphaproteobacteria, and Gammaproteobacteria (Actinobacteria) that play a major part in stress-specific and core stress responses (Timm et al., 2018). Plant species contains diverse range of arbuscular mycorrhizal fungi in Glomeromycotina along with a smaller part of ectomycorrhizal fungi (Ascomycota and Basidiomycota) distributed geographically (Rudgers et al., 2020). Different plant species harbor different fungal groups e.g., Ercoid fungi in Ascomycota are commonly associated with the ericaceous plant, while Basidiomycota (Orchidaceous mycorrhizal fungi) are found in orchids. Prasanna et al. (2009) identified cyanobacterial species Nostoc and Anabaena in the rhizospheric region of rice crop. Cyanobacterial species like Calothrix, Scytonema are dominant in paddy fields (Roger et al., 1993). Another algal species abundant in rhizosphere also include Oscillatoria and Phormidium. Plant roots contain pathogenic and non-pathogenic fungi. The hyaline and melanized ascomycetes fungal group are dominant in the roots of prariers (Jumpponen et al., 2017). Thus, the rhizospheric microorganisms have vast diversity among different plant species. They play a pivotal role in the physiology and development of plants. The approaches of next-generation sequencing, 16sRNA gene sequencing, ITS, CRISPR, and genome editing molecular tools have provided a better understanding of the interaction of microbiota with roots and below-ground level. Also, incorporating traditional approaches with modern gene sequencing technique will bring new insights to explore the microbial life in the rhizosphere. Knowledge of microbial population, its functioning and activities aid in the identification of suitable microbial candidate to support plant growth and health in various environmental conditions and disease suppression (Mendes et al., 2013).




Plant-Beneficial Microbes

The role of microorganisms in understanding plant production and ecological sustainability has been deciphered since ancient times. Plants possess a huge variety of microbiomes in phyllosphere and endophytes from surrounding soil and air (Finkel et al., 2017). The beneficial microbiome present in the plants is a key indicator of plant health as they play a vital role in regulating plant immunity, production of metabolites, nutrient uptake and acquisition, disease, and insect- pest management along with several other functions. The microbial population residing in soil system includes various PGPR, fungi, actinomycetes, algae, yeasts, cyanobacteria, and many more (Manzar et al., 2021). They aid in transforming organic matter into simpler form that can be assimilated by plants. Microbiomes like filamentous fungi and several bacterial species secrete a wide range of secondary metabolites which are crucial for plant growth and phenological responses. Several studies regarding beneficial role of rhizobacteria in invigorating plant growth and developmental responses along with nutrient acquisition through production of many phytohormones like auxin, cytokinins have been made (Kudoyarova et al., 2014; Egamberdieva et al., 2017). Secondary metabolites like trichocarenes, harzianolide, harzianic acid, α- pyrone produced by various Trichoderma species have been reported to promote plant growth (Vinale and Sivasithamparam, 2020). Several rhizospheric and endophytic bacterial species colonizing turmeric rhizomes have been reported to induce growth promotion, disease management, secondary metabolite production and enhancing curcumin content (Kumar et al., 2017). Several bacterial species-Arthrobacter, Bacillus, Rhizobium, Mycobacterium have been found to be associated with roots of soybean (Egamberdieva et al., 2016). Similarly, orchid rhizosphere harbors Mycobacterium species (Tsavkelova et al., 2007) while wheat roots contains Azotobacter, Azospirillum, Mycoplana, and Rahnella. Endophytic fungi Sinorhizobium meliloti isolated from root nodules of M. sativa confer drought tolerance (Naya et al., 2007). Several bacterial species have also been reported to mediate drought tolerance in several species (Chen et al., 2017; Naseem et al., 2018; Ullah et al., 2019). In maize, Leifsonia sp. and Bacillus sp. induced cadmium tolerance thereby increasing root and shoot growth (Ahmad et al., 2016). Several mycorrhizal and endophytic organisms are known to be associated with plants viz., cereals, pulses, oilseeds which enhance their nutritional status (Bhattacharyya et al., 2016).

Anabaena species, Calothrix species, Chlorella fusca acts as biocontrol agent against plant pathogens in many plant species (Prasanna et al., 2008, 2013; Chaudhary et al., 2012; Lee et al., 2016, 2017; Kim et al., 2018). The algal species also provide protection to plants against nematode infection (Khan et al., 2005, 2007; Hamouda and El-Ansary, 2017). Cyanobacteria increases plant growth and yield by acting as biofertilizer. Species including A. variabilis, Calothrix sp., Hapalosiphon sp., and Nostoc sp. are used as biofertilizers in many crops which increases plant growth and yield (Singh and Datta, 2007; Innok et al., 2009; Karthikeyan et al., 2009). Algal biofertilizers like Nostoc sp., Anabaena sp., fixes atmospheric nitrogen in rice. They also influences soil porosity and soil aggregation. Anabaena azollae is used as a green manure (Vaishampayan et al., 2001). Algal species also provide abiotic stress tolerance in the plants. Scytonema hofmanni provides salt tolerance in the rice (Rodríguez et al., 2006). Chlorella fusca and Chlorella strains (ABC001 & HS2) delays plant senescence in Erinus alpinus (Lee et al., 2020). Furthermore, several evidences of abiotic stress tolerance by algal communities in the plant species has been reported (Li et al., 2014; Arroussi et al., 2018; Lee and Ryu, 2021). Algae are efficient bioremediator of heavy metals in the plants through process of bioaccumulation and biosorption. Species like C. vulgaris, Desmodesmus pleiomorphus, Ulva reticulata Cladophora fascicularis Spirogyra insignis are efficiently used to remove heavy metals like Cd, Zn, Cu (Hassan et al., 2017). Algal communities are efficient drivers of CO2 in global carbon cycle and also a better alternative to sequester greenhouse gases biologically (Tsai et al., 2017). Besides this, algal communities also produce plant growth promoting phytohormones and polysaccharides which increases plants growth (Lee and Ryu, 2021). Blue green algae and other algal species like Anabaena, Chrococcus, Oscillatoria, Phormidium are associated with rice, fix atmospheric nitrogen and accelerate nutrient acquisition in plants (Hasan, 2013; Bhattacharyya et al., 2016). Microbial consortia play major role in plant defense mechanism (Xu et al., 2011; Jain et al., 2012; Sarma et al., 2015). Microbial consortium including Pseudomonas, Rhizobium, and Trichoderma species studied in different species are efficient means of plant growth promotion and pathogen tolerance (Alizadeh et al., 2013; Table 2). Rhizobacteria and rhizofungi have an immense beneficial role against insect herbivores besides improving plant health by regulating signaling of defense hormones, secondary metabolite production and synthesis of defense related proteins and enzymes (Rashid and Chung, 2017; Table 3).


Table 2. Studies on plant microbe interaction and their adverse climatic conditions.
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Table 3. Role of beneficial microbe in plant defense.
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Factors Involved in the Availability of Diverse Microbial Populations

The plant-microbe association is influenced by several factors which directly or indirectly affects the availability of microbiota in the particular environment. They are mainly phyllospheric, rhizospheric and environmental factors that require understanding of the mechanism of the presence of microorganisms. Table 2 determines various drivers of plant-microbe interaction that provide knowledge of their existence and diversity in the environment. Plants are living organisms that themselves harbor a wide range of microbial entities like bacteria, fungi, actinomycetes. The presence of these microbiota in the plant is mainly influenced by biotic factors including plant species, root architecture, plant genotype, plant age and developmental stages, and abiotic factors like soil pH, soil salinity, temperature, seasonal variations, soil moisture, and organic matter (Winkel et al., 1997; Zogg et al., 2010) (Figure 2).
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FIGURE 2. Role of microbes in different aspects of climatic phenomena.


Plant and soil hosts multiple varieties of microbiomes. The environmental factors are key regulators in shaping structure and composition of plant microbiome. Plant associated microbiomes are greatly influenced by genotype × environment interactions (Morella et al., 2020). Particular plant species also imparts some influence on composition of microbiome in rhizosphere. Phyllospheric microbiome is affected by environmental and anthropogenic factors. Environmental factors include irradiation, ozone, animal borne sources, secretion of volatile organic compounds, and health development status of plants, plant genotype and others. Anthropogenic activities which influence microbiome abundance include urbanization, application of fertilizers, pesticides, herbicides, fungicides, biostimulants, and industrialization (Gupta and Patil, 2021). Particular plant species also imparts some influence on composition of microbiome in rhizosphere. Soil associated factors like possible available mineral content in the soil, pH, gas gradient establishes soil microbiome plays key role in shaping diversity of microbiota (Tecon and Or, 2017). Soil properties and geographical locations (altitude, latitude, and longitude), soil moisture content impact structure of microbiomes at great extent (Islam et al., 2020). The structure and composition of plant microbiome can be influenced by climatic factors like UV-radiation, temperature variations, and change in CO2 concentration (Kemble et al., 2014; Wang et al., 2017; Hassani et al., 2018; Yu et al., 2018; Sørensen et al., 2019; Islam et al., 2020).



Effect of Resilient Climate on Microbial Diversity

Climate change and changing weather patterns is a matter of global concern among researchers and agriculturalists now-a-days. Climate change is undeniable phenomena which occurs mainly due to anthropogenic activities including the factors like greenhouse effect, deforestation, urbanization, global warming. Other crucial factors includes fossil fuels combustion, increase livestock farming, excessive use of fertilizers, nitrous oxide emissions, increasing incidence of different abiotic, and biotic stresses. The global warming associated with climate change along with elevated temperature, CO2 levels, changing rainfall patterns impart a significant impact on plant developmental patterns and their physiology. However, microbial diversity and its nature activities have not been spared in the inevitable changing climatic conditions. They are microscopic, diverse, and present abundantly in marine, terrestrial and agricultural ecosystem. It is well-known fact that microbiota are efficient players in the carbon and nutrient cycling process, a key mediator to plant health, and play a crucial role in agricultural production. The study of the effect of the resilient climate in microfauna is limited and requires greater attention. Being ubiquitous, microorganisms affect climate change in marine, terrestrial and agricultural ecosystems (Bastiaansen et al., 2020). The ecosystem is influenced by changes in temperature, rainfall patterns, and stress conditions (drought, salinity, ozone stress, pathogens.). Changes in climate durability and seasonal abnormalities possess a great impact on the structural and diversity of microbial communities either directly or when they are associated with plants. The drivers of changing climatic conditions causes shifting of microbial community from particular ecosystem which further impart negative effect in its function. Global warming has direct impact on microbial respiration. Warming alters composition of microbial population (Classen et al., 2015). However, temperature, CO2, and other environmental factors play an important part in regulating the diversity of microbial community both above and below ground level. The microbial populations are often associated with rhizosphere and gets influenced by soil and exudates secreted by roots.



Effect of Temperature on Plant-Microbe Interaction

Temperature is the fundamental factor that is decisive in plant growth and phenological characteristics, along with the distribution and occurrence of a particular microbial population in the community (Angilletta, 2009; Kashyap et al., 2017). The increase in human interventions and the emission of GHGs like CO2, water vapor, methane leads to the rise in average global temperature in the past few decades. It is expected that the average temperature is going to increase by 1.8–3.6°C by the year 2100, which may lead to water deficiency and drought in many parts of the world (Compant et al., 2010). The increase in average temperature influences the activity and morphology of plants. Several studies have been made regarding the demonstration of the potential effect of elevated temperature on different crop species (Chen et al., 2021). The increased average temperature imparts a potential market effect on the composition, activities and occurrence of plant-associated microbial communities. An elevated temperature may result in faster growth of microorganisms with altered respiration. Similarly, elevated temperature and drought conditions significantly affect plant-microbe association, activity and abundance. Global warming and elevated temperature conditions have a direct influence on microbial respiration rates present in the rhizosphere (Classen et al., 2015). Studies show that soil respiration performed by microbial community increases exponentially with temperature (Karhu et al., 2014). Frey et al. (2013) found that the utilization of organic matter by soil microbes is temperature-dependent. The changing climatic conditions, the pathogenicity of microorganisms can also be correlated with temperature alterations, CO2 concentration and other environmental conditions (Vela'squez et al., 2018). Soil warming and drought conditions pose an indirect impact on plant nutrient uptake and carbohydrate exchange in the rhizosphere by arbuscular mycorrhizal fungi (AFM) (Newsham et al., 1995). Glomus intraradices and Glomus mossae showed increased growth and colonization with temperature (Monz et al., 1994). Elevated temperature increases the virulence of bacteria Pectobacterium atrosepticum causing soft rot and certain other seed born microbes that promoted degradation of cell wall enzyme and increase disease incidence in plants (Hasegawa et al., 2005). Ocean warming due to elevated temperature results in phonological shifts in sea weeds globally (de Bettignies et al., 2018). Elevated temperature adversely influences the activity of coralline algae (Page et al., 2021). Studies conducted reveals that elevated temperature has considerable effects on cyanobacterial growth and development (Deng et al., 2021). Increased temperature coupled with heat waves as consequences of global warming enhances the activity of microbial community able to mineralize microbial necromass, recycling C and N and thus, amplify warming effects in mountainous soil (Donhauser et al., 2020).

Similarly, Wang et al. (2020) also reported the increased microbial necromass nitrogen and microbial turnover in the soil with temperature. However, other environmental conditions, like moisture and UV radiation, also influence microbe survival and growth. Low moisture availability and drought conditions affect the microbial population in the soil, root endosphere and rhizospheric conditions (Cheng et al., 2019). Xu et al. (2018) studied that drought conditions reduce bacterial population in rhizosphere and root endosphere in sorghum root microbiome. Drought conditions decrease AMF colonization. AMF could not colonize plant under drought (Schellenbaum et al., 1998; Staddon et al., 2004). However, a comparative study performed by Querejeta et al. (2009) reveals that ectomycorrhiza has reduced colonization ability in oak under drought than AMF deciphering the fact that colonization by AMF under water-scarce conditions are more desirable for future climatic scenarios.



Effect of CO2 on Plant-Microbe Interaction

The atmospheric CO2 is very crucial in regulating carbon allocation and composition of root exudates in the soil environment, which imparts a potential effect on the rhizospheric environment with beneficial microbes (Berendsen et al., 2012; Williams et al., 2018). Microbes play a vital role in net carbon exchange through various ways, viz. respiration and decomposition of organic matter, pathogenic or symbiotic association with plants, and by altering the nutrient status of the soil. Elevated CO2 levels alter plant physiology and metabolism and also stimulate direct and indirect effect on the microbial community in rhizospheric and phyllospheric conditions. The elevated CO2 levels often lead to reshaping the root exudates composition along with alterations in nutrient availability (Ostle, 2008; Compant et al., 2010). Microbes like fungi consist of higher carbon assimilation efficiency than bacteria and have more significant potential to store carbon than mobilization. Thus, an increase in the carbon emission through roots by plants stimulates the growth in the microbial population in the soil system, thereby reducing soil nitrogen i.e., available for the plant due to soil nitrogen immobilization.

The elevated CO2 level in the atmosphere often results in increased soil respiration (Korner and Arnone, 1992; Hungate et al., 1997). The soil environment contains a higher proportion of CO2 than the atmosphere. Microbes such as fungi, bacteria, actinomycetes show variable responses to elevated CO2 conditions. In Pisum sativum cv. Solara, Gavito et al. (2000) observed no significant effect of elevated CO2 (700 ppm) on the colonization of arbuscular mycorrhizal fungi (AMF) while in Barnyad grass, elevated CO2 (7 ppm) showed a significant increase in mycorrhizal colonization with an increase in N and P uptake (Tang et al., 2009). A study conducted using 18s RNA sequencing-based Illumina Miseq technique indicated that long term exposure to elevated CO2 (550 ppm) significantly reduces the presence of Claroideoglomus and Glomus species in paddy in sub-humid tropical conditions (Panneerselvam et al., 2020). Similarly, the ectomycorrhizal communities also get influenced by changing CO2 levels in the atmosphere. Godbold and Berntson (1997) observed the increased colonization of ECM in Boswellia papyrifera and Pinus strobus under elevated CO2 conditions (700 ppm). Similarly, Fransson et al. (2005) demonstrated a three-fold increase in biomass of ECM mycelia in P. sylvestris in high CO2 conditions. Besides AMF and ECM, Plant Growth Promoting Bacteria (PGPB) have also been found to support plant growth. Several organisms that belong to this genera include Arthrobacter, Azospirillum, Azotobacter, Bacillus, Erwnia, Proteus, Pseudomonas, Rhizobium, etc. Bacterial communities associated with the plant biome also have a significant effect on eCO2 levels. Studies conducted in FACE conditions (Free-air CO2 enrichment) demonstrated that elevated CO2 (600 ppm) causes a substantial increase in the population of R. leguminosarum bv. trifolli in the rhizosphere of white clover (Schortemeyer et al., 1996).

Numerous studies have been made regarding the influence of eCO2 in plant growth promoting bacteria communities in several species (Lipson et al., 2006; Haase et al., 2007; Lesaulnier et al., 2008; Xu et al., 2013). Increase in CO2 concentration in the atmosphere also influences the microbial community in the oceanic environment. The growth and survival of seaweeds in high CO2 environment is tempting as seaweeds are benefitted from increased organic carbon concentration (Harley et al., 2012). Recent developments in algal research determine that with increased CO2 concentration the biomass and lipid in microalgae species also increased (Singh and Singh, 2014). Thus, elevated CO2 conditions influence microbial communities, biological system of plants and thereby play vital role in future climatic conditions. Elevated CO2 level may alter activities of soil microorganisms involved in nutrient acquisition (Haase et al., 2007), influences pathogenic responses of the plants (Yáñez-López et al., 2012) and help soil carbon sequestration. Moreover, the role of rhizospheric microorganisms under elevated CO2 level is needed to be assessed for climate-resilient agriculture along with rigorous effort in scaling up to explore the long term effect of soil microbes to increased CO2 conditions and efficient carbon sequestration by plant-microbe interaction (Malmstrom and Field, 1997; Grover et al., 2015).



Other Factors Influencing Plant-Microbe Interaction

The inconsistent climatic conditions possess considerable impact on structure, function and diversity of plant- microbe association in the environment (Dastogeer et al., 2020). Increased climatic conditions result in the increased exposure of radiations to plants which also modify ozone dynamics in the atmosphere. It is well-known that increased UV-radiations deplete stratospheric ozone content in the atmosphere, thus alters climate. These alterations have adverse effects on the plants and associated microbiome. Increasing UV- radiations changes cell oxygen yield, photosynthetic system, and growth of cyanobacteria (Zeeshan and Prasad, 2009). However, lichens have not much considerable effects of UV-B radiations (Bjerke et al., 2005). Radiation sensitive fungi possess reduced growth as infrared radiations induces damage to cell proliferation rate. The UV radiations have adverse effect on conidial germination, hyphal growth and chemical production (Braga et al., 2015; Thind and Schilder, 2018). Similarly, it negatively affects growth and survival of bacterial communities (Vanhaelewyn et al., 2020).

The phyllospheric communities are relatively more affected to increased radiations as rhizospheric communities and are attributed to frequent and drastic changes with change in climatic conditions. The change in climatic conditions results in increased incidence of stresses in the environment. Climate change increases the activities of pathogens and heterotrophic microorganisms, shifting of beneficial microbes from one ecological niche to another. Precipitation is an important regulator of activities of plant and microbiomes. Adequate precipitation increases the activity of soil microbes' hence increasing microbial biomass carbon. The phyllospheric biomass can be positively correlated with belowground microbial biomass carbon in response to adequate precipitation (Zhang and Xi, 2021). Global warming and climatic aberrations potentially cause drought stress. The scarcity of water in the rhizospheric region reduces mycorrhizal mycelium formation in the plant roots (Singh et al., 2019). It is evident there are multiple drivers of plant microbiota association aboveground and belowground communities. They regulate the structure and activities of microbes and also have considerable influence on plant system.



Role of Microbes in Climate Resilience

Microbes are the diverse and ubiquitous organisms present on the earth's surface. Plants themselves consist of a wide range of microbial niches present in them and the soil ecosystem. Microbes are well-known to perform various ecological functions in nature. They regulate the concentration of greenhouse gases and influence radiative force. The microbiota may impact either positive or negative feedback on climate resilience. Several microbial species plays vital role in carbon sequestration, carbon mineralization and reduces the emission of greenhouse gases viz. CO2, CH4, N2O (Singh et al., 2010) in the terrestrial ecosystem. Climate change has a potential effect on soil microbial biomass, organic matter decomposition, net primary production, nutrient cycle, vegetation and precipitation, on local and global regimes. However, numerous significant studies have been made regarding the role of microbiota in environmental changes (Table 4).


Table 4. Role of microbes in plant physiological responses.
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Crop growth and productivity are directly related to changes in environmental conditions and climate vulnerability, and the role of beneficial microbes in alleviating climatic abnormalities is well-established by various studies (Carrio'n et al., 2019; de Souza et al., 2020). Abiotic and biotic stresses are one of the significant consequences of climate abnormalities and are major constraints in crop production and plant growth. The presence of microbial population in or within the plants alleviates the harmful effects of stresses and possesses synergistic effects with the plant and the environment (Naylor et al., 2017; Compant et al., 2019). The phenomenon of global warming and greenhouse gases emission are parallely correlated, which ultimately stimulates climate change. As we know, this phenomenon directly or indirectly affects the microbial population and community in the rhizospheric and phyllospheric biome. Temperature elevation due to greenhouse gases emission increases respiration, fermentation and methanogenesis of the microbial community. Microbes like bacteria, fungi, actinomycetes are efficient in decomposing organic matter, which further stimulates global warming in the environment and CO2 flux in the atmosphere (Abatenh et al., 2018). Microbial communities influence the biogeochemical cycle, nutrient cycling, carbon, and methane cycle status in the atmosphere (Abatenh et al., 2018). Microbial respiration is a crucial pathway for carbon efflux which aids in emission of carbon dioxide naturally. Methanotrophs play an important part as a biological sink to mitigate methane emission in the atmosphere. Several species of algal communities Oscillatoria, Nostoc, Anabaena has potential role in combating stress conditions in different plant species. Phytomicrobiome also contributes to global food security by determining crop yield and climate resiliency. Climate change mitigation is a necessary measure that can be achieved by adopting several measures. The use of biofertilizers which are composed of microorganisms like bacteria, fungi can be an efficient alternative to chemical fertilizers, similarly, biofuels instead of fossil fuels. Soil contains plenty of microorganisms. Soil harboring microbes play an essential role in nutrient cycling, resistance to soil-borne pathogens and changing climatic conditions.



Interplay of Hormonal Crosstalk With Plant-Microbe Interactions Under Changing Climatic Conditions

Plant hormones are organic substances produced in minute quantity which stimulate plant physiological processes. They are the key regulators of plant growth and development in response to external environmental conditions. Plants synthesize various hormones which regulate their metabolism and development. They can be either growth promoters like auxins, gibberellins, cytokinins, or growth inhibitors like ABA. They are chemical messengers which are inevitable for controlling cellular activities and plant metabolic responses. Climate change causes invigoration of various stress responses in plants like drought, salinity and heavy metals toxicity, the incidence of pests and diseases and pathogen attack. These abiotic and biotic stresses are potential threats to agricultural production and food security worldwide. Besides this, these climatic calamities alter plant physiological processes and impart negative effect on plant metabolism and functioning. Although plant impose several tolerance mechanism and pathways to avoid the potential effect of stress conditions when stress conditions prevail. Phytohormones are important growth regulators which are inevitable for plant growth and provide a defense to plant under stress conditions. Studies revealed that the application of phytohormones under stress improves plant growth and metabolism. Auxins and ABA are key regulators in abiotic stress tolerance (Hu et al., 2013). The negative effect of Pb on sunflower was mitigated by a low auxin concentration with increased root growth. Phytohormones play crucial role in alleviating stress tolerance in plants. Seed priming with auxin alleviates abiotic stress in many crop species (Rhaman et al., 2021).

Similar to auxins, the potential role of other phytohormones has also been deciphered in several studies (Singh et al., 2013; Singh and Singh, 2017; Sharma et al., 2019). The interplay of hormonal activities has also been demonstrated in biotic stresses in plants. Plant growth regulators control the defense mechanism of the plants and induce tolerance to diseases causing pathogens, insect-pest and herbivory. The key hormones regulating plant defense responses include Jasmonic acid (JA), Salicylic acid (SA), which have been widely studied in plant immunity (Aerts et al., 2020). When pathogen invasion prevails in the plant system, the latter consists certain immune response to the plants. The existing procedure of defense utilizes pattern recognition receptors (PRRs), which exists on the surface of plant cells, to detect certain patterns, possibly known as pathogen-/microbe-associated molecular patterns (PAMPs/MAMPs). PAMPs/MAMPs trigger pattern-triggered immunity (PTI) in the plants, which restricts pathogen attack.

However, another mechanism of resistance effector-triggered (ETI) immunity functions in response to pathogen attack (Figure 1). Additionally, the plant has also developed intracellular resistance to counteract pathogen attack via the establishment of R-proteins, which stimulates ETI to develop defense responses in plants. Defense mechanism (PTI & ETI) induces certain responses against pathogen infection in plant parts, including necrotic lesions at the infected site to cease pathogen movement, increase in Ca2+ concentration inside the cell, stimulation of MAPKs, defense-related proteins (e.g., PR-1, β 1,3- glucanase, chitinases, ribonuclease like defensin etc.), production of phytoalexins and antimicrobial components (Checker et al., 2018). Furthermore, the activation of certain phytohormones like SA, JA, ethylene, gibberellins, brassinosteroids, auxins etc. have also been implicated in conferring defense mechanism against biotic stresses. The signaling crosstalk of these hormones, either synergistically or antagonistically, plays a fundamental role in the defense mechanism in plants. The signaling of the SA is crucial for defense against biotrophic pathogens, whereas the JA signaling is essential for controlling necrotrophic pathogens (Shigenaga et al., 2017). Activation of jasmonate and ethylene together stimulates the induction of plant defense in Arabidopsis against Alternaria brassicola; however antagonism of hormone ABA-CK that modulates resistance in tobacco against Pseudomonas syringae (Penninckx et al., 1998). Similar studies of hormone crosstalk have been conducted in different plant species against various pathogenic responses (Naseem et al., 2012; Piisila et al., 2015).

Plant hormones thus play a significant role in stimulating stress tolerance by modulation of genes, downstream signaling by Ca2+ sensors, involving G-proteins signaling, ABA-mediated stress responses; thereby maintaining homeostasis and plant adaptation to environmental challenges and climatic abnormalities (Ku et al., 2018). Microbial communities are key regulators of stress tolerance under changing climatic perturbations. Studies conducted regarding the potential role of microbial populations in ameliorating stress conditions are evident for few decades. Plant beneficial microbes play a significant role in mitigating stress conditions in plants by implicating several mechanisms (Forni et al., 2017; Figure 1). Plant hormones widely influence the microbial colony associated with the plants (Foo et al., 2019). The rhizospheric region of plant system harbors a wide variety of microbial population that participates in plant growth and development by secretion of various polysaccharides, metabolites, and hormones. Root associated microbes stimulate mitigation of salt stress and osmotic stress by the production of phytohormones (Yandigeri et al., 2012).

PGPR provides considerable protection to plants under abiotic and biotic stress responses by inducing phytohormone signaling and activating defense responses (Shilev et al., 2019; Khan et al., 2020; Kashyap et al., 2021). Thus, it is now evident that phytohormones have a positive role in increasing plant stress tolerance in changing climatic scenario. Microbial mediated phytohormones production and stimulation influences not only rhizospheric growth but also alleviates abiotic and biotic stress tolerance concurring plant life cycle. Further studies are required to identify the phytohormone modulation in plant tissues by the microbial population under stress response. Also, the identification of receptors and transcription factors are needed to identify the gene expression after microbial phytohormone application. Hormonal crosstalk and signaling mechanism of microbial communities like PGPR and plant growth promoting fungus in nutrient acquisition in the plant requires more attention. The role of biotechnological approaches in plant-microbe hormonal crosstalk under stress conditions warrants a thorough investigation.



Approaches

Now-a-days, climate change is globally increasing. It is a prevalent phenomenon that affects the demand for food supply to a growing population, thereby affecting global food security. The major consequence of climate change includes the increased concentration of CO2 in the atmosphere, elevated temperature changing rainfall patterns in various parts of the world (Figure 3). As climatic aberrations are progressing, it may lead to several abiotic stresses and pathogen attack, which is detrimental for crops. Besides, the changing climatic patterns disturb the hydrological cycle and water availability which may also impart a negative impact on agricultural production (Kashyap et al., 2018). Temperature and light alterations decrease the photosynthetic rate, translocation of photosynthates, and increase transpiration. Elevated CO2 concentration also possesses variable effects on different plant species. Also, reduced or excess rainfall altered cell growth, protein synthesis, decreased plant metabolism, and favored pathogens. These climatic conditions have a real effect on plants in the long term. However, the potential effect of altered climatic conditions has been incessantly studied in many crops (De Oliveira et al., 2013; Raza et al., 2019). Climate change has a pronounced effect on soil microbe, plant microbes and their interaction. Microbes regulate a wide range of ecological functions in the plant sand soil ecosystem. The potential impacts of changing climatic conditions have been reviewed extensively in many studies in different species (Classen et al., 2015; Verheijen et al., 2015). Thus, climate change mitigation approaches are a crucial step for environment sustainability, production and provide protection to plant from climatic aberrations. A proper mitigation approach is required to be taken to tackle changing climatic conditions.
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FIGURE 3. Factors affecting plant-microbe interaction.


Some of the traditional agricultural practices that involve building resilient climate include agroforestry, intercropping, crop rotation, cover cropping, traditional organic composting, which are gaining rounds for mitigation approaches and can be adopted as an alternative method for sustainable agriculture in changing climatic conditions, but modern agricultural practices along with traditional strategies are needed to be addressed (Singh and Singh, 2017). Modern approaches and biotechnological tools for climate change mitigation are acquiring more importance now-a-days. As discussed, greenhouse gases are the main cause of global warming. Biotechnological methods are effective in reducing the emission of greenhouse gases e.g., use of biotechnological methods increases fertilizer efficiency by many folds (Ferrante et al., 2017), enhanced CO2 absorption, thereby increasing photosynthetic efficiency (Yang et al., 2017), utilization of biofuels instead of fossil fuels (Delangiz et al., 2019). Climatic mitigating strategies include diverse methods such as conventional technologies that include decarbonization and CO2 emission technologies, negative emission technology, including capturing and sequestering CO2 from the atmosphere, potentially removing CO2 and radiative forcing geoengineering technology, including alteration of the earth's radiation balanced by managing solar and terrestrial radiation (Fawzy et al., 2020).

Furthermore, the development of climate-resilient crops is required by integrating modern technological methods. The use of next-generation breeding approaches (Genomic selection and genomic editing), high throughput phenotyping are desirable to develop climate resilient crops (Varshney et al., 2018). Recent progress in genomics and genome editing technologies has been coming across various approaches of genetic study to make climate-resilient crops (Scheben et al., 2016). Several other strategies are incorporated to develop climate resilient/smart crop including SNP genotype, trait mapping and plant breeding methods. Besides this, the role of bioinformatics tools has also been enunciated to tackle stress responses in changing climatic conditions (Laha et al., 2020). The CRISPR/Cas technology has been efficiently used in enhancing productivity in rice crop in fluctuating climatic conditions (Biswal et al., 2019). Similarly, the potential effect of genome editing CRISPR/Cas technology has been depicted to mediate abiotic stress tolerance in different plant species (Zafar et al., 2019). Genetic engineering–the use of genetically modified organisms, is getting much attention in developing climate-resilient crops to changing climatic conditions. The genetic engineering approach helps manipulate photosynthetic apparatus in climatic alterations (Ortiz et al., 2014). Transgenic technologies have been employed in several crop species in order to confer mitigation to altered climatic conditions (Rubin et al., 2014). Microbial mediated green nanotechnology has emerged as a modern technology to mediate climate resilience. Microbes used in such a process include Bacillus, Fusarium species, Pseudomonas, Aspergillus, Candida albicans, Caulerparacemosa, Tobacco mosaic virus with several other microorganisms. Fabrication of nanoparticles with microbes is a potential method for crop improvement and stress tolerance (Kashyap et al., 2018).

The rhizospheric region possess a vast network of microbial activities that play vital role in several ecological processes like crop production and productivity, nutrient recycling, organic matter decomposition, uptake and recycling of carbon along with storage. In recent years the climatic disruptions have potential effect on rhizospheric ecology and its functioning (Ahkami et al., 2017). Climatic changes including abiotic stresses have additional effect on plant growth and production and they also influence disease development (Glick et al., 2007). Microbes inhabiting the rhizospheric region play an important role in mitigating detrimental effects of climate change which fundamentally causes abiotic stress and pathogen attack. Plants also stimulate secretion of plant growth promoting substances like secondary metabolites, hormones, organic acids which get accumulated in the rhizosphere (rhizodeposition) favoring microbial growth adjacent to or within the plant roots. The root zone also harbors beneficial microorganisms which enhance plant immunity and production (Rodriguez and Durán, 2020). The changing climatic conditions possess adverse effect on rhizospheric and phyllospheric biology. Studies commenced on plant- microbe interactions have unraveled different aspects of symbiotic association of plant with microbes and their beneficial roles in plant health. However, it also demands exploiting the biotechnological strategies by engineering microbial community to enhance plant growth under changing climatic conditions. Affirmatively, the microbial engineering can be practiced traditionally, and in recent terms, for understanding different aspects of plant interaction with microbes. Engineered microbes can be used in soil amendments, microbial consortium, microbial breeding, and transplantation techniques, host mediated microbial engineering to develop climate resilient crops (Arif et al., 2020). Rhizosphere supports wide variety of microbial activities. Engineering of rhizosphere influences overall growth, nutrient cycling, carbon allocation, and production of crops which can be achieved by engineering the microbiome. The engineering of rhizosphere with PGPR has fundamental role in nutrient availability, crop sustainability and phytohormone production (Hakim et al., 2021). Plant consists of numerous endophytic microorganisms that reside inside the plant. They perform several physiological functions like resistance to plant pathogen and abiotic stress, plant growth promotion like activities either by synergistic or symbiotic association with the plants. Microbiome engineering also stimulates transfer of several genes, thereby activating multiple functions of the plant at one time (del Carmen Orozco-Mosqueda et al., 2018). Thus, the microbial engineering may have significant effect on agricultural productivity and sustainability along with tolerance to several existing climatic calamities. Studies related to phyllospheric engineering are limited and need greater attention (Wu et al., 2017). The rhizo-engineering and synthetic biology approaches open up the new avenues of interaction of plant with soil microorganisms to provide better adaptation to plants against changing futuristic climatic scenario.




CONCLUSIONS AND FUTURE PERSPECTIVES

The key issues that influence the plant microbial communities and their dynamics in the plant and the soil are now well-known, and research in this aspect is still progress. Our knowledge on understanding the behavior and assemblages of plant microbes above and below the ground, and several factors that influence the plants is still lacking. Microbial association with plants followed two steps: first, recruitment of host-specific plant microbes just close to the root, referred to as rhizosphere, and after that, enter inside the root. Subsequently, various signal molecules coordinate the gathering of the plant microbiomes of rhizosphere and phyllosphere. Signal mechanisms linked to microbiome composition and diversity in their function provide vast scope for future research. Climate change is concurrent phenomenon of global concern and increase in climatic adversity, the food security has been emerged worldwide as alteration in existing climactic patterns adversely affects plant and microbial growth. The adverse effect of climate change is also a matter of discussion for microbe structure & functioning in ecological niches. To what extent we can manipulate the plant microbiome to increase sustainable agricultural yield, maintaining an eco-friendly environment, needs to be investigated. Recently host genetic factor could facilitate study of microbiome diversity and structure which may help in selection of traits based microbiomes. To explore broader knowledge of the host-specific plant microbe interaction, there is a need of advance integrated novel molecular approaches such as ecological models, meta-omics and bioinformatics that could interlink the correlation between microbial community and environmental function.
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Apple replant disease (ARD) is a common disease in apple producing areas, and more and more evidence shows that soil-borne pathogens are the main factor. However, most of the drugs used to kill microorganisms are not friendly to the environment. Therefore, there is an urgent need to identify a method that can effectively eliminate these harmful microorganisms and to construct a microbial community structure that is conducive to plant growth in the soil. Herein, we use four different application technologies: foliar spraying, foliar soaking, root soaking, and soil soaking, to examine the inhibitory effect of zinc oxide nanoparticles (ZnO-NPs) on ARD. This study found that they all promoted the growth of Malus hupehensis Rehd. seedlings, and the plant height was 1.09 times, 1.15 times, 1.26 times, and 1.36 times higher that of the control, respectively. Soil soaking had the best promotion effect, and the changes in the soil microbial community structure after root soaking were analyzed. After treatment with ZnO-NPs, the abundances of Neocosmospora, Gibberella, and Fusarium were reduced, whereas the abundances of Tausonia, Chaetomium, and Mrakia were increased. The copy numbers of Fusarium solani and Fusarium oxysporum were 55.7 and 68.9% lower in the ZnO-NPs treatment group than those in the control group, respectively. This study found that after ZnO-NPs were applied to the soil, a new microbial community structure that was conducive to plant growth was formed to overcome ARD. In summary, ZnO-NPs, as a green chemical reagent, can overcome ARD, and it can also be applied to other continuous crops.
Keywords: apple replant disease, zinc oxide nanoparticles, microbial community, fusarium, antifungal
INTRODUCTION
The consequences of long-term intensive monocultures are that crops produce autotoxic compounds, reduce biodiversity levels, decrease food production, increase pest infections, and reduce soil carbon and nitrogen, thereby affecting the health of the crops and the microbial community structure (Nicola et al., 2018; Cavael et al., 2019). The resulting decline in crop yield is known as replant disease. China is the world’s largest cultivator of apples (Wang et al., 2016). With few land resources and outdated orchards, farmers tend to grow fruit trees of the same species, which can cause apple replant diseases (ARD) (Li et al., 2020). The causes of ARD are complex, generally involving biotic and abiotic factors (Politycka and Adamska, 2003). Abiotic factors include soil pH, orchard age, plant autotoxins, nutrient imbalances, and unfavorable external environments (Mai, 1981; Traquair, 1984), whereas biotic factors include nematodes, bacteria, fungi, and other unknown agents (Yim et al., 2013), with the latter considered as the main cause of replant disease. Franke-Whittle et al. (2015) reported that Acremonium, Cylindrocarpon, and Fusarium are strongly associated with replant disease, whereas Mazzola. (1998) demonstrated that fungi are a major causative factor of Washington ARD. A recent study found that Fusarium is the main pathogen causing ARD in China (Sheng et al., 2020).
The survival rate of trees with replant disease is low. These trees also possess significantly shortened internodes, reduced biomass production, and root and root tip necrosis (Mazzola and Manici, 2012; Grunewaldt-Stöcker et al., 2019), which lead to low fruit yields and poor fruit quality, and without human intervention, ARD can reduce profits by 50% (Van Schoor et al., 2009). For instance, in Washington, replant disease can decrease the total revenue of each acre by $40,000 every decade (Smith, 1995). In the absence of crop rotation options, chemical control is the best way to control ARD caused by soil-borne pathogens (Mai, 1981), and when the soil is disinfected, plant growth is improved significantly (Yim et al., 2013). Broad-spectrum fumigants, such as methyl bromide and chloropicrin, have been used since the 1900s for the disinfection of soil to overcome replant disease (Willett et al., 1994). However, methyl bromide is a toxic gas, which threatens human health and destroys the ozone layer. According to the “Montreal Protocol,” an international treaty that aims to protect the ozone layer, developed and developing countries stopped using methyl bromide in 2005 or shortly thereafter. In China, the use of methyl bromide ceased in 2018. However, the identification a safe and effective alternative to methyl bromide is proving to be a challenge.
Recently, nanoparticles have been extensively studied due to their antifungal property (Sirelkhatim et al., 2015) and defense ability (Sofy et al., 2020); however, the optimal inhibitory concentration is not known. Dimkpa et al. (2013) reported that ZnO-NPs could inhibit fungi at the concentrations ranging from 100 to 500 mg/kg, whereas González-Merino et al. (2021) demonstrated that ZnO-NPs at a concentration of 1,600 mg/kg had the best inhibitory effect against Fusarium isolated from tomato. In addition, ZnO-NPs can alter the soil microbial community at low concentrations such as 10 mg/kg (Xu et al., 2017). Therefore, this study determined the optimal concentration of ZnO-NPs, and then used different application methods: foliar spraying, foliar soaking, root soaking, and soil soaking to determine the best treatment based on the phenotype of the plant. In addition, high-throughput sequencing of soil microorganisms was performed to investigate how ZnO-NPs can overcome ARD by affecting the soil microbial community.
MATERIALS AND METHODS
Experimental Materials
The pot experiment was carried out at the National Apple Central Experimental Station (36°9′29″N, 117°9′4″E) located at the Panhe Campus of Shandong Agricultural University, Tai’an City, Shandong Province from March to October 2021. The soil used in the experiment was taken from the 34-year-old Fuji Apple Orchard in Tanqingwan Village, Manzhuang Town, Tai’an City, Shandong Province (36°5′27″N, 117°3′14″E). The average annual temperature and rainfall were approximately 12.9°C and 697 mm, respectively. The specific physical and chemical properties of the soil are given in Table 1.
TABLE 1 | Physical and chemical properties of the test soil.
[image: Table 1]ZnO-NPs with a particle diameter of 30 ± 10 nm were purchased from Macklin Biochemical Co., Ltd. (Shanghai, China). In preliminary experiments, we found that a concentration of 250 mg/L ZnO-NPs had the best antifungal effect (Figure 1). Therefore, 250 mg of ZnO-NPs was weighed and resuspended in 1 L of deionized water (18 MΩ cm), followed by sonication with an ultrasonic device (100 W, 45 kHZ) for 60 min and adjustment of the pH to 7.0.
[image: Figure 1]FIGURE 1 | After adding ZnO-NPs to PDA medium, the inhibitory effect on the growth of F. proliferatum. (A) Growth of F. proliferatum at 24, 72, 120, 168 h after treatment with different concentrations of ZnO-NPs. (B) Diameter variation curve of F. proliferatum after treatment with different concentrations of ZnO-NPs. There is a significant difference between the mean values of different treatments using one-way ANOVA and Duncan’s multiple range test (p < 0.05). Error bars indicate ± S.E. (n = 3).
We used Malus. hupehensis (Pamp.) Rehd. var. Pingyiensis (hereafter referred to as M. hupehensis Rehd.), a common rootstock of apple, as the test material. M. hupehensis Rehd. seeds were soaked in water and mixed with an appropriate amount of fine sand. In January 2021, they were layered at approximately 4°C for 30 days. After the seeds germinated and became white, they were sown in plastic seedling trays. By mid-April, the seedlings were transplanted when they reached the six-leaf-stage.
Experimental Design and Treatment
The test was divided into six treatments, including the control (CK1) and high standard control (CK2, methyl bromide fumigation), methyl bromide fumigation treatment can effectively prevent ARD (Smith, 1994). Wang et al. (2021) reported that the biomass of M. hupehensis Rehd. seedlings after treated with methyl bromide fumigation was significantly higher than the control soil. The ZnO-NPs suspension (250 mg/L) was applied in four different ways: foliar spraying (T1), foliar soaking (T2), root soaking (T3), and soil soaking (T4). Methyl bromide fumigation was carried out for 26 days before transplantation: methyl bromide is hydrolyzed to methanol and the bromide ion, with a half-life of 20–26 days (Kaushik, 2021). The soaked soil was treated for 7 days before transplantation, and the uniform suspension was slowly poured into the mud pot containing the old orchard soil. To prevent the interference of the external environment from causing unpredictable errors, the mud pots were sealed with a white plastic film. T1, T2, and T3 were carried out before transplantation, and the mud pots were sealed with a plastic film to prevent the suspension from entering the soil. There are ten replicates for each treatment. A M. hupehensis Rehd. seedling with uniform growth was planted in each pot, and the administration of fertilizer and water was identical across the groups. Three pots of seedlings with similar growth patterns were selected, the top soil in the mud pot was removed, and the soil around the rhizosphere with a depth of 10–30 cm was collected on 20 July 2021. The mixed soil samples were passed through a 5 mm sieve to remove visible organisms, stones, and other debris, packed, and sealed in a bag that was brought back to the lab. A portion of the fresh soil was stored in a −80°C freezer for high-throughput sequencing, and the other portion was used for the determination of microorganism abundance. Finally, the remaining soil samples were air dried in a ventilated area for the determination of soil enzyme activity.
ZnO In Vitro Antifungal Ability
To examine the antifungal activity of ZnO-NPs, different concentrations (0, 10, 50, 250, 1000 mg/L) of the ZnO-NPs suspension were added to potato dextrose agar (PDA) medium. In order to disperse the suspension evenly into the PDA medium, we immediately added the freshly prepared ZnO-NPs suspensions into PDA medium after dispersion. The suspension was mixed for 10 min to obtain a dispersed suspension (Shang et al., 2020) and then pour the suspension into the disposable flat plate. After the suspension has cooled down completely, fresh cake of Fusarium proliferatum (10 mm diameter) were cut and transfer to the center of PDA plates, and its growth was observed at 24, 72, 120, and 168 h.
Soil Microbial Quantity
The uniformly mixed fresh soil samples were analyzed for microorganisms using the dilution plating technique according to a standardized method. In brief, 10 g of soil was added into 90 g of sterile double-distilled water and mixed in a shaker set at a suitable speed. The fungi were cultivated on PDA plates, and the bacteria were cultivated on Luria broth/agar plates (Kinghunt Biological Co., Nantong, China) according to the manufacturer’s instructions. The soil was serially diluted and the plating technique was used to determine the number of bacteria and fungi (Ujjainiya et al., 2021), and bacteria were counted for 1 day (24 h) and fungi were counted for 2 days (48 h).
Soil Enzyme Activity
Soil urease activity was measured using the sodium phenate-sodium hypochlorite colorimetric method. First, weigh 5 g of the air-dried soil sample and place it in a 50 ml erlenmeyer flask, add 1 ml of toluene, and shake until the mixture is uniform. After waiting for 15 min, add 10% urea solution and 10 ml of citric acid buffer to the Erlenmeyer flask, shake well and incubate at 37°C for 24 h. Filter 1 ml of the filtrate to a 50 ml flask. Add 4 ml of sodium phenate solution and 3 ml of sodium hypochlorite solution, slowly stand for 20 min, dilute the mixture to 50 ml, and use a spectrophotometer to compare the color at 578 nm (the blue color of indophenol remains stable). Urease activity is calculated by subtracting the absorbance value of the sample from the difference in the absorbance value of the control sample, and the ammonia nitrogen content is calculated according to the standard curve.
The formula for determining soil urease (Ure) activity was as follows:
[image: image]
Where a is the concentration of ammonium-nitrogen obtained from the standard curve (mg/ml), V is the volume of the chromatic liquid (50 ml), n is the separation multiple, and m is the weight of the drying soil (g).
Soil neutral phosphatase activity was measured using a colorimetric assay with disodium phenyl phosphate. First, weigh 5 g of air-dried soil sample and place it in a 200 ml erlenmeyer flask, and add 2.5 ml of toluene. After shaking well for 15 min, add 20 ml of 0.5% phenyl disodium phosphate. Incubate at 37°C for 24 h, add 100 ml of 0.3% aluminum sulfate solution to the flask and filter. Then suck 3 ml of the filtrate into a 50 ml volumetric flask, and add 5 ml buffer and four drops of chlorinated dibromo-p-benzoquinone imine reagent to each bottle. Dilute the solution to the scale line, and perform colorimetric determination after 30 min, and compare the color at 660 nm with a spectrophotometer. Take 1, 3, 5, 7, 9, 11, 13 ml of phenolic working solution for color development, measure the volume, and draw a standard curve. After reaching the color stability, draw a standard curve by colorimetry. Phosphatase activity is expressed in micrograms per gram of soil phenol content.
The formula for determining soil neutral phosphatase (Pho) activity was as follows:
[image: image]
Where a is the concentration of phenol obtained from the standard curve (mg/ml), V is the volume of the chromatic liquid (50 ml), n is the separation multiple, and m is the weight of the drying soil (g).
Sucrase activity was measured using the 3,5-dinitrosalicylic acid colorimetric method. First, weigh 5 g of air-dried soil sample and place it in a 50 ml Erlenmeyer flask, and inject 10 ml of 1% starch solution. Add 10 ml of phosphate buffer with pH 5.6 and five drops of toluene, shake well, incubate at 37°C for 24 h, filter the suspension after incubation. Pour 1 ml of filtrate into a 50 ml measuring flask, add 2 ml of 3,5-dinitrosalicylic acid solution, heat it in a boiling water bath for 5 min, and then place the measuring flask in running water to cool. After diluting to 50 ml, perform color comparison on a 508 nm spectrophotometer. Take glucose solution as standard (Chen et al., 2021).
The formula for determining soil sucrase (Suc) activity was as follows:
[image: image]
Where a is the concentration of glucose obtained from the standard curve (mg/ml), V is the volume of the chromatic liquid (50 ml), n is the separation multiple, and m is the weight of the drying soil (g).
Plant Biomass
Three M. hupehensis Rehd. seedlings with similar growth patterns were selected, and the height, ground diameter, and fresh weight of the plants were measured with a ruler, a vernier caliper, and an electronic balance, respectively. Thereafter, the seedlings were placed into a paper bag and stored in an oven set at 80°C. When they were completely dried, the dry weight of the plants was determined.
DNA Extraction and Real-Time Quantitative Analysis of F. solani and F. oxysporum
Total genomic DNA was extracted and purified using the E. Z.N.A. Soil DNA kit (Omega Bio-tek, Norcross, GA, United States) according to the manufacturer’s instructions. The CFX Connect system (Bio-Rad, Hercules, CA, United States) was used to determine the expression levels of F. solani genes in the soil by real-time quantitative PCR. The primers were FR (5′-GGC​CTG​AGG​GTT​GTA​ATG-3′), FF (5′-CGA​GTT​ATA​CAA​CTC​ATC​AAC​C-3′), JR (5′-GAA​CGC​GAA​TTA​ACG​C-GAG​TC-3′), and JF (5′-CAT​ACC​ACT​TGT​TGT​CTC​GGC3′). The reactions were performed according to the instructions of the SYBR Premix Ex Taq kit (TaKaRa Biotech Co., Ltd., Dalian, China). Each 25-μl reaction contained 1.5 μl of DNA, 12.5 μl of SYBR Premix Ex Taq II, 1 μl of each primer, and 9 μl of sterile double-distilled water. The thermal cycling parameters were as follows: pre-denaturation at 95°C for 30 s, followed by 40 cycles of denaturation at 95°C for 5 s and annealing at 60°C for 30 s. A final extension at 72°C for 10 min was also included.
DNA Extraction and High-Throughput Sequencing Analysis
DNA was extracted using the Fast DNA SPIN Soil kit (MP Biomedicals, Solon, OH, United States) and quantified using the NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States). The fungal internal transcribed spacer (ITS) region was double-end sequenced on the Illumina MiSeq platform (San Diego, CA, United States). PCR amplification of the 16S rRNA gene was conducted using the primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 926R (5′-CCGTCAATTCMTTTGAGTTT-3′). The sequences of the primers were ITS1F (5′-CTT​GGT​CAT​TTA​GAG​GAA​GTA​A-3′) and ITS2 (5′-GCT​GCG​TTC​TTC​ATC​GAT​GC-3′) (Amato et al., 2013). Trans Start Fast Pfu DNA polymerase was used for PCR amplification in the GeneAmp 9700 PCR system (Applied Biosystems, Foster City, CA, United States). Each 20-μl reaction system contained 0.8 μl of DNA (final concentration, 10 ng), 4 μl of 5× FastPfu buffer, 2 μl of 2.5 mM dNTPs, 0.8 μl of each primer (5 μM), 0.4 μl of FastPfu polymerase, 0.2 μl of BSA, and sterile double-distilled water to a final volume of 20 μl. The thermal cycling conditions were as follows: pre-denaturation at 95°C for 3 min, followed by 35 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 45 s. A final extension at 72°C for 10 min was also included.
Statistical Analysis
Data were presented as mean ± standard deviation of triplicate cultures. Analysis of variance was performed using SPSS 23.0 software (SPSS Inc., Chicago, IL, United States), and significant differences were detected by Duncan’s new complex range method. p < 0.05 was considered statistically significant. Adobe Illustrator CC 2018 (San Jose, CA, United States) was used to draw schematic diagrams and typesetting pictures and GraphPad Prism 8.0 (Origin Lab Corp., San Diego, CA, United States) was used to make a bar chart. Fungi abundances in the soil after different treatments were determined using R language and Circos 0.67–7 software. Based on the operational taxonomic unit (OTU) results, the diversities of Shannon, Chao, Ace, and Simpson indices were calculated by Mothur software. Principal coordinates analysis (PCoA) was performed using R language.
RESULTS
Effect of Different Concentrations of ZnO-NPs on the Growth of Fusarium proliferatum
Between 24 and 72 h, the growth of fungal hyphae was similar, and there was no significant difference between the time points. Compared with the control at 72–120 h, all treatments had inhibitory effects (Figure 1A), and the best antifungal effect occurred at a concentration of 250 mg/L. The inhibition rate was 63% when fungi were cultured for 168 h. As shown in Figure 1B, the growth rate was the slowest at 250 mg/L, it showed that 250 mg/L ZnO-NPs had the best effect on inhibiting fungi, so it was selected as the best concentration for the pot experiments.
Effects of Different Application Methods of ZnO-NPs on The Quantity of Soil Microorganisms
As shown in Table 2, the number of bacteria in the soil increased and the amount of fungi in the soil decreased significantly after the soil treated by methyl bromide fumigation. Among the four application methods, T4 was the most similar to methyl bromide fumigation, followed by T3. After T1 and T2, the number of fungi in the soil did not change compared with the CK1, but the number of bacteria increased significantly. Compared with the CK1, the number of fungi in the CK2, T1, T2, T3, and T4 groups decreased by 63.2, 21.0, 7.35, 42.3, and 63.2%, and the number of bacteria increased by 103, 442, 736, 93.4, and 126%, respectively.
TABLE 2 | Effects of different treatments on the quantity of soil microorganisms.
[image: Table 2]Effects of Different Application Methods of ZnO-NPs on Gene Copy Numbers of F. solani and F. oxysporum in Soil
Real-time polymerase chain reactions were used for absolute quantitative analysis of the copy numbers of F. solani and F. oxysporum in the soil. All treatments reduced the copy numbers of F. solani and F. oxysporum (Figure 2). The copy numbers of F. solani decreased by 16.5, 28.2, 50.6, 60.7, and 55.7% in T1, T2, T3, T4, and CK2. The copy numbers of F. oxysporum decreased by 28.3, 34.8, 54.9, 61.4, and 68.9% in T1, T2, T3, T4, and CK2.
[image: Figure 2]FIGURE 2 | Effects of different treatment on the gene copy number of F. solani and F. oxysporum in replant soil. (A) F. solani and (B) F. oxysporum. CK1: control, CK2: high standard control, T1:foliar spraying, T2:foliar soaking, T3: root soaking, T4: soil soaking. The different letters above the bar indicate that there is a significant difference between the mean values of different treatments using one-way ANOVA and Duncan’s multiple range test (p < 0.05). Error bars indicate ± S.E. (n = 3).
Effect of Soaking Soil With ZnO-NPs on Microbial Community
After applying the ZnO-NPs suspension to the soil, high-throughput sequencing revealed that the fungal ACE and Chao indexes changed little compared with the CK1 at the OTU level. The Shannon index was 30.4% lower than that of CK1, and the Simpson index was 303% higher than that of CK1, which was consistent with the change trend of CK2 (Figure 3). The ZnO-NPs treatment significantly changed the structure of the soil microbial community (Figures 4C, 5A), and the top twelve fungal genera with relative abundances were Tausonia, Mortierella, Neocosmospora, Trichocladium, Lophotrichus, Scedosporium, Solicoccozyma, Leuconeurospora, Emericellopsi, Gibberella, Phialemonium, and Fusarium (the three unnamed genera were removed). The relative abundances of Tausonia, Chaetomium, and Mrakia increased by 171, 203, and 720% in T4 and by 84.3, 0.551, and 551% in CK2, respectively, compared with CK1. The relative abundances of Neocosmospora and Gibberella decreased significantly compared with CK1. In particular, the relative abundance of Fusarium after ZnO-NPs treatment was reduced by 84.1% compared with the CK1. Furthermore, compared with the CK1, the relative abundance of Fusarium was also reduced by 86.6% in the CK2 (Figure 4B). The top ten bacteria phylum with relative abundances were Proteobacteria, Actinobacteriota, Acidobacteriota, Chloroflexi, Gemmatimonadota, Bacteroidota, Myxococcota, Firmicutes, Cyanobacteria, Nitrospirota. Compared the three treatments, the difference is the most significant at the Myxococcota, Cyanobacteria, Nitrospirota and Verrucomicrobiota phylum level (Figure 5B). In fungal PCoA analysis, the first principal component was 61.67%, and the second principal component was 23.46% (Figure 6A). In bacteria PCoA analysis, the first principal component was 52.63%, and the second principal component was 24.67% (Figure 6B). The microbial community was roughly divided into three clusters: 1) CK1: control; 2) CK2: high standard control; and 3) T4: soaking soil. The distance heat map showed that CK1 was significantly different from CK2 and T4 at the fungal genus level, and after CK2 and T4 treatments, there was a certain similarity at the fungal genus level (Figure 4A).
[image: Figure 3]FIGURE 3 | Analysis of alpha diversity based on OTU of replant soil fungal. (A) Ace index on OTU level. (B) Chao index on OTU level. (C) Shannon index on OTU level. (D) Simpson index on OTU level. CK1: control, CK2: high standard control, T4: soil soaking. The abscissa is the sample name, and the ordinate is the observed value of a certain index type under the selected classification level. Type I intervals represent the upper and lower limits of the index.
[image: Figure 4]FIGURE 4 | Changes of fungal community composition after soaking soil. (A) Samples distances heatmap on Genus level. Both the X and Y axes are samples, and the distance between samples is represented by different color gradients (the right side of the figure is the value represented by the color gradient). (B) Community barplot analysis of single Fusarium. (C) Percent of community abundance on Genus level. The abscissa is the sample name, and the ordinate is the proportion of the species in the sample. The columns of different colors represent different species, and the length of the columns represents the proportion of the species. CK1: control, CK2: high standard control, T4: soil soaking.
[image: Figure 5]FIGURE 5 | Changes of bacteria community composition after soaking soil. (A) Percent of community abundance on Phylum level. The ordinate is the sample name, and the abscissa is the proportion of the species in the sample. The columns of different colors represent different species, and the length of the columns represents the proportion of the species. (B) Kruskal-Wallis H test bar plot. The Y-axis represents the species name at a certain taxonomic level, the X-axis represents the average relative abundance in different groups of species, and the columns with different colors represent different groups; the rightmost is the p value, * 0.01 < p ≤ 0.05, ** 0.001 < p ≤ 0.01, ***p ≤ 0.001. CK1: control, CK2: high standard control, T4: soil soaking.
[image: Figure 6]FIGURE 6 | Analysis of beta diversity based on Genus level of replant soil fungal and Phylum level of replant soil bacteria. (A) PCoA of fungi and (B) PCoA of bacteria. CK1: control, CK2: high standard control, T4: soil soaking. Principal coordinate analysis (PCoA) was based on the Bray-Curtis distance metric at the genus level, and the results are displayed as a scatter diagram. Different colors and shapes of points indicate different sample groups. The proximity of two sample points is positively related to the similarity of the species compositions of the two samples.
Effects of Different Application Methods of ZnO-NPs on the Soil Enzyme Activities
Different treatments have different effects on soil enzyme activities, as shown in Figure 7. The effects of T1 and T2 on soil enzymes changed little compared with the CK1, while the soil enzyme activities of T3 and T4 changed significantly compared with the CK1, which was similar to the treatment of the CK2. Compared with the CK1, neutral phosphatase, urease, and sucrase were reduced by 32.9, 62.8, and 34.3%, respectively, after soli soaking.
[image: Figure 7]FIGURE 7 | Effect of different treatment methods on soil enzyme activity. (A) Neutral phosphatase activity. (B) Urease activity. (C) Sucrase activity. CK1: control, CK2: high standard control, T1:foliar spraying, T2:foliar soaking, T3: root soaking, T4: soil soaking. The different letters above the bar indicate that there is a significant difference between the mean values of different treatments using one-way ANOVA and Duncan’s multiple range test (p < 0.05). Error bars indicate ± S.E. (n = 3).
Effects of Different Application Methods of ZnO-NPs on the Biomass of M. hupehensis Rehd. Seedlings
Different treatments increased the biomass of M. hupehensis Rehd. seedlings (Table 3). The seedling biomass was best after T4 and CK2 treatment. After the treatment, the volume and the quantity of the seedling leaves were increased. After T3 treatment, the seedling height, ground diameter, fresh weight, and dry weight were 1.36 times, 2.05 times, 2.65 times, and 2.75 times that of the CK1, respectively, which was similar to the growth of seedlings after the CK2 treatment, as shown in Figure 8.
TABLE 3 | The influence of different treatment methods on M. hupehensis Rehd. seedlings biomass.
[image: Table 3][image: Figure 8]FIGURE 8 | Growth of M. hupehensis (Pamp.) Rehd. var. Pingyiensis after different treatments. CK1: control, CK2: high standard control, T1:foliar spraying, T2:foliar soaking, T3: root soaking, T4: soil soaking.
DISCUSSION
Although researchers have been trying to find a way to overcome ARD, no specific measures have been identified to completely overcome ARD (Cavael et al., 2019). Pasteurization, γ-irradiation, and soil fumigation can all reduce the symptoms of ARD (Borgatta et al., 2018; Fe Lix et al., 2018), indicating that microorganisms are the main causative factors. ZnO-NPs have a significant inhibitory effect on a variety of fungi (Malandrakis et al., 2019), and this study aimed to determine whether ZnO-NPs could be used as a new type of treatment for ARD.
Presently, there are few studies on the antifungal property of ZnO-NPs, and concentrations ranging from 10 to 3,000 mg/L have been reported to have inhibitory effects on fungi or bacteria (Pullagurala et al., 2018). In this study, four different concentrations (10, 50, 250, 1,000 mg/L) were used to inhibit the growth of fungal hyphae. As shown in Figure 1, the growth of F. proliferatum was inhibited, and the fungal hyphae underwent severe deformation, consistent with the results of He et al. (2011) who reported that ZnO-NPs could inhibit the growth of Botrytis cinerea by affecting cell function, thereby resulting in the deformation of fungal hyphae. Surprisingly, ZnO-NPs at a concentration of 250 mg/L had a better antifungal effect than ZnO-NPs at a concentration of 1,000 mg/L. This may have been due to the fact that nanomaterials at high concentrations can aggregate in solution, making the antifungal effect worse (Palmieri et al., 2017).
Soil enzymes play important roles in material circulation and energy flow in soil ecosystems. For instance, they can directly participate in the transformation, circulation, and release of soil nutrients (C, N, S, P) by mediating the biochemical reactions in the decomposition of organic matter. The soil organic matter content, physical and chemical properties, microbial quantity, and microbial activity are the main factors that affect soil enzyme activity (Bowles et al., 2014); therefore, soil enzymes can be used as indicators of the activities of soil microorganisms. In this study, the application of ZnO-NPs to leaves had little effect on the soil enzymes; however, when they were applied to plant roots or soil, the soil enzyme activity was reduced (Eivazi et al., 2018). After releasing nano silver oxide into the soil, and then measuring soil acid phosphatase, β-glucosaminidase, β-glucosidase, and arylsulfatase activities within 1 h and 1 week, it was demonstrated that the activities of the four enzymes were reduced, consistent with our findings. Similarly, Fayuan Wang et al. (2018) reported that ZnO-NPs inhibited the activities of urease, phosphatase, and catalase, whereas Kim et al. (2011) observed that ZnO-NPs inhibited the activities of soil enzymes in pot research. By measuring the number of microorganisms in the soil after it was inoculated with arbuscular mycorrhizal fungi, it was observed that the activities of most soil enzymes increased (Qin et al., 2020). Similarly, Naseby et al. (2010) found that after inoculating pea soil with Trichoderma, the activities of soil acid phosphatase and urease increased. Therefore, the application of ZnO-NPs decreased the number of soil microorganisms, including beneficial microorganisms and harmful microorganisms, and the reduction of microbial activity may be the main reason for the decrease in soil enzyme activity.
Soil microorganisms play important roles in the soil. They can participate in nitrogen fixation, produce hormones, inhibit pathogens, and resist drought (Baum et al., 2015; Jayne and Quigley, 2014). The community composition of the fungal population is strongly affected by plants, which in turn affect plant growth through symbiosis, pathogenicity, and nutrient cycling (Hannula et al., 2017; Wagg et al., 2014). Continuous cropping can increase the abundance of pathogenic fungi in the soil, and then change the fungal community structure, which can adversely affect plant health (Liu et al., 2019). The Illumina MiSeq platform was used to sequence the microorganisms in the soil environment treated with CK1, CK2 and T4, and the statistical analysis of the diversity index of each sample is shown in Figure 3. By analyzing the ACE, Chao, Shannon and Simpson indexes, we found that, compared with CK1, there was no change in the microbial abundance after T4 treatment, but the diversity of the microbial community was reduced to a certain extent. A previous study has reported that soil treatment with 5 mg/ml nano-ZnO reduces the microbial diversity (Ge et al., 2011). In addition, 10 and 1,000 mg/L nano-ZnO also reduce the microbial diversity in poplar leaves (Du et al., 2019). We hope that the replanted soil can achieve the effect of methyl bromide fumigation after treatment with ZnO-NPs, so we analyzed the composition of the soil fungal species at the genus level. In Figures 4A, 6, we obtained surprising results. The community composition of the soil treated with T4 and CK2 was very similar, and there was a significant difference compared with CK1, indicating that treatment with ZnO-NPs achieved the effect we expected, After T4 treatment, the relative abundances of Tausonia, Chaetomium, and Mrakia were increased significantly. It has been reported that the addition of biochar to the soil had a mitigating effect on eggplant Verticillium wilt, among which Tausonia, Chaetomium, Mortierella, and Humicola were the dominant fungi, indicating that they may play a positive role in disease suppression (Ogundeji et al., 2021). After Zhou et al. (2021) added antagonistic bacteria to the soil of winter jujube (Ziziphus jujuba Mill. “Dongzao”) with Botrytis cinerea, Botryosphaeria dothidea, and Colletotrichum gloeosporioides, the relative abundance of Tausonia also increased significantly. However, the specific mechanism behind its effects on plant growth is unknown. Chaetomium can prevent and treat plant diseases and promote plant growth. Many types of Chaetomium can produce antibiotics to treat potato late blight caused by Phytophthora and tomato blight caused by F. oxysporum (Soytong et al., 2001; Shanthiyaa et al., 2013). Furthermore, natural products and fungal metabolites released from Chaetomium can also promote plant growth and induce plant immunity. Xin et al. (2017) reported that Chaetomium globosum D38 promoted the growth and the secondary metabolism of salvia, significantly increasing the accumulation of tanshinone and salvianolic acid. As such, it is a beneficial fungus. High-throughput results showed that the relative abundances of Neocosmospora, Gibberella, and Fusarium decreased significantly, and these three fungi have been reported to induce plant diseases and cause serious economic losses. Dhar et al. (2005) reported that cowpea wilt was caused by Neocosmospora in pot and field experiments. Some diseases are not caused by a single bacterium. For example, citrus dry root rot is a multifactorial disease mainly attributed to Neocosmospora solani as well as other species of Neocosmospora and Fusarium spp (Ezrari et al., 2021). Riaz et al. (2020) identified Neocosmospora as a new pathogen of potato stem rot. Gibberella is a plant pathogenic fungus that produces gibberellins and secondary metabolites such as carotenoids, bikaverin, fusarin, phytotoxins, and mycotoxins (Brückner, 1992; Karov et al., 2009). Bakanae disease in rice is caused by Gibberella, which was first described in Japan and now is widely distributed throughout Asia, Africa, North America, and Italy (Prà et al., 2010). Gongshuai Wang et al. (2018) demonstrated that Fusarium was positively correlated with the severity of ARD and is a causative factor of ARD. After ZnO-NPs treatment, the microbial community in the soil changed, and the number of pathogenic bacteria decreased significantly, so that the plants were protected from the pathogenic fungi. However, through high-throughput sequencing of soil bacteria after treatment with T4 and CK2, we found that the soil bacterial community structure at the phylum level after T4 and CK2 treatments showed only subtle changes compared with CK1. There were significant differences in the relative abundances of Myxococcota, Cyanobacteria and Verrucomicrobiota among the treatments. A previous study has demonstrated that some bacteria, such as Patescibacteria, Chloroflexi, Myxococcota and Bacteroidota, allow tea plants to obtain sufficient nutrients from the soil (Wu et al., 2021). Cyanobacteria are photosynthetic bacteria that are a fundamental component of soil biocrusts, as well as enhance soil function and structure and promote plant growth (Chua et al., 2020). Singh et al. (2011) reported that Cyanobacteria inoculation can promote the growth of rice and increase the resistance of rice.
After 90 days of treatment, our data showed that all four application methods of ZnO-NPs had a positive impact on plant biomass, including plant height, ground diameter, fresh weight, and dry weight. It has been confirmed that ZnO-NPs had a positive effect on biomass when applied to other species. ZnO-NPs sprayed on the leaves of Sophora sphaerocarpa could increase the weight of fresh leaves and the soluble sugar content of leaves, as well as promote the growth of Sophora sphaerocarpa seedlings (Wan et al., 2020). Borgatta et al. (2018) reported that Cu3(PO4)2·3H2O nanosheets could overcome watermelon wilt caused by Fusarium oxysporum f. sp. Niveum. Our results showed that the soaking method was more effective than the spraying method in overcoming the disease, which may have been caused by the uniformity of the suspension covering the leaves during the treatment. After spraying or soaking the leaves, the number of bacteria in the soil increased significantly compared with the CK1, and it is possible that ZnO-NPs changed the metabolites of the rhizosphere, which increased the number of bacteria around the rhizosphere (Tian et al., 2020). When plants are under external abiotic stress, they can regulate root exudates, and then recruit beneficial microorganisms to overcome and resist the damage (Hartman and Tringe, 2019). A bacterium from the Rhizobium family can interact with legumes to increase the nitrogen fixation ability of plants. In addition to nitrogen fixation, bacteria can also increase the utilization of inorganic and organic phosphorus in the soil (Rodrı́Guez and Fraga, 1999; Rosenblueth et al., 2018). This may be the main reason why leaves exposed to ZnO-NPs increased the plant biomass, and the fertilizer effect brought by ZnO-NPs was not excluded. In our study, when ZnO-NPs were applied to the roots or soil, the plants grew the best. Faizan et al. (2020) reported that soaking tomato roots in a ZnO-NPs solution improved the growth and photosynthetic properties of plants and increased the yield of fruits. Van Schoor et al. (2009) reported that Fusarium may play a role in ARD in South Africa. In China, Fusarium is the main causative factor of ARD (Xiang et al., 2021). In other crops, such as soybeans and potatoes, Fusarium has also been identified as the dominant pathogen in continuous cropping soil (Bai et al., 2015). We found that after these two treatments, the number of soil fungi and the relative abundance of Fusarium were reduced. Therefore, we used qPCR to detect the copy numbers of F. solani and F. oxysporum and found that they were decreased significantly compared with the CK1. As shown in Figure 9, after ZnO-NPs were applied to the soil, eukaryotic cells with pinocytosis can engulf ZnO NPs into cells, and then combine with organelles to cause damage to cells (Neal, 2008). Due to the surface activity of ZnO-NPS, intracellular ROS will be generated spontaneously leading to lipid and DNA damage (Premanathan et al., 2011), damage promotes the accumulation of uptake of nanomaterials, resulting in more severe cytotoxicity (Brayner et al., 2006), ultimately leading to cell death. In our experiments, the number of fungi was significantly reduced after T4 treatment, indicating that ZnO-NPs caused the death of fungal cells. The original soil microorganisms were killed, and after planting Malus hupehensis Rehd. seedlings, new soil microbial communities gradually formed, we performed high-throughput sequencing of soil microbes and found that the newly formed soil microbial communities were significantly different from controls. Collins et al. (2012) also reported that ZnO-NPs can alter soil microbial communities. The relative abundance of harmful fungi in the newly formed soil microbial community significantly decreased, which greatly promoted the growth of Malus hupehensis Rehd. seedlings.
[image: Figure 9]FIGURE 9 | The mechanism of ZnO-NPs overcoming ARD.
CONCLUSIONS
In this study, the effects of different application methods of ZnO-NPs in overcoming ARD were studied through pot experiment. Among them, the effects of soaking the soil with the suspension were the best, which significantly reducing the abundance of pathogens Neocosmospora, Gibberella, and Fusarium, improving the microbial community structure, and promoting the growth of M. hupehensis Rehd. seedlings. This is the first time that nanomaterials have been applied to the study of overcoming ARD, thereby providing new insights for the application of other nanomaterials in the treatment of ARD. Fortunately, nanomaterials have a positive effect on overcoming replant disease. However, field experiments have not been carried out in this study. To further promote the application of nanomaterials, field experiments will be carried out to verify the results. In the future, if there are good results in field experiments, then ZnO-NPs can be used as a new chemical material to overcome ARD.
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Land-use changes (LUC), primarily due to deforestation and soil disturbance, are one of the major causes of soil quality degradation and greenhouse gas emissions. Effects of LUC on soil physicochemical properties and changes in soil quality and land use management strategies that can effectively restore soil carbon and microbial biomass levels have been reported from all over the world, but the impact analysis of such practices in the Indian context is limited. In this study, over 1,786 paired datasets (for meta-analysis) on land uses (LUs) were collected from Indian literature (1990–2019) to determine the magnitude of the influence of LUC on soil carbon, microbial biomass, and other physical and chemical properties at three soil depths. Meta-analysis results showed that grasslands (36.1%) lost the most soil organic carbon (SOC) compared to native forest lands, followed by plantation lands (35.5%), cultivated lands (31.1%), barren lands (27.3%), and horticulture lands (11.5%). Our findings also revealed that, when compared to forest land, the microbial quotient was lower in other LUs. Due to the depletion of SOC stock, carbon dioxide equivalent (CO2 eq) emissions were significantly higher in all LUs than in forest land. Results also showed that due to the conversion of forest land to cultivated land, total carbon, labile carbon, non-labile carbon, microbial biomass carbon, and SOC stocks were lost by 21%, 25%, 32%, 26%, and 41.2%, respectively. Changes in soil carbon pools and properties were more pronounced in surface (0–15 cm) soils than in subsurface soils (15–30 cm and 30–45 cm). Restoration of the SOC stocks from different LUs ranged from a minimum of 2% (grasslands) to a maximum of 48% (plantation lands). Overall, this study showed that soil carbon pools decreased as LUC transitioned from native forestland to other LUs, and it is suggested that adopting crop-production systems that can reduce CO2 emissions from the intensive LUs such as the ones evaluated here could contribute to improvements in soil quality and mitigation of climate change impacts, particularly under Indian agro-climatic conditions.
Keywords: land-use change, soil carbon pools, microbial quotient, meta-analysis, India
1 INTRODUCTION
Anthropogenic activities have changed the development of livelihood by altering the land-use changes (LUC) in the past century at a very rapid pace (Liu et al., 2005a; 2005b; Hurtt et al., 2006; Liu and Tian, 2010; Tian et al., 2014). The conversion of forest land (FL) into different land use (LU) systems such as barren land (BL), cultivated land (CL), grassland (GL), horticulture land (HL), and plantation land (PL) has been reported at the rate of 13 million hectares (mha) per year through deforestation (FAO, 2006), and sometimes caused a decline in soil quality, thereby reducing its potential for actual productivity (Wei et al., 2014; Nath et al., 2018). Reports from global studies indicated that LUC caused soil degradation resulting from intensive use and uneven terrain coupled with changing climatic conditions (Palni et al., 1998; Abera and Wolde-Meskel, 2013; Kumar et al., 2017; Kumar et al., 2021). This LUC altered the system’s capacity as a carbon source or sink (Abera and Wolde-Meskel, 2013; De Blécourt et al., 2013; Guillaume et al., 2015; Fan et al., 2016; Iqbal and Tiwari, 2016). A loss of soil organic carbon (SOC) and biodiversity due to the conversion of FL into different LUs has been well documented (De Blécourt et al., 2013; Ahrends et al., 2015; Guillaume et al., 2015; Nath et al., 2018). Therefore, quantifying the impacts of LUC is critical to better understand the interactions among human activities, climate systems, and ecosystems and to design government policies (Houghton and Hackler, 2003; Tian et al., 2003; Arora and Boer, 2010).
Detecting the impact of management and LUC in soil carbon pools is likely to be more sensitive than total SOC (Campbell et al., 1997; Padbhushan et al., 2015; Padbhushan et al., 2016a; Padbhushan et al., 2016b; Rakshit et al., 2018; Meetei et al., 2020; Padbhushan et al., 2020). Soil microbial activity is the central process in the terrestrial carbon cycle. The microbial quotient (MQ) refers to the ratio between microbial biomass carbon (MBC) to SOC, which is used as a measure of ecophysiological status of soil microorganisms (Anderson and Domsch, 1993). The MQ value can also reflect about the quality and nature of microbial activity in the soil. A large number of studies on MQ have shown its importance to evaluate or monitor the influence of short- or long-term changes in soil biological status due to management and other system-level manipulations (Brookes, 1995; Bastida et al., 2008; Anderson and Domsch, 2010; Padbhushan et al., 2021). Soil properties and SOC stocks may be altered due to soil disturbances (Guo and Gifford, 2002; Paul et al., 2002). A carbon dioxide equivalent (CO2 eq) emission is a soil indicator that provides information on the amount of carbon loss from SOC stocks into the atmosphere. Through meta-analysis studies, these parameters have been found to be altered in changing LU systems at a global scale (DeFries et al., 2002; Guo and Gifford, 2002; Achard et al., 2004; Houghton, 2008; Don et al., 2011). Therefore, knowledge of soil carbon pools, MQ and CO2 eq emission helps to understand their impacts in a changing LU system.
India is the world’s second largest populous country and is expected to overtake China by 2025 (United Nations Department of Economic and Social Affairs: Population Division, 2019). In India, the human population has increased from 200 million to 1,400 million during 1980–2020 and, coupled with economic growth, has brought significant change in LUs (Tian et al., 2014; World Population Prospects: The 2019 Revision United Nations Population Division, 2020). Total SOC stocks in India are about 20.67 Pg (soil depth 0–30 cm) and 63.19 Pg (soil depth 0–150 cm) covering a total geographical area of 329 m ha. Figure 1A depicts the SOC stocks in different physiographic regions of India (Bhattacharyya et al., 2000). The data are summarized into five categories, namely, Northern Mountains, The Great Plains, Peninsular India, Peninsular Plateau, and Coastal Plains and Islands representing the different physiographic regions of India. In the soil depth 0–30 cm, maximum and minimum SOC stocks have been recorded in Northern Mountains and Coastal Plains and Islands, respectively, whereas in the soil depth 0–150 cm, maximum and minimum were recorded in Northern Mountains and Peninsular Plateau. The area covered by the different regions is shown in Figure 1A.
[image: Figure 1]FIGURE 1 | (A) Soil carbon stocks in different physiographic regions of India (source: Bhattacharyya et al., 2000). (B) Trend of net emissions/removals of CO2 from forest land (FL), cultivated land (CL), and grassland (GL) (1990–2017) of India (Y1-axis represent CL and GL; Y2-axis represent FL), FAO (http://faostat.fao.org/).
Currently, India ranks third with a share of 7% of total CO2 emissions in the world (IEA, 2019), but ranks 20th in the world for per-capita annual CO2 emissions, which is approximately 1.94 tons, less than half the global average of 4.8 tons CO2 (Ritchie and Roser, 2019). The per-capita emissions of CO2 are lower for India when compared to the other major CO2 emission contributors of the world (except China). During the period 1880–2020, India has experienced a decline in FL of 18 mha (from 89 mha in 1880 to 71 mha in 2019) and expansion of CL by 49 m ha (from 92 mha in 1880 to 141 mha in 2019) resulted from conversion from FL, GL, and BL into CL (Tian et al., 2014; Bodh, 2019). Due to these conversions, a significant reduction in SOC stocks and its impacts on soil quality and ecosystem health have been observed. Supplementary Figure S1 presents the trend for the share of FL and CL systems in the total land area during the period 1990 to 2017. Although the magnitude of change is small, the trends are encouraging, i.e., the FL area has increased from 21.5% to 23.7% while the CL area has decreased from 61.1% to 60.4%. Governmental initiatives in recent years have helped to reduce the rate of deforestation rate in India by reducing deforestation, rectifying deforestation by reforestation, and increasing afforestation by establishing forests in new areas (Don et al., 2011). This is evident from the governments’ effort to increase the area under forests for achieving the long-term target to fetch 33% of total area under FL cover. However, in the past few years, during 2000–2017, net emissions/removals of CO2 by the FL have increased (from −18 × 104 gigatons to −11 × 104 gigatons), whereas net emissions/removal of CO2 of CL and GL remained constant and consistently positive (Figure 1B).
A meta-analysis approach has generally been used to assess the magnitude and direction of treatment effects as well as pattern and sources of heterogeneity by combining the findings from several studies under various environmentally and ecologically variable regions (Hedges et al., 1999; Koricheva et al., 2013). For example, meta-analysis has been used to derive general conclusions in ecology, biogeographic patterns of biota, carbon, and nitrogen dynamics and climate change effects at global and regional scales (Treseder, 2008; Meiser et al., 2014; Liu et al., 2020;Porre et al., 2020). Similar research was also conducted to quantify the effects of various LUC on the global SOC, soil carbon pools and soil properties through meta-analysis (Guo and Gifford, 2002; Deng et al., 2016) but no such investigations to understand the impact of conversion of FL to other LUs were done in an Indian context.
The main aim of this study is to obtain a quantitative assessment of responses in soil properties under Indian climatic and edaphic conditions including soil carbon stocks, microbial biomass, MQ, and CO2 equivalent emissions, due to conversion of FL to other LUs. This was done through a meta-analysis approach using datasets obtained from published studies carried out in different regions of India. The general hypothesis was that conversion of FL into LUs with varying degrees of disturbance and plant diversity would cause a general decline in SOC stocks along with a decline in soil microbial capacity. Specific goals were to (1) determine the effect of LUC on general soil properties; (2) estimate the effect of LUC on SOC, soil carbon pools, and SOC stocks; (3) determine the relationship between SOC and bulk density (BD) under various LUs; and (4) analyze the variations in MQ and CO2 eq emission in various LUs in the Indian agroecological context.
2 MATERIALS AND METHODS
2.1 Data Sources and Collections
Data on soil physical, chemical, and biological properties, including soil carbon pools, were obtained from studies that evaluated LUC effects in established experiments covering India’s five physiographic regions: Northern Mountains, Great Plains, Peninsular India, Peninsular Plateau, and Coastal Plains and Islands. Figure 2 shows the major soil taxonomic groups of India and the major study sites (31 locations) from which experimental results were obtained from published literature for the meta-analysis. Data were obtained from published research/review articles and theses using unique keywords related to the study’s objectives. The data were compiled following different categories of LUC, e.g., from FL to BL; from FL to CL; from FL to GL; from FL to HL; and from FL to PL. Data didn’t require any specific criteria other than have two minimum LUs including FL. To understand the effect of LUC on soil properties and soil carbon pools, a thorough analysis was conducted on different LU systems in the Indian context (details in Section 2.2) and only studies with a minimum of two LUs and with appropriate sets of soil physical, chemical, and biological parameters were considered as part of the selected studies irrespective of years of study as the magnitude of LUC change would depend on the duration that the LU was implemented (details in Section 2.2). In all studies with comparable LUs in different agroecological regions, FL use systems are native in nature and other LUs are converted from native forest due to human disturbances. Major soil types covered in this study included alluvial soil, black soil, red soil, laterite soil, and arid soil. Over the other LUs (BL, CL, GL, HL, and PL), FL was used as a control treatment. This study also covers the Himalayan zone, the Indo-Gangetic plains, the north-eastern region, and the peninsular region, which represent different subtropical climate regions of India. Specific soil types, taxonomy, management methods, crops and cropping systems, as well as specific trees and grasses were not included in this report.
[image: Figure 2]FIGURE 2 | Different land use systems and taxonomic soil group in India showing location map of major study sites.
2.2 LU Selection and Soil Parameters Considered for the Study
Figure 2 shows the major LU systems present in the different agroecological regions of India. The description of different LUs selected for the assessment of changes in soil carbon in the Indian soils is given in Table 1. Details of the soil parameter data used in this study and the soil characteristics of various LUs are given in Table 2 and Table 3.
TABLE 1 | Descriptions of Land uses (LUs) in the study.
[image: Table 1]TABLE 2 | Soil parameters considered in the study.
[image: Table 2]TABLE 3 | Soil characteristics of various land uses from the collected studies.
[image: Table 3]2.3 Data Compilation
Various published literatures (original articles, review papers, and theses) were collected from the period of 1990–2019 and reviewed critically in context to the impact of LUC on soil carbon pools and soil properties in different regions of India with an aim of finding the changes in these soil parameters due to conversion of FL to other LUs. Following a general analysis, data from a replicated studies on different LUs were used, with FL data serving as a control to better understand the impact of LUC on BL, CL, GL, HL, and PL in India. To understand the impact of LUC in various soil depths (0–0.15 m, 0.15–0.30 m, and 0.30–0.45 m), 1,786 paired datasets from 31 major study sites (reflected in Figure 2) with multiple LU comparisons including the FL system were analyzed for meta-analysis using MetaWin 2.1 software.
2.4 Meta-Analysis: Method of Analysis Using Diverse Datasets
Two stage-based random effect meta-analyses were used to analyze the database and understand the comparative changes (Rosenberg et al., 2000; Chakraborty et al., 2017; Sharma et al., 2019). Under this, the effect size (ES) was calculated for individual parameter as the natural log of the response ratio (InR) using the equation as proposed by Hedges et al. (1999):
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Where XT is the average of response variables (SOC, SOC stocks, soil carbon pools, and other soil parameters) of the treatments (LUs), and XC is the average of these variables in FL with control.
In the second stage, combined effect estimate was determined as a weighted mean of the effects estimated in the individual studies. A weighted mean is calculated as
[image: image]
Where NT and NC represent the number of replications for each of the treatments (LUs), in an individual study. If more than one observation was included in a treatment, the weighted are divided by the number of observations from that study. Since the studies were from different soil and environmental conditions and with varying multiple replications, the standard deviation calculated was based on the number of observations with a simple statistical procedure in MS excel. ES from individual studies were then combined using a mixed-effect model to calculate the cumulative effect size and the 95% confidence intervals (CIs) through boot-strapping with 4,999 iterations (Adams et al., 1997). The mixed-effect model is a random-effect meta-analytic model for categorical data (Rosenberg et al., 2000), assuming random variation among studies within a group and fixed variation between groups. The cumulative effect was considered significant if the CIs did not pass over zero. Results were interpreted by back-transformation and presented as change in percentage caused by treatments in relation to control. The comparisons tested for their significance were between FL and different LUs and the meta-analyzed values presented in graphs with statistical significance (for p values < 0.05) marked with an asterisk.
2.5 Linear Model for Correlation Among SOC and BD in Different LUs
Data for SOC and BD within different LUs were log transformed for normalization and analyzed for potential relationships using a general linear regression model (Nelder and Wedderburn, 1972), and the regression equations plus R2 values are shown in the Figure 8.
3 RESULTS
3.1 Impacts on Soil pH
LUC showed positive effects on soil pH for LUs like BL, CL, GL, HL, and PL when compared to FL (Figure 3A). For example, soil pH increased significantly for BL (5.0%), CL (6.0%), and HL (5.0%) but found non-significant changes for GL (1.1%) and PL (4.1%) over the FL, which is considered as control for this study. Soil pH showed positive effects for other LUs over the FL for depth-wise data (Figure 3A). In the 0–15 cm soil depth, pH increased significantly in CL (6.4%) and HL (5.6%) over the FL, but no significant changes were found for BL, GL, and PL. In the 15–30 cm soil depth, pH increased significantly in CL (6.3%) and HL (4.3%) over the FL but was non-significant for BL, GL, and PL, whereas in soil depth 30–45 cm, pH increased significantly in BL (8.1%), CL (3.7%), and HL (5.2%) over the FL and was non-significant for GL and PL (Figure 3A). The depth-wise results of pH were in concurrence to the findings of overall pH except for BL and similarly indicated that conversion of FL towards other LUs could result into increase in soil pH (Figure 3A).
[image: Figure 3]FIGURE 3 | Comparisons of soil properties. (A) Soil reaction (pH). (B) Bulk density (BD) and (C) cation exchange capacity (CEC) under various land uses (BL, CL, GL, HL, and PL) with FL based on soil depths (0–15 cm, 15–30 cm, and 30–45 cm). The error bars show 95% confidence intervals (CI), and the difference is significant if it does not pass zero. *indicates significant difference at p-value is less than 0.05. Here, Forest land (FL) is used as control, BL—Barren land, CL—Cultivated land, GL—Grassland, HL—Horticulture land, and PL—Plantation land.
3.2 Impacts on Bulk Density and Cation Exchange Capacity
BD was found to be significantly and positively affected in LUs CL and HL over the FL. The percent increase of BD in BL, CL, GL, HL, and PL was 2.7%, 5.9%, 1.0%, 4.9%, and 5.8%, respectively, when compared with FL (Figure 3B); however, the increase was lower in the GL system. BD improved with soil depths, particularly at 0–15 cm; a significant increase of 4.2% (BL), 4.1% (CL), 1.6% (GL), and 4.2% (HL) was observed over the FL. CL and HL showed a consistent increase in BD with increased depth, 6.8% and 4.5% (15–30 cm) and 11.8% and 9.1% (30–45 cm), respectively, which was significant over FL (Figure 3B). Others showed a non-significant change. Conversion of FL to GL reduced CEC significantly in particular in the 15–30 cm depth. For example, the percent decrease for GL in CEC was 8.8% over the FL (Figure 3C).
3.3 Impacts on Soil Organic Carbon
Negative effects of LUC on SOC were found for LUs like BL, CL, GL, HL, and PL when compared to FL (Figure 4A). The SOC decreased significantly for BL (−27.3%), CL (−31.1%), GL (−36.1%), and PL (−35.5%) over the FL considered as control for this study, but changes were non-significant for HL (−11.5%). SOC decreased with soil depth in LUs when compared to FL (Figure 4A). In the soil depth 0–15 cm, SOC decreased significantly in BL (−25.5%) and GL (−27.5%) over the FL but changed non-significantly for CL (−21.0%), HL (−17.5%), and PL (−31.1%) in comparison to FL. In soil depth 15–30 cm, SOC decreased significantly in BL (−29.6%), CL (−46.5%), GL (−41.3%), and PL (−40.5%) over the FL. The reduction was higher in soil depth 30–45 cm where SOC decreased significantly in BL (−27.7%), CL (−54.9%), GL (−63.7%), and PL (−36.4%) over the FL. In both soil depths, the observed changes for HL were −12.4% (15–30 cm) and 1.8% (30–45 cm), respectively, and were non-significant. The depth-wise results of SOC were in concurrence to the findings of overall SOC and similarly indicated that conversion of FL towards other LUs would cause a decline in SOC content.
[image: Figure 4]FIGURE 4 | Comparisons of soil properties. (A) Soil organic carbon (SOC), and (B) total carbon (TC) under various land uses (BL, CL, GL, HL, and PL) with FL based on soil depths (0–15 cm, 15–30 cm, and 30–45 cm). The error bars show 95% confidence intervals (CI) and the difference is significant if it does not pass zero. *indicates significant difference at p-value is less than 0.05. Here, Forest land (FL) is used as control, BL—Barren land, CL—Cultivated land, GL—Grassland, HL—Horticulture land, and PL—Plantation land.
3.4 Impacts on Total Carbon
Negative effects of LUC on total carbon (TC) were found for LUs like BL, CL, GL, HL, and PL when compared to FL (Figure 4B). TC decreased significantly for BL (−54.3%), CL (−20.8%), GL (−35.0%), HL (−39.6%), and PL (−8.7%) over the FL. Total C decreased with soil depth for other LUs over the FL (Figure 4B). In soil depth 0–15 cm, TC decreased significantly in BL (−57.8%), CL (−30.5%), GL (−41.4%), HL (−31.2%), and PL (−20.2%) over the FL. In soil depth 15–30 cm, TC decreased significantly in BL (−39.5%) and GL (−31.6%) over the FL and increased significantly in PL (16.6%). However, TC for CL was not significantly different as compared to FL. In soil depth 30–45 cm, TC decreased significantly in HL (−40.0%) over the FL and increased significantly in PL (14.7%) over the FL (Figure 4B).
3.5 Impacts on Labile Carbon and Non-Labile Carbon
Labile carbon (LC) decreased significantly for BL (−34.7%), CL (−24.9%), GL (−35.5%), HL (−33.5%), and PL (−48.9%) over the FL (Figure 5A). These results indicated that conversion of FL towards other LUs could readily result into decline in LC content under most conditions. Labile C decreased significantly in the soil depth 0–15 cm in BL (−29.6%), CL (−9.7%), GL (−28.4%), HL (−31.0%), and PL (−46.8%) over the FL. Also, in soil depth 15–30 cm, LC decreased significantly in BL (−37.6%), CL (−45.6%), GL (−55.6%), HL (−31.4%), and PL (−50.0%) over the FL. In soil depth 30–45 cm, LC decreased significantly in BL (−45.9%), CL (−53.8%), GL (−64.6%), HL (−42.8%), and PL (−56.0%) over the FL (Figure 5A).
[image: Figure 5]FIGURE 5 | Comparisons of soil carbon pools (SCP). (A) Labile carbon (LC), (B) Non-Labile carbon (NLC), and (C) Microbial Biomass Carbon (MBC) under various land uses (BL, CL, GL, HL, and PL) with FL based on soil depths (0–15 cm, 15–30 cm, and 30–45 cm). The error bars show 95% confidence intervals (CI) and the difference is significant if it does not pass zero. *indicates significant difference at p-value is less than 0.05. Here, Forest land (FL) is used as control, BL—Barren land, CL—Cultivated land, GL—Grassland, HL—Horticulture land, and PL—Plantation land.
Non-labile carbon (NLC) decreased significantly for BL (−32.3%), CL (−32.4%), GL (−35.3%), HL (−34.5%), and PL (−51.5%) over the FL (Figure 5B). These results indicated that conversion of FL into other LUs could result into decline in NLC content under most conditions in all soil depths. In soil depth 0–15 cm, NLC decreased significantly in BL (−37.6%), CL (−31.4%), GL (−40.0%), HL (−39.44%), and PL (−54.9%) over the FL. In soil depth 15–30 cm, NLC decreased significantly in CL (−23.8%), GL (−15.6%), and PL (−26.8%) over the FL and increased significantly in HL (4.9%) as compared to FL. The BL was non-significantly changed in this depth. In soil depth 30–45 cm, NLC decreased significantly in BL (−69.5%), CL (−76.4%), GL (−51.0%), HL (−63.0%), and PL (−70.4%) over the FL (Figure 5B). In general, the percent decrease in 30–45 cm soil depth was greater than that in 15–30 cm followed by 0–15 cm (Figure 5B).
3.6 Impacts on Microbial Biomass Carbon (MBC)
Negative effects of LUC on soil MBC were found for LUs like BL, CL, GL, and HL (Figure 5C). For example, MBC levels decreased significantly for BL (−61.3%) and CL (−25.7%) over the FL but changes in GL (−29.5%) and HL (−10.3%) were non-significant. These results indicate that the conversion of FL to other LUs (BL/CL/GL/HL) could result in the decline of MBC content in soils (Supplementary Figure S2).
3.7 Changes in Soil Carbon Stocks (SOC Stocks) by Land-Use Change
LUC impacts on the SOC stocks were seen in all the regions of the country. For example, conversion of FL into LUs such as BL, CL, HL, and PL significantly reduced SOC stocks, whereas no significant change was observed under GL (Figure 6). The percent reduction of SOC stocks in BL, CL, GL, HL, and PL was 34.0%, 41.2%, 1.5%, 33.5%, and 47.9%, respectively, as compared with FL (Figure 6). There was a general trend of reduction in SOC stocks in all LUs. In soil depth 0–15 cm, SOC stocks decreased significantly in BL (−31.9%), CL (−38.3%), HL (−38.0%), and PL (−30.2%) over the FL but no significant change was observed for GL (5.7%) (Figure 6). Similarly, in soil depth 15–30 cm, SOC stocks decreased significantly in BL (−41.4%), CL (−44.6%), HL (−31.2%), and PL (−67.1%) over the FL, but the small change observed for GL (−17.3%) was not significant. Unlike the two top soil depths, in the soil depth 30–45 cm, SOC in GL decreased significantly (−14.2%), whereas the change in HL (−10.3%) was non-significant. There was a significant change in SOC in BL (−35.9%), CL (−47.6%), and PL (−67.2%) over the FL (Figure 6).
[image: Figure 6]FIGURE 6 | Comparisons of soil carbon stocks (SOC stocks) under various land uses (BL, CL, GL, HL, and PL) with FL based on soil depths (0–15 cm, 15–30 cm, and 30–45 cm). The error bars show 95% confidence intervals (CI) and the difference is significant if it does not pass zero. *indicates significant difference at p-value is less than 0.05. Here, Forest land (FL) is used as control, BL—Barren land, CL—Cultivated land, GL—Grassland, HL—Horticulture land, and PL—Plantation land.
3.8 Effect of LUC on Microbial Quotient (MQ) and CO2 Equivalent Emission
Results for MQ and CO2 equivalent emission showed significant differences in all LUs compared to FL systems (Figure 7; Supplementary Figure S2). MQ values in BL were lowest (0.91 ± 0.28) compared with those observed in other LUs (ranging from 3.31 ± 0.45 to 4.19 ± 0.49), whereas CO2 equivalent emissions were lower in GL and HL (23 ± 11 and 19 ± 8 Mg ha−1, respectively) and highest in CL and PL systems (66 ± 12 Mg ha−1) compared to FL (Figure 7).
[image: Figure 7]FIGURE 7 | Comparison of microbial quotient (MQ) and CO2 eq. emissions in various land uses from the collected studies (mean ± standard error). Here, Forest land (FL) is used as control, BL—Barren land, CL—Cultivated land, GL—Grassland, HL—Horticulture land, and PL—Plantation land. Note: PL has no sufficient data for MQ analysis.
3.9 Correlation of SOC With BD in Land Uses
Bulk density (BD) was found to be significant and negatively correlated with SOC in all the LUs at p < 0.05 (Figure 8). The maximum correlation was observed in FL (R2 = 0.48**).
[image: Figure 8]FIGURE 8 | Linear regression with the variables of soil organic carbon (SOC) and bulk density (BD) in contrast with six different land uses, with significant difference in R2 value at p < 0.05. Here, FL, Forest land; BL, Barren land; CL, Cultivated land; GL, Grassland; HL, Horticulture land; PL, Plantation land.
4 DISCUSSION
4.1 Changes in Soil Properties Following Land-Use Change
Deforestation and LUC from FL to different LU production systems with varying anthropogenic activities has been suggested to increase CO2 and other GHG emissions contributing to climate change (Lal, 2004; Wang et al., 2021). Through meta-analysis, this study attempted to determine the impact of LUC on soil properties, particularly SOC and microbial biomass, in the Indian context using datasets representing different agroecological regions. Appropriate number of datasets was used for conducting meta-analysis of soil parameters: soil pH (n = 155), SOC (n = 333), BD (n = 303), and TC (n = 163). A positive change in soil pH due to changes of LU as observed in our study resonates the earlier work done (Rabbi et al., 2016; Malik et al., 2018). The higher positive impact on soil pH in CL followed by HL, BL, PL, and GL could be due to the management practices including application of fertilizers and other soil amendments, irrigation practices, etc. It has been reported that LU intensification in lower pH soils positively affects the pH and leads to SOC loss through increased rate of decomposition from improved microbial growth and activity (Malik et al., 2018). Sharma et al. (2014) recorded higher soil pH in CL than the FL in Indian Himalaya’s foot hill. LUC have an impact on soil properties such as BD. A positive change in BD due to changes of LU was recorded in our study similar to previous reports (Vidya et al., 2002; Meena et al., 2018). Lower BD in FL than other LUs could be partly attributed to the higher organic matter (OM) content in the soil, better aggregation resulting in an increase in the volume of micropores, and overall better soil structure (Materechera and Mkhabela, 1995). The highest BD was found in soil depths of 30–45 cm, while the lowest was found in surface soil (0–15 cm), indicating that BD increased with soil depth due to the effects of the overlying soil’s weight (Vidya et al., 2002; Meena et al., 2018).
A better understanding of the dynamics and responses in SOC content is vital for detecting and forecasting changes in response to global climate change (Negi and Gupta, 2010). The evidence from the meta-analysis of experimental findings from different agroecological regions indicates a general trend of decline in SOC from the conversion of FL into different LUs. Similar findings for the reduction in SOC when native forest systems were converted into managed agroecosystems have been reported from other regions of the world (Mayer et al., 2020). The heterogeneity associated with various studies considered in this meta-analysis, in terms of environmental, edaphic, and specific management practices, contributed to the differences in the magnitude of effect seen for different LUs. Similar results were reported in the central Himalayan region of Uttarakhand, India (Kalambukattu et al., 2013).
Large annual additions of OM in the form of leaf litter, which are potentially highest in the FL, coupled with lack of tillage/disturbance activities and a slow rate of decomposition would have contributed to higher soil carbon values (Haynes, 2005; Baker et al., 2007; Kalambukattu et al., 2013). Whereas the lower SOC in other LUs compared to FL could be attributed to the tillage and other disturbance activities, removal of crop residues through burning, grazing, irrigation, etc. affects higher OM decomposition and nutrient mineralization (Batjes, 1999; Ogle et al., 2014). Decomposition of OM releases CO2 into the environment, resulting in a decrease in SOC (Ramzan et al., 2019). In the case of CL systems, crop residue removal, intensive cultivation practices, and increased microbial carbon turnover can increase carbon losses from the soil system (Lal and Kimble, 1997; Yang et al., 2004; Baker et al., 2007; Smith et al., 2008; Sharma et al., 2014). The loss of SOC through increased CO2 levels into the environment is suggested to contribute significantly to the global warming and climate change (Lal 2004; Sanderman et al., 2017). Therefore, there is a widespread belief that it is important to store SOC in the terrestrial environment through increased SOC sequestration and reduced losses in order to manage climate change and associated effects on overall ecosystem health. Any attempts to reduce SOC losses through changes in the management in different LUs would help sequester more carbon in terrestrial ecosystems. The study shows that there is scope for improvement of SOC in different LUs (BL/CL/GL/PL/HL) to become carbon equivalent to that in FL systems, i.e., a potential to increase SOC by 27.3% in BL, 31.1% in CL, 36.1% in GL, 35.5% in PL, and 11.5% in HL. This change could be possible through proper management strategies that promote C sequestration in soil. As with our findings, several studies have found a strong and negative association between SOC and BD over the LUC (Hati et al., 2007; Wang et al., 2011; Padbhushan et al., 2016a; Padbhushan et al., 2016b; Meena et al., 2018).
TC content is one of the key indicators of soil quality that has been linked to the long-term addition of organic residues to the soil (Lemke et al., 2010; Yang et al., 2012; Padbhushan et al., 2016b), and it plays an important role in improving other physico-chemical properties of soils. Total C includes all carbon pools, i.e., inorganic carbon, charcoal carbon, and organic carbon (which includes labile carbon pools). While the changes in TC reflect the overall changes in SOC stocks, it may not give true reflection of changes in SOC components that may differentially respond or change due to management in different LUs. Measuring changes in TC content due to LUC has been shown to take longer periods, i.e., decades, compared to the changes that can be seen in the more labile components of SOC (Lal, 2004; Sanderman et al., 2017). Over the FL, the TC trend changed from BL < HL < GL < CL < PL (higher negative value to lower negative value). In terms of soil depths, the 0–15 cm soil depth showed the greatest difference in negative value, indicating that changes in TC were greater in the surface soil than the other soil depths due to more litter addition on the undisturbed soil.
It is now well accepted that changes in TC may not be a sensitive indicator for short-term responses on SOC stocks, and carbon sequestration and measurement of SOM composition or soil carbon pools have been suggested as better indicators of changes in soil quality due to LUC (Gregorich et al., 1994; Leifeld and Kögel-Knabner, 2005).
4.2 Changes in Soil Carbon Pools and Microbial Quotient (MQ) Following Land-Use Change
Soil carbon pools such as LC, NLC, and MBC were shown to give more useful information about carbon cycling and loss through CO2 emissions and more sensitive soil-quality parameters for carbon dynamics under different management practices (Yang et al., 2012). PL showed greater loss both for LC and NLC than other LUs used in our study over the FL. This could be due to post burn cultivation in the PL system. Similar results were corroborated by Sahoo et al. (2019) in Mizoram, Northeast India who reported lower LC and NLC in PL than other LUs compared to FL. The negative effects of LUC from FL extended to all the SOC pools including LC pool. Thus, FL systems showed the highest values for SOC pools compared to all the LUs considered in this study. High soil carbon pools (for all the three soil quality parameters) in FL could be attributed to undisturbed litter additions for long periods. In contrast, disturbances caused by cultivation and low additions of OM are reasons for low LC in CL. Consequences are nutrient loss and impacting macroaggregate formation, which result in lowering in soil fertility and quality, including higher BD and soil compaction. In general, LC was more in surface soil than the subsurface soil potentially due to higher amounts of added root biomass and exudation coupled with surface crop residues (Padre et al., 2007; Brar et al., 2013; Padbhushan et al., 2015).
MBC represents the living component of SOC and is considered to reflect LC levels in soil systems (Gonzalez-Quiñones et al., 2011; Mendoza et al., 2020). Soils from FL systems showed the highest amount of MBC levels mostly from the larger amounts of aboveground residues and root biomass (Holden and Treseder, 2013; Kumar et al., 2021). MBC can be a sensitive indicator of SOC changes as it has a much faster rate of turnover; hence, trends in MBC have been suggested to predict longer-term trends in SOC (Gupta et al., 1994; Lal, 2004; Haynes 2005; Padbhushan et al., 2020). The lack of carbon inputs from plants would be the primary reason for the lowest MBC in the BL systems. It is well known that the practice of fallowing in cropping lands can cause a significant reduction in MBC and microbial activities (Sarkar et al., 2020). Similarly, the lower value of MBC in CL is attributed to the intensive tillage practice promoting microbial turnover of biologically available soil OM and crop residues and the loss of carbon as CO2 emissions (Gougoulias et al., 2014; Tiefenbacher et al., 2021). There are several individual and meta-analysis studies that reported significant reductions in MBC from conventional tillage practices, in particular when compared to no-till practices (Roper et al., 2010; Zuber and Villamil, 2016).
MQ is one of the important derived measures to indicate changes in MBC, potential for microbial carbon turnover, and the general soil quality in different LU systems (Anderson and Domsch, 1993). Unlike the absolute values of microbial biomass, MQ being a ratio avoids the problems from comparing values across soils and systems with different total SOM levels. Results in this study indicate that MQ showed greater effect in BL followed by PL, CL, and GL. The lowest values for MQ coupled with lower SOC in BL suggest that changing FL systems to BL not only reduced the overall SOC stocks but also affected microbial carbon turnover, with an overall decline in soil quality. The general trend of higher MQ values in LUs such as FL and GL suggests the presence of perennial vegetation and/or lower disturbance supporting higher biological activity and associated ecosystem functions. It is suggested that a greater decrease in MQ values, in particular LUs, indicates that soil is being used in an exploitative manner and microbial pools are declining faster than changes in the total SOC (Sparling, 1997).
4.3 Changes in SOC Stocks Following Land-Use Change
LUC-associated fluctuations in SOC stocks have been reported in many agroecological regions from different parts of the world (Chatterjee et al., 2018; Pellikka et al., 2018). Also, the conversion of LUs from FL to other LUs leading in lower SOC stocks can result in a decrease in soil quality (De Blécourt et al., 2013; Guillaume et al., 2015; Fan et al., 2016; Iqbal and Tiwari, 2016). Changes in LU from FL to other LUs can serve as a carbon source while also affecting soil characteristics (Abera and Wolde-Meskel, 2013). According to a report, about 350 mha of FL has been transferred to other LUs (ITTO, 2002), resulting in biodiversity loss (Ahrends et al., 2015) and 20–40% SOC storage losses (De Blécourt et al., 2013; Guillaume et al., 2015). According to a meta-analysis, when native FL was transformed to PL and CL, SOC stocks decreased by 13%–42% (Guo and Gifford, 2002). Similarly, in this study, LUs had a negative effect on SOC stocks. The absence of deep-rooted trees and fewer canopy covers in this study resulted in lower SOC stocks for PL and HL as compared to FL. Also, SOC content is an indicator of the influence of nature of crops and its management practice. These PL use types undergo regular intercultural operations, which thereby reduces the input of carbon to the soil (Sahoo et al., 2019). The equilibrium between the rate of deposition of photosynthetic materials and the rate of respiration by decomposer microorganisms influences the ability for soils to sequester carbon from the atmosphere (Mathieu et al., 2015). In addition, since root tissue is more resistant to decomposition and mineralization than top soil litters, root-derived carbon has a longer residence period (Rasse et al., 2005).
This meta-analysis study shows that the scope of improvement of SOC stocks in other LUs (BL/CL/GL/PL/HL) to become carbon equivalent to FL can be possible by increasing SOC stocks by 33.5%–41.2% in BL, CL, and HL systems. The level of increase in SOC stocks required was lowest in GL (1.47%) systems and highest in PL. The general trend for the required increase of SOC stocks with depth was similar to the total SOC. However, this change being more in lower depths as compared to surface soil is due to the differences in SOC stocks brought out by LUCs in the subsurface soil over the surface soil. As restoring the lost SOC stocks under different LUs is a difficult job, it is worthwhile to make it possible through management practices. A large amount of atmospheric CO2 can be restored into the soil, which may help mitigate the problems of climate change. Integration of organic inputs with chemical fertilizer in cultivated soil can be one of the better LU management strategies for restoring carbon in the soil and improving the crop productivity and thus managing soil health and ensuring food security (Padbhushan et al., 2020).
4.4 Effects of SOC on Soil Health and Food Security
Greenhouse gases (GHGs) are the main players to maintain the Earth’s habitable temperature. A small change in their amount in the atmosphere can affect the climatic conditions on Earth. Anthropogenic emissions of CO2 are likely to increase with increase in human population (Lelieveld et al., 2019). Human led LUC can result in significant exchanges of CO2 between the soil and air (Lal, 2004). Carbon dioxide equivalent (CO2 eq) emissions in our study were found to be affected in all the LUs over the FL, suggesting loss in SOC stocks. CL and PL had more SOC stocks lost and added more CO2 in the atmosphere (Sahoo et al., 2019). Therefore, restoration of carbon in the soil can be one of the options to counteract the effect of climate change and the problems created due to climate change. Since OM plays a multifaceted role in several soil processes (Gregorich et al., 1994), SOC is one of the essential components for sustaining soil health and food security by the maintenance of the production system (Anantha et al., 2018).
The findings in this study show that changes in LU have an effect on not only SOC but also other soil resources. Some studies have found links between SOC and total nitrogen and other parameters, implying that OM turnover has an effect on these variables (Xu et al., 2019). The importance of soil management and carbon storage is becoming more widely recognized. However, due to continued LUC to meet the ever-growing food production needs, maintaining or improving low levels of SOC stocks is a major challenge. This issue can be mitigated by employing proper crop production management strategies that include systems with lower disturbance/tillage practices, retention of crop residues, application of organic manures, and inclusion of perennial crops as part of an integrated system approach.
5 CONCLUSION
Our study found that LUC had a positive effect on soil pH and BD, while SOC, TC, and soil carbon pools were negatively affected, in comparison with FL systems. The conversion of FL to other LUs resulted in losses of overall SOC stocks and the trends were similar in all the soil carbon pools such as LC, NLC, and MBC. LUC, in general, affected soil carbon pools and soil properties in surface as well as subsurface layers. SOC stocks declined by a minimum of 2% in GL, 42% in CL, and 48% in PL. There was a negative association between SOC and BD in several LUs. Similarly, when compared to FL, MQ and CO2 eq emissions were negatively impacted in all LUs (BL/CL/GL/HL/PL). Overall, in view of the evidence for the potential impact of LUC on SOC stocks, C turnover, and soil quality, there is an urgent need for sustainable management of current production systems and natural resources that reduce CO2 emissions and increase soil carbon in LU systems in India.
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Agroforestry systems (AFSs) have potential to combat climate change and to ensure food security. AFSs can sequester carbon and amend the organic matter, thereby enhancing the crop productivity. Carbon sequestration depends on the type of AFSs, climate, cropping pattern, and management practices. The aim of this study was to evaluate different AFSs for their potential to sequester carbon and impact on soil organic matter (SOM) in the eastern sub-Himalayas, India. Hedge-, alder-, and guava-based AFSs were established along with control (without any tree), and the maize–mustard–potato cropping pattern was followed in each AFS. Soil samples were collected after the fifth crop cycle and further analyzed. The results showed that crop productivity was significantly higher in all the AFSs than control. On average, soil organic carbon (SOC) was found to be significantly higher by 62 and 64% in hedge-based AFSs as compared to guava-based AFSs and control, respectively, and at par with alder-based AFSs. Particulate organic carbon (POC) was higher in all the three AFSs than in the control. For microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN) contents, the trend of AFSs was expressed as alder-based AFS > hedge-based AFS > guava-based AFS > control. Hedge- and alder-based AFSs had higher SOC stocks than guava-based AFSs and control. Carbon dioxide equivalent (CO2 eq.) emissions were greater in control than hedge-based AFSs (35.2 Mg ha−1), followed by alder-based AFSs (28.6 Mg ha−1), and the lowest was observed in guava-based AFSs. On an average, hedge species accumulated more nitrogen (N), phosphorus (P), and potassium (K), which were 60, 12, and 28 kg ha−1 yr−1, respectively. This conclusively proved that AFSs were significantly affecting SOM pools and crop productivity and had a significant role in carbon retention in the soil. Overall, hedge- and alder-based AFSs retained higher soil carbon, and hence, hedge- and alder-based AFSs may be promoted to achieve climate-smart agriculture practices in the acid soils of the Indian sub-Himalayan region.
Keywords: agroforestry systems, carbon sequestration, carbon stocks, soil organic carbon, microbial biomass carbon, CO2 equivalent emission
1 INTRODUCTION
The Indian sub-Himalayas occupy around 25 million hectares (m ha), representing 8% of the total land area of India (IFSR, 2019; Nath et al., 2021). The region is environmentally sensitive where landscape, hydrology, and fertility are threatened by climate change and human population (Saini, 2008). Moreover, exploitation of natural resources and shifting cultivation have caused severe land degradation, resulting in a sharp decline in crop productivity (Laskar et al., 2020; Nath et al., 2020; Nath et al., 2021). Several strategies have been recommended for achieving ecological stability and resources conservation together with sustainable crop production. In this direction, agroforestry interventions have been found to bear immense potential and proven with capacity to reduce soil erosions, conserve SOM, improve soil physical characteristics, and further enhance nutrient cycling (Bhatt and Bujarbaruah, 2006; Ramachandran Nair et al., 2010; Ollinaho and Kröger, 2021). AFSs are believed to have a higher potential to sequester carbon and climate change mitigation options (Murthy et al., 2013; Feliciano et al., 2018). Figure 1 shows the carbon stocks in AFSs under different states of India. The sub-Himalayan region has lower carbon stocks in AFSs than the southern states, and there is a huge potential to encourage carbon stocks in AFSs in the sub-Himalayan region.
[image: Figure 1]FIGURE 1 | Region-wise carbon stocks under Indian agroforestry systems (Source: FSI, 2013).
AFSs are one of the effective land use systems that ensure food and nutritional security (MEA, 2005; Dagar et al., 2020), resilience to climate change and environmental security (Albrecht and Kandji, 2003), and restoration of degrading landscapes (Dagar et al., 2020). Additionally, AFSs enhance the soil quality (Ramos et al., 2015) and conserve ecosystem and biodiversity (Asbjornsen et al., 2014; Hernández et al., 2014). Currently, India is focusing on increasing acreage under crops and forests, and hence, increasing the agroforestry area to 53 m ha by 2050 by utilizing fallow lands, problematic soils (acid soils, alkali soils, saline soils, calcareous soils, acid sulfate soils, and degraded soils), and pasture lands (Dhyani et al., 2013; Dagar and Tewari, 2016; Dagar and Tewari, 2017; Nath et al., 2021). To implement AFSs as a practical tool for utilizing problematic soils and degraded landscape, there is a need for appropriate policies, strategies, national plans, programs, and viable long-term projects.
Alder (Alnus nepalensis)-based AFSs are an age-old ecological agricultural practice which are highly remunerative and grow well in the sub-Himalayan region, but improper handling can result in low crop productivity of the land (Yano and Lanusosang, 2013; Kehie and Khamu, 2018). Different types of fruit trees are used under AFSs. Guava-based AFSs have been found as an appropriate agroforestry model for both Charland and plainland ecosystems (Ahmed et al., 2018). However, trees in the AFSs can be replaced with hedges. In rainfed agriculture, hedge species have suitably helped in soil conservation and sustainable crop production (Kiepe, 1995; Angima et al., 2000). All such benefits that can be derived from hedge species and multipurpose trees have made them integral components of hill farming systems (Bray and Gorham, 1964; Staelens et al., 2003; Bhattacharyya et al., 2009a; Bhattacharyya et al., 2009b).
Improper soil management and land use have led to SOC loss and can cause carbon emissions and affect soil quality in the Indian region (Lal, 2004; Padbhushan et al., 2015; Padbhushan et al., 2016a; Padbhushan et al., 2016b; Rakshit et al., 2018; Sharma et al., 2019; Padbhushan et al., 2021; Padbhushan et al., 2022). Conversely, proper soil management and land use can increase the SOC and further improve soil quality that can partly mitigate the increase in CO2 in the atmosphere (Paustian et al., 1997; Lal and Bruce, 1999; Lal, 2004; Padbhushan et al., 2020; Juhi et al., 2022). Land use systems such as AFS practices and technologies and their service functions have several benefits and hence were adopted as the integral components of mountain farming (Majumdar et al., 2004). However, to better understand the benefits from AFSs, it is imperative to know their potential to augment carbon and N contents in different soil depths since they will provide the baseline information on supplementation of nutrients to crops of varying durations. Furthermore, studies on carbon and N contents as affected by different AFSs would give a valuable insight on the utilization of hedgerow species for soil nutrient enrichment and leaf mulching. Understanding the magnitude of improvement in SOM pools due to AFSs and soil management in subtropical environments, especially the sub-Himalayan region, is limited. Therefore, the impact of land use and microclimate needs to be monitored explicitly to understand the SOM pools and land suitability for different AFSs (Smith, 2010; Padbhushan et al., 2020). This is particularly true for an acid soil of the Indian Himalayas as the information on the impacts of different AFSs on SOC retention is very low under that sort of agro-ecological conditions. Furthermore, the mechanisms of carbon sequestration can reveal important information on differences in carbon fractions under different land use practices (Six et al., 2002; Padbhushan et al., 2020; Padbhushan et al., 2022 and Kumar et al., 2022). A rapid accumulation of carbon from POC has been observed in different land use management systems, which may be an early indicator of change in carbon dynamics (Franzluebbers and Stuedemann, 2009; Sahoo et al., 2019).
Keeping this fact in view, this study was designed to establish the impact of growing various AFSs on SOM pools and carbon stocks in the eastern part of the Indian sub-Himalayas. Presuming that the biomass accumulated by the trees and hedges in the AFSs, it was hypothesized that AFSs would have a considerably higher SOC content and active pools forming the soil profile. More specific objectives of this study are to 1) identify suitable AFSs that can be implemented in the potential interventions for the sub-Himalayan region in India, 2) quantify SOM pools in different AFSs and carbon sequestration, and 3) quantify crop productivity in different AFSs.
2 MATERIALS AND METHODS
2.1 Experimental Location
The study was conducted in the research farm located in the eastern sub-Himalayan region with 25o40′N latitude to 91°60′E longitude and altitude ranging from 900 to 950 m above mean sea level (Figure 2). The climate of this region is humid subtropical, and mean rainfall is around 240 cm annually. About 90% of the overall precipitation is received during months of April–October. The minimum and the maximum temperature prevailed in the region are during the month of January (6.1°C) and June (29.2°C), respectively. The soil of the experimental site is sandy loam textured (acidic Alfisol) and deficient in phosphorus (Majumdar et al., 2004). The AFS interventions were introduced in about 10 ha fallow area. The average soil depth was >1.0 m, and the slope of the area ranged from 6.4 to 6.8%. Contour bunding was followed for conserving soil and water along the slope into terraces at a vertical interval of 3 m (Singh et al., 1990).
[image: Figure 2]FIGURE 2 | Location map of the study area in Meghalaya of India.
2.2 Experimental Details
Out of the total areas of the 10 ha land, a 1.35 ha portion was selected and divided into small plots, each of 500 m2 area. A randomized block design (RBD) for 27 plots with nine sets of management and three replications each was prepared. These nine sets included six hedge species, namely, Cajanus cajan, Indigofera tinctoria, Desmodium rensonii, Crotalaria tetragona, Flemingia microphylla, and Tephrosia candida; one multipurpose tree (Himalayan alder; Alnus nepalensis); one fruit tree (Guava; Psidium guajava cv. Allahabad safeda); and one control (without tree) (Supplementary Figure S1). Hedge species were planted in thick rows on contour bunds, and Himalayan alder and guava were planted on contours across the slope at spacing 5 m × 5 m. Plots were made at a similar slope of an average of 6.6% for proper light exposure.
Plant density for hedge species ranged from 773.0 ± 10.5 to 833.0 ± 12.5 hedge plot−1 with highest numbers of Crotalaria tetragona and lowest numbers of Tephrosia candida. For Himalayan alder and guava trees, 30 seedlings were accommodated in each plot. Initially, at the time of planting, a uniform basal dose of 0.5 kg diammonium phosphate and 10.0 kg farmyard manure (FYM) were applied in each pit (60 cm × 60 cm × 75 cm). Three plots were left for sole cropping (without a tree) to serve as control plots.
2.3 Crop Cultivation
Maize (Zea mays; cultivar Vijay composite) was grown in the kharif (rainy) season and was followed by the cultivation of mustard (Brassica campestris; cultivar M-27) and potato (Solanum tuberosum; cultivar Kufri Jyoti) in the rabi (winter) season in all plots, including the control plots for year-round cultivation throughout the period of experiment. Conventional tillage (plowing up to 15 cm soil layer) was practiced in all plots before the sowing of crops. Maize was sown in the last week of April in each year (spacing 50 cm × 25 cm) and harvested by the last week of September. The recommended dose of NPK (kg ha−1) for maize crop was 80, 60, and 40, respectively. Thereafter, mustard was sown in the same plots (spacing 30 cm × 10 cm) in the second week of October and harvested in last week of December. The recommended fertilizer dose for mustard crop was 60 kg N ha−1, 60 kg P ha−1, and 40 kg K ha−1, respectively. Potato was sown in the second week of January (spacing 60 cm × 15 cm) and harvested in the first week of March every year. Recommended fertilizer dose (NPK, kg ha−1) for potato crop was 100, 100 and 150, respectively. Whole plot yield was considered to calculate yield per hectare (Semwal and Maikhuri, 1996). Thus, the crop productivity of the initial years was discarded. In each plot of guava and alder, crop productivity of the first 10 plants from any border was discarded to avoid the border effects (Puri and Nair, 2004). Vegetation growth was estimated using the quadrat estimation method, as proposed by Hanley (1978) and Bonham (1989). Biological yield was calculated after the harvest of the crop as per the standards of yield parameter calculations.
2.4 Soil Sample and Analysis
The soil sampling was done for all six hedge species from all the plots in three replications from soil depth (0–30 cm, at the depths 10-cm interval). Thus, a total of 18 (6 hedges species × 3 replications × 1 location) soil samples were collected from each soil depth layer in the plots under hedge-based AFSs. For statistical analysis, composite soil samples were collected from six hedge species treated as a replication. In a similar way, soil samples were collected from six locations in each land use system (hedge-based AFS, alder-based AFS, guava-based AFS, and control). The distances between the places where samples were collected and the tree trunks were 60–80 cm. The soils collected from every land use were mixed thoroughly, and representative soil samples were used for analysis. The representative soil samples were air-dried, sieved (through a 2-mm sieve), mixed, and then stored in sealed plastic jars. Various physical and chemical properties of representative subsamples were determined using standard methods (Page et al., 1982). Soil pH was estimated by using the Jackson method (1973). SOC was estimated by Walkley and Black (1934). Available N, P, and K in the soil were determined by using the method suggested by Page et al. (1982). Bulk density was estimated by using the core sampler method of Piper (1950). Available K in the soil was measured by using a flame photometer, and N by using the Kjeldahl method. Total N (TN) was estimated by Kjeldahl (1883). Mean (for three soil samples) initial values for soil pH, Walkley–Black carbon (WBC), available N, P, K, Ca, and Mg were 4.45 ± 0.10, 1.65 ± 0.12%, 275.0 ± 6.50 kg ha−1, 3.20 ± 0.21 kg ha−1, 297.0 ± 5.94 kg ha−1, 0.51 ± 0.04 meq 100 g−1, and 0.39 ± 0.01 meq 100 g−1, respectively.
2.5 Soil Organic Matter Fractionation Study
2.5.1 Microbial Biomass Carbon (MBC) and Microbial Biomass Nitrogen (MBN)
Witt et al. (2000) proposed the modified chloroform fumigation extraction method to determine the MBC in fresh soil samples. The standard equation used to calculate MBC (mg kg−1) is given as follows:
[image: image]
MBN was determined by using the fumigation method as proposed by Joergensen and Olfs (1998). The standard 2equation used to calculate MBN (mg kg−1) is given as follows:
[image: image]
2.5.2 Particulate Organic Matter Carbon
A little modification (Six et al., 2002) was made to the method described by Cambardella and Elliott (1992) in order to determine POC and particle size distribution.
2.5.3 Capacity Level of Soil
The capacity level of soils to preserve carbon associated with silt and clay particles was proposed by Hassink (1997). The soil sample was sieved through an 8 mm mesh sieve; roots and stubbles were removed, and further sample was analyzed. The soil sample weighing 50 g was suspended in 250 ml distilled water for 24 h. The sample was treated ultrasonically for 15 min. Dispersed soil suspension was dried for 24 h in an oven at 105°C and ground for analyzing total carbon.
Other formulas used in this study were as follows:
1) SOC stocks (Mg ha−1) (Datta et al., 2015)
[image: image]
2) Microbial quotient (MQ, %) (McGonigle and Turner, 2017)
[image: image]
3) SOC stocks loss (Mg ha−1), CO2 eq. emission (Mg ha−1) and relative SOC stocks loss (%) (Padbhushan et al., 2020)
[image: image]
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4) Soil carbon sequestration (Mg C ha−1) is given by
[image: image]
2.6 Nutrient Content in Leaf Litter
Leaf litter samples were collected from AFSs (hedge-, alder-, and guava-based AFSs). Biomass production was determined using the quadrat method (Hanley, 1978; Bonham, 1989). A total of forty 0.1 m2 (0.2 m × 0.5 m) quadrats, with systematic spacing at an interval of 1.5 m along two parallel 30 m lines which are 3 m apart, were considered under this method. The canopy coverage was calculated within 6-cover classes (0–5%, 5–25%, 25–50%, 50–75%, 75–95%, and 95–100%) and the mid-point of every class was used to estimate the average. This method minimizes the error in biomass yield estimation. The nutrient content (NPK) was determined in the dried leaf litter sample, as proposed by Jackson (1973). Nutrient components in dried leaf litter leads to evaluation of nutrient accumulation.
2.7 Statistical Analysis
All soil and plant parameters were analyzed by using analysis of variance (ANOVA) for a randomized block design (RBD). Tukey’s honestly significant difference test (Tukey’s HSD test) was used as a post hoc mean separation test using software Statistical Analysis System 9.1 (SAS Institute, United States) for representing the significance of ANOVA at p < 0.05. Linear regression and correlation were done to understand the relationship within and between carbon fractions and soil properties.
3 RESULTS
3.1 Growth Performance and Crop Productivity of Agroforestry Systems in the Indian Sub-Himalayas
Survival percentage in the guava-based AFS was significantly (p < 0.05) higher than that in the alder-based AFS and non-significantly at par with the hedge-based AFS (Table 1). Plant density per hectare was significantly higher in the hedge-based AFS than in alder- and guava-based AFSs (Table 1). On comparing plant height, its maximum height was obtained in the alder-based AFS which was significantly higher than the hedge-based AFS and non-significantly at par the guava-based AFS (Table 1). The collar diameter was significantly lower in hedge- and guava-based AFSs.
TABLE 1 | Growth performance and crop productivity in different agroforestry systems of the Indian sub-Himalayas.
[image: Table 1]The maize yield was significantly (p < 0.05) higher in the control (plots without a tree) than in all AFS-treated plots, which were statistically at par with one other (Table 1). Compared to AFSs, on average, control had 16, 22, and 18% more maize yield than hedge-, alder-, and guava-based AFSs, respectively. Similar trend was found in the crop productivity of mustard. Compared to AFSs, on average, the control had 20, 22, and 18% more mustard yield than hedge-, alder-, and guava-based AFSs, respectively. Crop productivity of potato was significantly higher in the control than in the hedge- and alder-based AFSs but was statistically at par with the guava-based AFS (Table 1). The yield of potato in hedge-, alder-, and guava-based AFSs was statistically similar (Table 1). The potato yield was 14, 12, and 7% more in the control than in hedge-, alder-, and guava-based AFSs, respectively.
3.2 Soil Properties in Different Agroforestry Systems
All the land use systems have strong acidity in soil reaction. No significant effect was observed in soil pH under different AFSs compared to control (Table 2). The available N content was significantly higher in the hedge- and alder-based AFSs than in the control. The guava-based AFS was at par with control treatment (Table 2). The available P content was similar in the treated alder-based AFS and control but statistically at par with the hedge-based AFS, however significantly higher than the guava-based AFS. The alder-based AFS had approximately 25% higher available P than the guava-based AFS (Table 2). The available K content was the highest under the hedge-based AFS in comparison with the control; however, other AFSs (alder- and guava-based AFSs) were statistically at par with one another (Table 2). The total N was found to be greater in hedge- and alder-based AFSs and control than in the guava-based AFS. Among treatments, the range of total N was 1.4–1.9 g kg−1 (Table 2).
TABLE 2 | Effect of various agro-forestry systems on soil properties in the soil depth (0–30 cm) Indian sub-Himalayas.
[image: Table 2]3.3 Soil Organic Carbon and Its Stocks and Organic Matter Fractions in Different Agroforestry Systems
The hedge-based AFS had significantly higher SOC than the guava-based AFS and control plot (Figure 3). SOC in the hedge-based AFS was increased by 62 and 64% in comparison to the guava-based AFS and control plots, respectively. Alder- and hedge-based AFSs had a similar SOC content. SOC in the alder-based AFS was increased by 61 and 59% in comparison to the guava-based AFS and control plots, respectively. SOC stocks showed a similar trend to SOC among AFSs (Figure 4). SOC stocks were 10 and 8 Mg ha−1 higher in the hedge- and alder-based AFSs, respectively, than in the control. Supplementary Figure S2 showed that SOC stocks were 21 and 22% higher in the subsurface layer (20–30 cm) than in the surface layer (0–10 cm) in case of hedge- and alder-based AFSs, respectively. Supplementary Figure S2 also showed cumulative SOC stocks, and it was more in the hedge-based AFS, followed by the alder-based AFS, than in the guava-based AFS and control (without a tree).
[image: Figure 3]FIGURE 3 | Effects of various agroforestry systems on soil organic carbon (SOC) in the soil depth of 0–30 cm of the Indian sub-Himalayas. (Means of different land use systems within a column followed by similar lowercase letters are not significant at p < 0.05 based on Tukey’s HSD test.)
[image: Figure 4]FIGURE 4 | Effects of various agroforestry systems on soil organic carbon stocks (SOC stocks) in the soil depth of 0–30 cm of the Indian sub-Himalayas. (Means of different land use systems within a column followed by similar lowercase letters are not significant at p < 0.05 based on Tukey’s HSD test.)
Among organic matter fractions, the MBC content was found significantly higher in all the AFSs than in control (Figure 4). The alder-based AFS had 71 and 28% higher MBC content than the control and hedge-based AFS, respectively. Higher MBC under the alder-based AFS may be an indication of higher biological activity (than the control plots), which helps in the transformation of various essential nutrients and their availability. However, the guava-based AFS and control had similar MBC content. The MBN content was similar to the MBC content. The trend of the MBN content was mentioned as alder-based AFS > hedge-based AFS > guava-based AFS > control. Hedge- and alder-based AFSs were observed to have significantly higher MBC content than the control (Figure 5). POC values were observed to be significantly higher in alder- and hedge-based AFSs than the in guava-based AFS and control (Figure 5). The guava-based AFS and control had a similar POC content.
[image: Figure 5]FIGURE 5 | Effect of various agroforestry systems on organic matter fractions in the soil depth 0–30 cm of the Indian sub-Himalayas. (MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; and POC, particulate organic carbon. Means of different land use systems within a column followed by similar lowercase letters are not significant at p < 0.05 based on Tukey’s HSD test.)
Ratios of SOM forms were found to be affected by AFS, as shown in Table 3. The SOC/TN (C:N) ratio was significantly higher in hedge-, alder-, and guava-based AFSs than in control. The maximum C:N was observed in the guava-based AFS, followed by hedge- and alder-based AFSs. Supplementary Figure S3 showed depth-wise C:N in the soil, and it was significantly higher in the soil depth of 10–20 cm for the hedge-based AFS than that in the soil depth 0–10 cm, while other land use systems recorded more C:N in the soil depth of 0–10 cm than in the soil depth of 10–20 cm. The ratio of MBC/SOC showed the MQ in different land use systems, and it was higher in guava- and alder-based AFSs than in the hedge-based AFS. The ratio of MBN/TN showed a similar trend to MBC/SOC, except that the lowest ratio was observed in the control. However, the ratio of MBC/SOC was the lowest in the hedge-based AFS, and the ratio of MBC/MBN was the highest in control. Moreover, all the three AFSs were statistically at par with one another. POC/SOC was more in the hedge-based AFS and statistically at par with the alder-based AFS.
TABLE 3 | Ratios of soil organic matter forms.
[image: Table 3]3.4 Relative Soil Organic Carbon Stocks Loss and (CO2) eq. Emissions
Results for relative SOC stocks loss and CO2 eq. emissions showed significant changes due to different AFSs (Figure 6). Relative SOC stocks loss was higher in control (without a tree) over hedge-based AFS, followed by control over alder-based AFS, than control over guava-based AFS; however, it was negative for control over guava-based AFS, showing greater SOC stocks in control than the guava-based AFS. Relative SOC stocks loss was 59.9% higher under control over hedge-based AFS and 47.8% higher under control over alder and guava-based AFSs, which was more or less similar to the control treatment. A similar trend was recorded for CO2 eq. emission. It was the highest under control over hedge-based AFS (35.2 Mg ha−1), followed by control over alder-based AFS (28.6 Mg ha−1), and the lowest trend was observed under control over guava-based AFS.
[image: Figure 6]FIGURE 6 | Effects of land use systems on relative SOC loss (%) and CO2 equivalent emission in the soil depth of 0–30 cm of the Indian sub-Himalayas. (Means of different land use systems within a column followed by similar lowercase letters are not significant at p < 0.05 based on Tukey’s HSD test.)
3.5 Interrelation Among SOM Pools
SOC had positive and highly significant relationship with MBC and MBN at p < 0.01 (Table 4). SOC was also positively and significantly correlated to available N at p < 0.01 and available K at p < 0.05. MBC demonstrated a significantly positive relationship with MBN at p < 0.01. MBC was also highly positively correlated with available N and negatively correlated with available P, directly affecting nutrient transformation and nutrient availability (Table 4).
TABLE 4 | Interrelationships (Pearson’s correlation coefficient “r”) among properties of all land use systems.
[image: Table 4]SOM parameters in AFS were related to each other and represented by linear regression equations given as follows (Table 5):
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TABLE 5 | Confidence interval (95%) of the regression equations showing the relationship among soil organic matter fractions in different agroforestry systems of the Indian sub-Himalayas.
[image: Table 5]3.6 Annual Nutrient Accumulation by Different Agroforestry Systems
Leaf biomass was significantly higher in the hedge-based AFS, followed by guava-based AFS, in than the alder-based AFS (Table 6). N was accumulated higher in the hedge-based AFS than in alder- and guava-based AFSs was at par with the alder-based AFS (Table 6). P accumulation showed the trend followed as hedge-based AFS > guava-based AFS > alder-based AFSs (Table 6). K accumulation was greater in the hedge-based AFS, followed by guava-based AFS, than the alder-based AFS (Table 6).
TABLE 6 | Biomass production and annual nutrient accumulation by agroforestry system in the Indian sub-Himalayas.
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Agroforestry is one of the old farming practices that combine multipurpose trees with various shrubs, cropping systems, and livestock in the land use system that supports life sustenance and ecological biodiversity, maintains soil and water systems, and sequester carbon above or below ground biomass (Gebre, 2016). Agroforestry land use has been found efficient for soil conservation and minimizing surface runoff in the Indian Himalayan region (Nath et al., 2021). Although practiced worldwide, this farming system depends on nature, climate, and geographical conditions of the region, which vary from country to country. Also culture, demand and socioeconomic conditions govern this farming system. As AFSs are more complex in nature than monoculture, they require serious effort, economic reliability, and technical expertise to successful adoption in the potential region. Indian sub-Himalayas are such probable region whose potential can be increased by adopting proper AFSs. Several researchers have used different AFSs and cropping systems, but more reliable information is required to support the farming community economically. In this study, one of the important existing cropping system maize–mustard–potato was used under different multipurpose trees including alder, guava, and different hedge species. The present study revealed that the productivity of maize and mustard was significantly higher in the control plots than in the plots under AFS, indicating unfavorable growth of light-demanding food crops in the understory of AFS. Bhatt and Misra (2003) also recorded higher crop yield in control plots (without a tree) than in the agri–silvi system in Meghalaya, India. Crop productivity observed in the present investigation was in line with the yields reported by Dhyani and Tripathi (1999) for maize; Bhatt et al. (2001) for maize and mustard; and Bhatt et al. (2016) for maize, mustard, and potato in selected AFS in Meghalaya, India.
Studies on the impact of land use change in the acid soils of the sub-Himalayan region to SOC retention have been extensively done, and several interventions were proposed by several workers related to tillage, fertilizer management, and organic amendments (Kundu et al., 2007; Bhattacharyya et al., 2012; Padbhushan et al., 2020; Padbhushan et al., 2021). Also, some of the studies reported the effect of AFSs on the SOC content and SOM pool in the acid soils of the sub-Himalayan region, India (Brahma et al., 2018). In view of the previous studies, the present study was planned to identify the best-suited AFS for SOC retention and climate smart agriculture practices for combating changes in agriculture practices in the region.
A significant influence of AFS in improving the SOC content indicated that the intervention of agroforestry increased the soil carbon content over the plots without any trees (control). The accumulation of pruned biomass in the AFS treatments increased SOC that improved microbial activity and further increased the MBC content of soils. The SOC content in the AFS, especially hedge-based AFS, was higher on average than the control, suggesting more carbon addition due to more biomass accumulation, higher C:N, and slower mineralization process in the soil system. More biomass production releases more root exudates, which ultimately leads to improved soil carbon content (Halvorson et al., 1999; Kundu et al., 2007; Bhattacharyya et al., 2009b; Dignac et al., 2017; Canarini et al., 2019). The alder-based AFS showed a similar carbon content to the hedge-based AFS, while the guava-based AFS had a lower SOC content to the hedge-based AFS but greater than the control plot. Similar findings were in agreement with Somarriba et al. (2013) who reported that the cocoa-based AFS accumulated higher carbon in the soil system in Central America. Malhi et al. (2002) have reported that the hedge-based AFS increased the SOC content by 114% in the surface soil compared to adjacent cultivated land in Canada. Control plots had higher root biomass inputs than the AFS system that probably minimizes the SOC and N contents in the surface soil. Moreover, in the subsurface layer, the accumulation of biomass and litter was higher in the AFS than in control, which ensured a higher SOC content in AFSs over the control plot. The guava-based AFS has less biomass and litter accumulation than alder- and hedge-based AFSs and resulted in lower SOC retention in the acid soil.
Microbial biomass carbon (MBC) is the most active portion of SOM pool. It is one of the important soil quality indicators that change rapidly on throughput interventions and technology (Padbhushan et al., 2016a; Padbhushan et al., 2021). AFSs are considered as a strategic intervention to improve the MBC content in the soil (Rodrigues et al., 2015). In this study, alder- and hedge-based AFSs have shown a higher MBC content over the control plots that are without any tree due to more leaf litter addition and biomass accumulation. AFSs provided favorable conditions for the growth of microorganisms, mainly soil bacteria, resulting in a higher MBC content (Lepcha and Devi, 2020). Researchers have showcased a linear correlation between SOC and MBC (Jenkinson and Ladd, 1981; Leita et al., 1999), and a similar finding was obtained in this study, showing AFSs are contributing toward MBC similar to SOC.
Soil organic matter (SOM) pool has a major portion of POC that serves as a useful parameter for the soil quality indicator (Gregorich et al., 1994; Bhattacharyya et al., 2012; Awale et al., 2017; Bongiorno et al., 2019). The portion of carbon is obtained from slow decomposition of SOM (Cambardella and Elliott, 1992). The present study showed higher POC in the alder- and hedge-based AFSs than in the guava-based AFS and control. This is due to the accumulation of more SOC in POC fractions in hedge- and alder-based AFSs in acid soils than in the guava-based AFS and control. Similar results were in agreement with several research studies that revealed the sensitivity of POC to land use management and its significance in SOM pool (Carter et al., 2003; Liang et al., 2003; Su and Zhao, 2003). The hedge-based AFS is a long growing season AFS which has more extension roots than other AFSs and crops; this yields more carbon sequestration with residue. This results in more accumulation of POC and SOC in the soil. Moreover, soil erosion due to wind decreases POC and SOC contents in control plots compared to the hedge-based AFS (Su et al., 2004).
The capacity level for carbon, which represents the protected carbon associated with clay and silt particles, was found to be 9–12 g carbon kg−1 soil for the control plot that is without any tree; 11–15 g carbon kg−1 soil for the guava-based AFS; 19–25 g carbon kg−1 soil for the alder-based AFS; and 31–36 g carbon kg−1 soil for the hedge-based AFS.
According to our results, soil carbon sequestration was significantly higher under the hedge-based AFS, followed by the alder-based AFS than control (without a tree). The guava-based AFS had more or less similar soil carbon sequestration than control in the soil depth 0–30 cm cumulatively. The value of soil carbon sequestered was 9.58 and 7.81 Mg ha−1 higher in the hedge and alder-based AFSs than in the control. This study confirmed that hedges and multipurpose trees (Alder) increased the SOC content in the soil. This study was in agreement with several studies, which showed incorporating trees improves in SOC stocks (Haile et al., 2008; Ramachandran Nair et al., 2009; De Stefano et al., 2017). This is probably due to higher litter inputs and root residue addition in hedge and alder-based AFSs than the control (Jobbágy and Jackson, 2000; Bhatt et al., 2016). Less soil cover and less litter inputs in the control (without a tree) resulted in lower SOC stocks (Kumar et al., 2021). Soil characteristics also play an important role in carbon sequestration due to humification, aggregation, and translocation of biomass into subsoil (Lal, 2001). In this study, a similar result was found, showing an increase in the SOC stocks in the subsurface for hedge and alder-based AFSs. Proper land use conversion is important for ecological and environmental stabilization. Ramachandran Nair et al. (2009) ranked SOC stocks and reported that AFSs sequestered more carbon than arable crops. Similar results were found in this study; however, the guava-based AFS did not contribute to carbon sequestration and hence is not suitable for regions like Indian sub-Himalayas. This was probably due to no difference in input addition between the control (without a tree) and guava-based AFS in the region.
The available P status was mostly lower due to very strong acidic nature of soils. Short-term management of soils by AFSs did not affect soil pH. However, available N, P, and K contents were significantly improved in the plots under hedge and agri–silvi-based AFSs, mainly due to the positive effects of agroforestry. The experimental soils were known to be 1:1 kaolinite type of clay minerals, which adds a substantial amount of K after weathering, and hence making the soils of the surface layer rich in the available K content. Still, the plots under the hedge-based AFS had a significantly higher available K content as the K accumulation in these plots are 3- to 4-fold higher than other plots (Bhatt et al., 2016).
The potential nutrient returns in the form of leaf litter are in the order of 80–120 kg N, 8–12 kg P, 40–120 kg K, and 20–60 kg Ca for humid tropics of India, as observed by Lupwayi and Haque (1998). In this investigation, 59.68 kg N, 11.95 kg P, and 28.31 kg K were contributed by hedges. Since the material decomposed within 7 months, we could estimate the total amount of each nutrient that would accumulate in the soil. Agroforestry therefore promotes closer nutrient cycling, as evident from the present investigation. Among the hedges, foliage of C. tetragona added maximum N (88.65 kg ha−1), P (18.65 kg ha−1), and K (44.81 kg ha−1) to the soil. Nutrient release followed the order N > K > P for both hedge- and alder-based AFSs. A high initial content of N of hedges reflects its relative suitability as better substrate for microflora action.
5 CONCLUSION
Converting fallow lands into hedge- and alder-based AFSs resulted in more soil carbon retention and nutrient accumulation in the acid soils of the Indian sub-Himalayas. Higher crop productivity obtained in hedge- and alder-based AFSs ensured more food security than in the guava-based AFS and control (crop without any tree). A significant increase in SOM pool (MBC, MBN, and POC) and carbon stocks was obtained in hedge- and alder-based AFSs compared to guava-based AFS and control plots. Due to more biomass accumulation and leaf litter, a higher SOC content was observed in the subsurface layer than in the surface layer in hedge- and alder-based AFSs, while in the guava-based AFS and control plots, a higher SOC content was found in the surface layer than in the subsurface layer. Nutrient accumulation was higher in hedge- and alder-based AFSs than in the guava-based AFS and control plots. This is one of the rare studies that evaluated the rate of soil carbon retention by different AFSs in the Indian Himalayas. Thus, hedge- and alder-based AFSs may be promoted to achieve climate-smart agriculture practices in the acid soils of the sub-Himalayan region.
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Supplementary Figure S1 | Representative figures of hedge (A), alder (B) and guava (C) agroforestry systems and compared with maize-mustard-potato (D) cropping system under sub-Indian Himalayas.
Supplementary Figure S2 | Effects of various agroforestry systems on soil organic carbon stocks (SOC stocks) in the different soil depths (0-10, 10-20 and 20-30 cm) of the Indian sub-Himalayas. (Means of different land use systems within a column followed by similar lowercase letters are not significant at p < 0.05 based on Tukey’s HSD test.)
Supplementary Figure S3 | Effect of various agroforestry systems on C:N in the Indian sub-Himalayas. (Means of different land use systems within a column followed by similar lowercase letters are not significant at p < 0.05 based on Tukey’s HSD test.)
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Conversion of mangrove vegetation into rice cultivation is considerably enhanced nowadays which adversely affects ecological sustainability. Soil microbial community is one of the key indicators to monitor soil health in mangroves. Studies on the variations in the microbial community within mangroves are plenty, whereas reports in mangrove-converted paddy soils are scarce. Therefore, Biolog® eco-plate-based technique was used in this study to assess soil microbial community in the Bhitarkanika (MB) and Sundarban (MS) sub-humid tropical mangroves-converted paddy soil. The results showed that significantly lower soil microbial biomass carbon and enzyme activities were recorded in MB and MS compared to the NRRI (National Rice Research Institute) paddy soil where continuous rice cultivation is being practiced conventionally since 1946 under the sub-humid tropical region. Biolog®-based average well color development (AWCD) was found significantly lower in MS and MB compared to NRRI. Shannon–Weaver and McIntosh indices followed the similar trends of AWCD. A biplot analysis indicated the positive correlation of pH, available phosphorus, actinomycetes population, and phenolic compound utilization under MS, whereas EC and phosphate-solubilizing bacteria were positively correlated under MB. Compared to MS and MB, NRRI paddy soil harbored more carbohydrate-utilizing microbes and showed a positive correlation with fluorescin-diacetate, dehydrogenase, and acid phosphatase. Overall, the present study suggested that the conversion of the Sundarban and Bhitarkanika mangroves into rice cultivation adversely affected the microbial diversity, thereby altering natural sustainability.
Keywords: mangrove, biolog ECO plates®, microbial community, soil enzymes, rice
INTRODUCTION
Mangrove ecosystems constitute a very rich biodiversity of microorganisms which play vital roles in nutrient cycling and regulating the physico-chemical equilibrium in these environments (Alongi et al., 1993; Holguin et al., 1999; Borrell et al., 2016; Atwood et al., 2017). Organic carbon (C) stocks of mangrove ecosystems are measured to have equal or higher than terrestrial tropical forests (Mcleod et al., 2011) and are considered as one of the most important C-sinks in the biosphere (Twilley et al., 1992; Chmura et al., 2003; Nellemann and Corcoran, 2009; and Donato et al., 2011). Besides the natural reservoir of C stocks, the mangrove ecosystem also houses a diverse group of beneficial microbial communities (Holguin et al., 2001; Maria and Sridhar, 2002; and Thatoi et al., 2013). The major microbial community harbored in Indian mangroves is marine algae (60.1%), fungi (11.2%), and bacteria (7.5%) (Sahu et al., 2015). However, these reservoirs are being lost due to several factors that despoiled the mangrove ecosystem around the world. In recent estimates, nearly 0.1 million ha of the world’s mangrove forests was lost from 2001 to 2012 at the rate of 0.7–7% annually, which was around four times higher than that of rainforests (Strong and Minnemeyer, 2015; Thomas et al., 2017). India covers around 7% of the world’s mangroves (Kathiresan 2000; Banerjee et al., 2012a) which is being lost at the rate of 2.8% since the last century (Kumar, 2000; Sahu et al., 2015). It is mostly due to the conversion of mangrove forests into agriculture practices (rice cultivation), aquaculture (shrimp farming), and several anthropogenic activities such as intense boating and fishing, dredging, tourism, and port activities (Duarte et al., 2004; Bouillon et al., 2008; Duarte et al., 2010; Kennedy et al., 2010; United Nations Framework on Climate Change, 2012).
Past reports mainly emphasized the microbial communities under the mangrove ecosystem worldwide (Maria and Sridhar, 2002; Thatoi et al., 2013), however, reports related to the functional diversity of the microbial community under mangrove-converted paddy soil are limited. A paddy cultivated soil ecosystem represents one of the best-studied models for soil microbial ecology (Kumar et al., 2020a; Kumar et al., 2021). Rice can be grown in a wide range of soil, climatic, and hydrological conditions including mangrove ecosystems (Bouillion et al., 2008; Kennedy et al., 2010). Variations of the microbial community under paddy soil are drastically influenced by the application of fertilizers (Kumar et al., 2017; Kumar et al., 2018) and pesticides and have tremendous effects on the nutrient dynamics in the soil. For quantification of microbial community and diversity, researchers are currently using many methods under diverse ecosystems including the rice rhizosphere (Kumar et al., 2018; Manjunath et al., 2018). Among these methods, Biolog® eco-microplates are commonly used to assess the functional diversity of soil microbial communities under different ecosystems including rice (Zak et al., 1994; Li S. et al., 2013; Kumar et al., 2017; Pradhan et al., 2019; Kumar et al., 2020b).
Bhitarkanika and Sundarban are two sub-humid tropical mangroves situated in eastern India and have huge reservoirs of the microbial community (Thatoi et al., 2013; Dutta et al., 2015; Arya and Syriac, 2018). Reports indicated that the mangrove forest area of the Bhitarkanika (Chauhan et al., 2017) and Sundarban (Ramesh et al., 2019) have been significantly converted into agricultural land (∼50 and ∼6% of total area of Bhitarkanika and Sundarban mangroves, respectively) over the last few decades, which is a threat to environmental sustainability with more C-emissions such as methane, thereby reducing the cost-effectiveness of the same land (Priyadarshini, 2015; Chauhan et al., 2017). Moreover, the reclaimed mangroves, including Sundarban, are highly populated and have fallen victim to various adverse effects of climate change and also impacting the salinity regime (Chowdhury et al., 2021a) which might affect the microbial community of that region (Chambers et al., 2016).
Numerous studies indicated the alteration of soil microbial community in Bhitarkanika (Thatoi et al., 2013; Dangar et al., 2016; Behera et al., 2019) and Sundarban (Banerjee et al., 2012b; Das et al., 2012; Bhattacharyya et al., 2019), however, reports on alteration of the microbial community under mangrove-converted paddy soils are limited (Tripathi et al., 2016). Hence, an attempt was made to analyze the significant changes in functional microbial diversity using Biolog® eco-micro plates, chemical, and enzymatic properties of soils of the mangrove-converted paddy soil and compared with NRRI paddy soil where paddy cultivation is being practiced conventionally since 1946. We hypothesized that the conversion of sub-humid tropical mangrove vegetation into rice cultivation may alter its soil microbial community.
MATERIALS AND METHODS
Soil Sampling and Chemical Analyses
Rhizosphere soil (panicle initiation stage of rice crop) samples were collected from two sub-humid tropical mangrove-converted paddy soils from Bakkhali, Sundarban (MS), West Bengal (21° 33′ N, 88° 15′ E) and Dangamal, Bhitarkanika (MB), Odisha (20° 75′ N 86° 85′ E), and ICAR-National Rice Research Institute (NRRI), Cuttack, India (20° 25′ N, 85° 55′ E). A composite sample was made after collecting five soil samples from each location. A portion of the composite soil was air-dried, powdered, and passed through a sieve of 2 mm. This sample was used to analyze the soil pH, electrical conductivity, organic carbon (SOC), and total nitrogen (TN) using an elemental analyzer (Flash 2000; Thermo Scientific), available-P (Bray and Kurtz 1945), and available-K (Piper and CS, 1966) as per standard protocols. The remaining composite soil sample was stored in a refrigerator at 4°C for biochemical analysis. Microbial biomass C was estimated by using chloroform fumigation extraction methods adopted from Vance et al. (1987). The soil enzyme parameters viz., dehydrogenase (DHA), acid phosphatase (ACP), alkaline phosphatase (ALP), and urease were determined using methods referred by Acosta-Martinez and Tabatabai (2000) and Kumar et al. (2018).
Determination of Different Groups of Soil Microbial Population
10 g of soil was suspended in 0.85% sterile saline distilled water (90 ml) and dilutions were prepared from 10−2 to 10−6 levels. A suitable sterile medium was prepared for each particular group as per the methods referred by Burnett et al. (1957). By using the spread plate technique, 100 µl of soil supernatants were spread uniformly on Petri plates in triplicates and the plates were incubated for 3–7 days at 30 ± 0.1°C and the appeared colonies were counted as colony-forming unit (CFU) g−1 soil (Kumar et al., 2017).
For the determination of heterotrophic aerobic bacterial population (HAB), a nutrient agar medium was prepared and diluted suspensions on plates were spread plated and kept for incubation for 4 days at 30°C. The colonies (bacterial) were counted and recorded as CFU g−1 soil. Similarly, for the enumeration of fungi and actinomycetes, the same process was carried out in Rose Bengal and actinomycetes isolation agar medium, respectively (Kutzner and Buchenauer, 1986).
Winogrodsky’s medium (Nitrosomonas medium) was used to determine the nitrifier (NH4+ oxidizing) population (Sharma and Dangar, 2016). Each Petri plate was kept for incubation at 30°C for 25–30 days and then a sulfanilic acid reagent was flooded into it to observe the pink colonies. Similarly, denitrifier (NO3− reducing) bacterial population was counted by using Winogrodsky’s medium where sodium or potassium nitrate was used instead of ammonium sulfate. Each Petri plate was incubated for 3 days at 30°C and sulfanilic acid reagent was poured into it to observe the appearance of pink colonies and these were counted.
The population of phosphate-solubilizing bacteria (PSB) was counted by using a calcium phosphate agar medium. The diluted soil samples were spread plated on plates and kept for incubation for 3 days at 30°C and the halo zone colonies were counted. A Thiobacillus medium was used to determine the population of sulfur-oxidizing bacteria after incubating the plate with the diluted soil sample for 7 or more days at 30°C. Black/brown colonies that appeared on the plate were counted.
Oligotrophic (OL) and copiotrophic (CO) bacterial populations were determined using tryptone soya yeast extract medium (Ochs et al., 1995) and copiotrophic isolation medium, respectively. Petri-plates were spread plated with diluted soil samples and kept for incubation for 3 days at 30°C. The brownish color colonies were counted as CFU g−1 soil. Jensen’s medium was used to assess the asymbiotic nitrogen-fixing bacterial population after inoculating the plates with diluted soil samples and then kept for incubation for 4 days at 30°C. The colonies that appeared transparent on the plates were counted and transformed into CFU g−1 soil.
Community-Level Substrate Utilization Patterns Analysis Using Biolog-Ecoplate
In a 250 ml flask, fresh soil, equivalent to 10 g dry weight was taken from each MS, MB, and NRRI paddy soils. Then, 100 ml of distilled water was added and placed on a shaker at 250 rpm for 30 min. Final diluted (10−3) soil suspension (150 µl) was added in 93 wells of Biolog ecoplate® (Biolog, Hayward, CA, United States), containing 31 kinds of C sources with three replications out of 96 wells. Whereas, 150 µl of sterile water was added in the remaining 3 wells (did not contain any C-source), designated as control. The eco plates were then incubated at 25°C for 24, 48, 72, 96 h, and the change of color that developed after the utilization of C sources by microorganisms was measured at an absorbance of 590 nm in Microlog 4.01 (Biolog, Hayward, CA, United States).
Determination of the Total Metabolic Activity of Soil Microorganisms
Average well color development (AWCD) for all C-sources was calculated to evaluate the total microbial activity in MS, MB, and NRRI paddy soils (Li F. et al., 2013; Kumar et al., 2017; Manjunath et al., 2018; Pradhan et al., 2019; and Kumar et al., 2020b).
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Where C represents the OD (optical density) value of 31 reaction wells, and R represents the OD value of the control. The AWCD reflects the utilizing trend of different C-sources by microorganism (Choi and Dobbs, 1999).
Analysis of Utilization Pattern of Carbon Sources and Functional Diversity of Soil Microorganisms
Determination of the functional soil microbial diversity index utilizing C-sources expressed by Shannon–Weaver index (H), which is used to calculate diversity indices of the microbial community and was quantified by the formula:
[image: image]
Where pi is the ratio of the relative OD (absorbance) value (C-R) of No. i hole to the sum of relative OD values of all holes of the Biolog Eco-plates.
McIntosh index (U) was calculated by the formula:
[image: image]
By subtracting the OD value of the control well from each of the C-source, the relative absorbance value i.e., ni is derived (Magurran, 1988; Wei et al., 2011; Gu et al., 2018).
Determination of Metabolic Fingerprints of Soil Microorganisms
Principal component analysis (PCA) was used to analyze the metabolic activities of soil microorganisms. Optical density (OD) values recorded in 31 kinds of C-sources utilized by the soil microbial community were used to assess the multi-element vectors (Ma et al., 2006). Six major groups of C-utilizing microbial communities were separated as per the methodology of Insam et al. (1996) and then analyzed for biplot-PCA to correlate with other soil parameters.
Statistical Analysis
Online statistical computing software of NARS, Indian Agricultural Statistics Research Institute, New Delhi, India, was used to analyze the data (http://www.iasri.res.in/sscnars). Descriptive statistics like one-way ANOVA was used to access the variance between means of analyzed parameter among the sampling sites and where significant F value was observed. Difference between individual means was tested using Tukey HSD (Honestly significant difference) at a 5% level of significance. The principal coordinate analysis (PCoA) by Bray–Curtis distance-based redundancy analysis (dbRDA) while the Vegan package in R software version 3.5.0 was used to assess the soil parameters with different treatments. The sample size was taken and analyzed as per Chowdhury et al. (2021b).
RESULTS
Soil pH and Nutrient Contents
Soil pH was significantly (p < 0.05) higher in mangrove-converted paddy soils of MS (7.55) and MB (6.9) compared to NRRI paddy soil (NRRI) (6.5) (Table 1) and natural mangroves of MS and MB (Supplementary Table S1). Similarly, soil organic carbon (SOC) was significantly (p < 0.05) lower in MS (0.52%) and MB (0.38%) compared to NRRI (0.66%) (Table 1) and the natural mangroves of MS and MB (Supplementary Table S1). EC was recorded higher in natural mangroves of MS and MB compared to MS, MB, and NRRI paddy soils (Table 1; Supplementary Table S1). Whereas, available phosphorus (AP) and available potassium (AK) were significantly (p < 0.05) higher in mangrove-converted paddy soils (AP higher in MS and AK higher in MB) compared to NRRI (Table 1).
TABLE 1 | Physico-chemical properties of soils from conventional and mangrove-converted rice area.
[image: Table 1]Microbial Biomass Carbon and Soil Enzymatic Activities
Soil microbial biomass carbon (MBC) ranged from 223.9 μg g−1 to 615.9 μg g−1 in all three studied locations. MBC was significantly (p < 0.05) higher in NRRI than MS and MB. The dehydrogenase activity (DHA) in NRRI was 43.5 μg g−1, whereas it was 24.7 µg g−1 and 11.3 μg g−1 in MS and MB, respectively. An almost similar trend in the result found in other soil enzyme activities such as urease (U), acidic phosphatase (ACP) and alkaline phosphatase (ALP), and these were recorded higher in NRRI paddy soil (144.4 mg g−1, 73.3 μg g−1, and 48.8 μg g−1, respectively) compared to MS and MB (Table 2).
TABLE 2 | Microbial biomass carbon and enzyme activities of soil from conventional and mangrove-converted rice areas.
[image: Table 2]Soil Microbial Population Dynamics
All soil microbial populations (Heterotrophic aerobic bacteria, asymbiotic nitrogen-fixing bacteria, nitrifying bacteria, denitrifying bacteria, phosphate solubilizing bacteria, sulfur-oxidizing bacteria, copiotrophs, and oligotrophs) except actinomycetes and fungi were found non-significant among NRRI, MS, and MB sites. Significantly (p < 0.05) higher actinomycete counts were obtained in MS followed by MB and NRRI (MS > MB > NRRI), whereas the fungal population was recorded highest in NRRI followed by MS and MB (NRRI > MS > MB) (Table 3). In undisturbed mangrove soils of MS and MB, the population of HAB, NI and PSB were found lower compared to converted MS and MB, whereas the population of AC showed dominance under undisturbed MS (Supplementary Table S1).
TABLE 3 | Microbial populations (Log CFU g−1) of soil from conventional and mangrove-converted rice areas.
[image: Table 3]Soil Microbial Community and Functional Diversity
A significantly (p < 0.05) lower value of AWCD and rate of AWCD were found in MB compared to MS and NRRI (MB < MS < NRRI) during the 24–96 h incubation period (Figure 1). Similarly, the diversity indices such as Shannan–Weaver and McIntosh indices were also found lower in MB compared to MS and NRRI (NRRI > MS > MB), whereas the Simpson index showed the opposite trend of Shannan–Weaver and McIntosh indices (NRRI < MS < MB) (Figure 2).
[image: Figure 1]FIGURE 1 | Variation of average well color development (AWCD) and rate of AWCD in mangrove-converted and conventional paddy soils. NRRI: National Rice Research Institute, Cuttack, Odisha; MS: Bakkhali, Sundarban, West Bengal; MB: Dangamal, Bhitarkanika, Odisha. ® indicates the rate of change of AWCD. Lines above the bars represent means ± standard deviation. Different letters above the bars indicate significant among the treatments at Tukey HSD (p ≤ 0.05).
[image: Figure 2]FIGURE 2 | Variation of different functional diversity indices in mangrove-converted and conventional paddy soils. NRRI: National Rice Research Institute, Cuttack, Odisha; MS: Bakkhali, Sundarban, West Bengal; MB: Dangamal, Bhitarkanika, Odisha. Lines above the bars represent means ± standard deviation. Different letters above the bars indicate the treatments at Tukey HSD (p ≤ 0.05).
Utilization Pattern of C- Sources by Soil Microbes in NRRI, MS, and MB
A biplot analysis of the parameters obtained from NRRI, MS, and MB soils was shown in the ordination plane (Figure 3), in which the PCA explained a total variance of 97.22%, with principal component 1 (PC1) representing 62.37% and principal component 2 (PC2) representing 34.85% variances, respectively. The PCA showed that the corresponding projective points of six major C groups namely phenolic compounds, polymers, amines, and amino acids; carbohydrates; carboxylic compounds lay at the first, second, and fourth quadrant, respectively (Figure 3), out of which carbohydrates consumption was found highest in NRRI soils compared to MS and MB (Figure 4). The phenolic compounds were positively correlated with MS whereas the carboxylic compound was positively correlated with MB (Figure 4). Polymer compounds were utilized efficiently in the MS soil (Figure 4).
[image: Figure 3]FIGURE 3 | Biplot analysis based on 48 h biolog data indicating separation of three treatments of mangrove-converted and conventional paddy soils. NRRI: National Rice Research Institute, Cuttack, Odisha; MS: Bakkhali, Sundarban, West Bengal; MB: Dangamal, Bhitarkanika, Odisha. Values in parentheses indicate percentage contribution by PC1 and PC2.
[image: Figure 4]FIGURE 4 | Microbial consumption of six major groups of carbon sources of soil in mangrove-converted and conventional paddy soils. NRRI: National Rice Research Institute, Cuttack, Odisha; MS: Bakkhali, Sundarban, West Bengal; MB: Dangamal, Bhitarkanika, Odisha. Line on bars represent means ± standard deviation. Different letters indicate the significant differences in the six major groups of carbon sources utilized by the microbial community among the treatments at Tukey HSD (p ≤ 0.05).
A heat map analysis showed the differentiation of MS and MB from NRRI soil based on the utilization pattern of 31 kinds of C-source by soil microbes. Three C-sources (D-Cellobiose, Glucose-1-phosphate, and α-Methyl-D-Glucoside) were consumed very little by soil microbes present in MS and MB, whereas efficient consumption of these three C-sources was observed in NRRI (Figure 5).
[image: Figure 5]FIGURE 5 | Heatmap of carbon source utilization by the microbial community in conventional paddy soil (NRRI) and mangrove-converted paddy soil (MS and MB). NRRI: National Rice Research Institute, Cuttack, Odisha; MS: Bakkhali, Sundarban, West Bengal; MB: Dangamal, Bhitarkanika, Odisha. Light yellow color shows higher and dark red color show lower carbon utilized by the soil microbial community.
Correlation of MS, MB, and NRRI Based on Physico-Chemical and Biological Parameters
A biplot analysis of the parameters obtained from NRRI, MS, and MB was shown in the ordination plane (Figure 6), in which the PCA explained a total variance of 84.17%, with the principal component 1 (PC1) representing 61.80% and principal component 2 (PC2) representing 22.37% variances, respectively. Correlation among the quantified variables demarcated the lines in the same direction being more closely related. Biplot depicts FDA, ACP, and DHA were positively correlated with NRRI (Figure 6). AP, AC, and pH were positively correlated with MS, whereas EC and PSB were positively correlated with MB (Figure 6).
[image: Figure 6]FIGURE 6 | Biplot analysis of physico-chemical and biological factors in mangrove-converted and conventional paddy soils. NRRI: National Rice Research Institute, Cuttack, Odisha; MS: Bakkhali, Sundarban, West Bengal; MB: Dangamal, Bhitarkanika, Odisha; MBC: microbial biomass carbon; DHA: dehydrogenase; FDA: fluorescein diacetate; UR: urease; ALP: alkaline phosphatase; ACP: acidic phosphatase; TN: total nitrogen; SOC: soil organic carbon; AK: available potassium; AP: available phosphorus; F: fungi; ASNF: asymbiotic nitrogen fixers; HAB: heterotrophic aerobic bacteria; PSB: phosphate solubilizing bacteria; NI: nitrifiers; SOB: sulfur oxidizing bacteria; OL: oligotrophs; CO: copiotrophs; AC: actinomycetes; DNF: denitrifiers. Values in parentheses indicate percentage contributions by PC1 and PC2.
DISCUSSION
Individual reports on the variation of the soil microbial community under sub-humid tropical mangroves and conventional rice ecology were plenty; however, studies on the conversion of mangrove vegetation into rice cultivation and its effect on the soil microbial community are very limited. Therefore, the present study was initiated to understand the functional microbial community of paddy soil under these habitats. The findings of the present investigation suggested the lower functional microbial diversity (AWCD and rate of change of AWCD) in MS and MB compared to conventionally grown rice under sub-humid tropical conditions. Out of six major C-sources, the majority of the microbes’ under NRRI utilized carbohydrates (a simpler form of sugars) compared to MS and MB, which might be one of the reasons to have a higher diversity of the microbial community in this condition (Huang et al., 1998; Li et al., 2007; Haque et al., 2013; Kumar et al., 2017). In contrast, MS and MB harbored microbial communities consumed complex C-sources such as phenolic compounds, carboxylic compounds, and polymers. Most of the microbes might show a metabolic versatility which permits their existence and survivability under mangrove-converted paddy compared to conventional paddy soil. Carbon utilization pathways in microbes have been investigated for the last 60 years in order to better understand the choice of preferential C-sources utilized by certain bacterial communities in relation to the shift of environmental conditions (Guimarães, 2012; Beisel and Afroz, 2016) as indicated in our study.
Shannon–Weaver and McIntosh indices also showed similar trends of microbial diversity (NRRI > MS > MB), whereas the opposite trend was found in the case of the Simpson index. Shannon–Weaver and McIntosh’s indices are powerful tools to determine the species’ richness and evenness in diverse ecosystems (Shannon and Weaver, 1949; McIntosh et al., 1967; DeJong, 1975; Kennedy and Smith, 1995; Harch et al., 1997). In the present study, lower species’ richness and evenness were found in MS and MB compared to NRRI, and for that reason, the functional diversity of soil microbes was significantly lower in MS and MB. Another possible reason to increase microbial richness in NRRI might be due to the frequent application of organic manures and fertilizers (Dong et al., 2014; Kumar et al., 2017). Besides, in NRRI, rice cultivation was being practiced since 1946 which promoted to build up more organic C at NRRI than MS and MB, possibly favoring a higher species’ richness of bacteria, particularly the carbohydrate utilizers in this condition (Danovaro and Fraschetti, 2002; Pinhey and Tebbs, 2022; Underwood et al., 2022). The Simpson index indicates the dominance of the species community in a particular ecosystem which is inversely proportional to the McIntosh index which is corroborated with our findings.
PCA analysis shows that enzyme activities such as acid phosphatase, dehydrogenase, and fluorescein diacetate are positively correlated with NRRI compared to MS and MB. Suitable soil pH (slightly acidic) favors the production of acidic phosphatase (Dick and Tabatabai, 1984; Gu et al., 2009) in NRRI which helps to increase heterotrophic aerobic bacteria (HAB) by utilizing the different carbohydrate sources in this condition (Kavadia et al., 2007; Shu et al., 2012; Roper and Gupta, 2016). Fluorescein diacetate also showed a positive correlation with NRRI, indicating higher microbial richness as FDA hydrolysis correlates with microbial indices such as ATP content, biomass, and cell density (Jiang et al., 2016). Previous reports indicated that FDA hydrolysis has been found to be significantly correlated with microbial biomass in pure and mixed microbial cultures, pastures, and cultivated soils, and soil amended with municipal refuse, and could be used as an alternative estimate of the content and size of soil microflora (Green et al., 2006; Sánchez-Monedero et al., 2008; Wang et al., 2018).
MS harbored higher CFU of actinomycetes, oligotrophs, sulfur-oxidizing bacteria, and nitrifiers which showed a positive response to available phosphorus (AP), urease, and soil pH. Alkaline pH and higher AP in MS primarily favored the growth of these microbes (Bandyopadhyay and Sarkar, 1987; Das et al., 2011; Halder et al., 2015). The present study also showed the higher CFU of phosphate-solubilizing bacteria in MB compared to MS and NRRI. Reports indicated that the higher phosphate solubilizing microbial diversity occurred in mangrove soil containing a lower amount of AP (Adnan et al., 2017). Researchers also revealed that P was the limiting factor of the microbial diversity and productivity of mangroves ecosystems (Reich and Oleksyn, 2004; Lovelock et al., 2007; Krauss et al., 2008). The present study showed that MB was positively correlated with electrical conductivity (EC). Interestingly, EC was found higher in undisturbed MS and MB which might have hampered the growth of microbial populations such as HAB, NI, and PSB compared to converted MS and MB (Mishra et al., 2012; Chatterjee et al., 2015). The population of AC was more in undisturbed MS than converted MS, possibly due to being halophilic in nature (Ballav et al., 2015). The possibility of high EC might be due to less saline soil as alkalinity is inversely proportional to EC (Mohd-Aizat et al., 2014). Moreover, salinity levels might alter the microbiome under mangrove and mangrove-converted paddy soils, consequently influencing mangrove production (Chambers et al., 2016).
The converted mangroves of both MS and MB showed a negative response to FDA and DHA, this might be due to poor microbial diversity as microbial indices such as biomass, cell density, and ATP content are positively correlated with FDA which might have decreased due to anthropogenic activities in the wetlands of the mangrove ecosystem (Jiang et al., 2016). Conjoining all the results, we found that all the three sites viz., paddy soils of NRRI and converted mangrove paddy soils of MS and MB are distinct ecosystems that differ from each other in terms of microbial diversity, enzymatic, and soil physico-chemical parameters. However, a detailed quantification of biotic (plant taxonomy, anatomy, and sediment fauna) and abiotic (temperature, salinity, tidal amplitude and frequency, and pollution level) variables that can influence the composition and functions of the microbiome is required to achieve a mechanistic understanding under MS and MB compared to NRRI. Overall, our results indicated that rice cultivation under MS and MB alters the microbial diversity compared to NRRI, which might be due to severe anthropogenic activities that gradually destroyed these habitats.
CONCLUSION
The present study concludes that anthropogenic practices in the coastal wetlands of the mangroves of Sundarban and Bhitarkanika have hindered the microbial diversity of the mangrove ecosystem. However, NRRI, which is a completely rice–rice system where cultivation of rice is being carried out over 70 consecutive years, showed increased microbial richness along with enzymatic and physico-chemical parameters than MS and MB. The decreased concentrations of these parameters in MS and MB might be due to the conversion of these areas into rice cultivating lands. Therefore, the findings of this study suggested the deterioration in the rich mangrove diversity might be due to its conversion to rice cultivation by anthropogenic activities.
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The northwestern Himalayas (NWH) in India have low rice productivity (∼2 t ha−1) and quality due to poor crop and nutrient management in predominantly Zn-deficient soils. Hence, a field experimentation in the NWH compared the conventionally transplanted rice (CTR) and the system of rice intensification (SRI) under three nutrient management practices (NMPs), viz., 1) farmers’ fertilization practice, FYM @ 5 t ha−1 + N:P2O5:K2O @ 50:40:20 kg ha−1 (FFP); 2) recommended dose of fertilization, FYM @ 10 t ha−1 + N:P2O5:K2O @ 90:40:40 kg ha−1 (RDF); and 3) RDF + Zn fertilization using ZnSO4 @ 25 kg ha−1 (RDF + Zn). The results revealed that SRI practice harnessed a significantly higher rice yield under different NMPs (6.59–8.69 t ha−1) with ∼1.3–1.4- and ∼3.3–4.3-fold enhancements over the CTR and average rice productivity in NWH, respectively. SRI had the greatest improvement in panicle number hill−1 by ∼2.4 folds over the CTR. RDF + Zn had a significantly higher grain (10.7; 7.9%) and straw yield (28.9; 19.7%) over FFP and RDF, respectively, with significant augmentation of Zn biofortification in grains (11.8%) and Zn uptake (23.9%) over the RDF. SRI also enhanced the Zn concentrations in rice grains and straws by ∼4.0 and 2.7% over CTR with respective increases of 36.9 and 25.9% in Zn uptake. The nutrient harvest index and partial factor productivity of applied nutrients (NPK) had a higher magnitude under SRI and RDF + Zn over their respective counterparts, i.e., CTR and RDF. In addition, SRI had higher AE-Zn, CRE-Zn, and PE-Zn to the tune of 119.6, 63.4, and 34%, respectively, over the CTR. Overall, SRI coupled with RDF + Zn in hybrid rice assumes greater significance in enhancing the rice productivity with better Zn-biofortified grains besides higher nutrient use efficiencies to combat widespread malnutrition and acute Zn deficiencies in humans and livestock in the northwestern Himalayas.
Keywords: conventionally transplanted rice, Zn-use efficiency, Zn biofortification, system of rice intensification, nutrient management, rice productivity, grain quality
INTRODUCTION
Rice (Oryza sativa L.) is an important food crop of Asia where it provides ∼35–80% of the total calorie intake (Pooniya et al., 2019). Again, in India, rice is the staple food to tackle the widespread malnutrition and hunger in the nation (Narayanan, 2017), where it provides ∼43% of the calorie requirement for more than 70% of the Indian population (Choudhary and Suri, 2018a; 2018b). Demographic projections reveal that India would require ∼130 million ton (mt) rice by 2025 (Rao, 2012), with ∼14 mt additional rice to the current levels with an annual hike of ∼3 mt year−1 to ensure national food and nutritional security vis-à-vis achieving the United Nations’ Sustainable Development Goals (SDGs). The Indo–Gangetic plain region (IGPR), the food bowl of India, has been the major contributor in the nation’s rice production (Biswakarma et al., 2021). However, the conventional rice–wheat cropping system followed for over 6 decades in IGPR is already facing acute decline in factor productivity and yield stagnation owing to acute nutrient deficiencies, nutrient mining, poor soil health, and degradation of natural resources. (Singh P. et al., 2021, Singh et al., 2021 U.; Biswakarma et al., 2021; Harish et al., 2022; Pooniya et al., 2022). The IGPR also faces severe water shortage due to poor and uneven rainfall patterns and depleting groundwater table (Heba et al., 2021; Rajpoot et al., 2021; Kumar et al., 2021, 2022), thus posing a threat to rice sustainability owing to its high water requirement ∼1,566–2,262 mm under conventionally transplanted rice (CTR) (Dass et al., 2017). These resource and production vulnerabilities in the IGPR have made India to focus on non-conventional rice areas such as the northwestern Himalayas (NWH) and northeastern India. However, the non-use of high-yielding cultivars/hybrids, poor crop and nutrient management, and inappropriate water management practices have again led to stagnant rice yield in the Indian sub-continent in general and in the NWH (∼2 t ha−1) in particular (Choudhary and Suri, 2018a, 2018b; Kakraliya et al., 2018; Singh P. et al., 2021). In order to boost the rice production in the NWH region (Himachal Pradesh, Uttarakhand, and Jammu and Kashmir provinces), we have to rely on high-yielding rice hybrids coupled with efficient crop and nutrient management practices (Adhikari et al., 2018; Choudhary and Suri 2018a, 2018b).
During the last 2 decades, Asian rice systems have undergone many technological breakthroughs to boost rice production (Barison and Uphoff 2011). One such technological innovation has been a shift from CTR to SRI for more rice with less water (Adhikari et al., 2018). The SRI technique utilizing ∼50% less seed and ∼25–50% less irrigation water than CTR (Choudhary et al., 2010) has greatly enhanced the rice productivity in various agro-ecologies across the globe (Stoop et al., 2002; Latif et al., 2005; Uphoff 2010; Barison and Uphoff 2011; Sharif 2011; Styger et al., 2011; Dass et al., 2016a; Thakur and Uphoff 2017; Uphoff 2017; Choudhary and Suri 2018a; and Adhikari et al., 2018). Under SRI, transplanting single young seedlings (8–15 days old, two to three leaf stage) in 25 × 25 cm wider square spacing immediately after uprooting minimizes the transplant shock and also reduces the initial inter-plant competition for light, space, nutrients, and water, later resulting in a prolific root–shoot system (Dass et al., 2016a) and improved soil microbiome and nutrient bio-availability (Thakur et al., 2010; Dass et al., 2017), leading to profuse tillering with greater yields (Kassam et al., 2011; Adhikari et al., 2018). Another game-changing technology has been the hybrid rice cultivation (Yamauchi 1994; Choudhary and Suri 2018a, 2018b). Rice hybrids possess vigorous root and shoot systems with higher yields compared to conventional varieties (Yamauchi 1994). Hybrid rice cultivation under SRI may further result in a more robust root and shoot system with better yield traits due to their genetic make-up and favorable soil microbiome and nutrient bio-availability under SRI as reported by various researchers (Thakur et al., 2010; Veeramani and Singh 2011; Wu and Uphoff 2015; Dass et al., 2016a, 2017; and Choudhary and Suri 2018a, 2018b). Rice grain yield is a quantitative trait characterized by low heritability and a high genotype × environment (G × E) interaction (Farooq et al., 2009). Hence, it is pertinent to use high-yielding genotypes and rice hybrids with efficient crop and nutrient management to harness the benefits of SRI innovation (Stoop et al., 2009; Choudhary and Rahi, 2018). As rice hybrids are nutrient-exhaustive, it inevitable to revisit their fertilizer management schedules both for CTR and SRI methods of rice farming (Styger et al., 2011; Dass et al., 2016a; Choudhary and Suri 2018a). Thus, the SRI technology coupled with rice hybrids under appropriate nutrient management practices primarily essential for rice hybrids may hold the key to harness their full benefits (Choudhary and Suri 2018b). Already, the conventional rice–wheat cropping system of north-west India including the NWH followed for over 6 decades is facing an acute decline in factor productivity, food quality, yield stagnation owing to acute nutrient deficiencies, nutrient mining, poor soil health, and degradation of natural resources. (Choudhary and Suri 2014; Paul et al., 2014, 2016; Sharma et al., 2020; Singh et al., 2020, Singh et al., 2021 U.; Harish et al., 2022; Pooniya et al., 2022).
Furthermore, most parts of the rice-dominated north-west India and NWH are facing a widespread zinc (Zn) deficiency causing numerous health risks to both humans and animals (Heba et al., 2021; Sharma et al., 2021). Ozkutlu et al. (2006) reported that Zn deficiency may cause yield losses by ∼40% in various field crops in Turkey. Likewise, Zn nutrition holds prime importance in rice farming as it induces drought tolerance and improves plant–water relations and photosynthesis due to better stomatal regulation and cell membrane stability (Hassan et al., 2020; Heba et al., 2021; Kumar et al., 2021). Zn nutrition also enhances the protein content due to its vital role in tryptophan amino acid and protein biosynthesis (Hanafy-Ahmed et al., 2012; Kumar et al., 2021). Hence, Zn fertilization may play a vital role in enhancing the crop productivity, quality, and Zn biofortification in the field crops (Hussain et al., 2010, 2012; Kumar et al., 2021, 2022; Bana RC. et al., 2022, Bana et al., 2022 RS.). As earlier stated, the NWH soils are Zn deficient (Sharma et al., 2021). Likewise from the viewpoint of curtailing the malnutrition and hunger in the NWH (Rasul et al., 2018; FAO 2019), it is again essential to devise Zn-imbedded nutrient management practices to harvest more rice with enhanced quality and better Zn-biofortified grains. In alluvial soils of north Indian plains, soil application of ZnSO4 @ 25 kg ha−1 have been proved to be highly beneficial in enhancing the rice productivity and Zn-biofortification in rice grains (Pooniya et al., 2012, 2019). Hence, the soil application of Zn may also prove equally effective in hybrid rice in the NWH. Likewise, the performance of the SRI technique is also reported to be favorably influenced by the organic manure additions (Stoop et al., 2009; Choudhary and Suri 2018a). As rice hybrids are nutrient-exhaustive (Dass et al., 2017), it inevitable to revisit their fertilizer management schedules both for CTR and SRI to ensure higher productivity and soil-health sustenance (Styger et al., 2011; Dass et al., 2016a; and Choudhary and Suri 2018a). However, pertinent information on the comparative performance of rice hybrids under CTR and SRI under such efficient nutrient management schedules is entirely lacking for the NWH region. Therefore, the current study assessed the influence of three nutrient management practices under CTR and SRI with respect to rice productivity, grain quality, Zn-biofortification, and nutrient-use efficiency to tackle widespread malnutrition and Zn-deficiency in the Himalayan region; besides abridging the yield gaps when we are outbidding to ensure the country’s food and nutritional security targets by 2025.
MATERIALS AND METHODS
Study Area, Site Description, and Climate
The present investigation was conducted during Kharif 2010–2013 in Himachal Pradesh, a northwestern Himalayan state of India. The Mandi district [31°13′20″–32°04′30″N latitude; 76°37′20″-77°23′15″ E longitude; 700–4,000 m altitude] of Himachal Pradesh geographically located centrally in the state and representing the wet-temperate agro-climatic conditions of the whole NWH region of India was selected as the study area (Figure 1). This district also constitutes the major rice producing district of Himachal Pradesh in terms of acreage and production (Figure 2A), besides falling under the rice suitability zone of the state (Figure 2B); hence, qualified for selecting as the study area for the current experimentation in the NWH. For carrying out the study during Kharif 2010–2013 in the study area, 05 rice-dominated Community Developmental Blocks (CDB) of Mandi district (Sundernagar, Balh, Sadar, Gopalpur, and Karsog) in Himachal Pradesh were selected randomly. Thereafter, 10 representative villages/locations/farmers’ fields having irrigation facility were selected randomly in these 6 CDBs to continuously conduct the field experimentation during 2010–2013. For this purpose, farm soils having medium nutrient status with respect to available nitrogen (N), phosphorus (P2O5), and potassium (K2O) were selected after analytical scrutiny (Table 1). These soils were silty-clay loam in texture, acid Alfisol in nature with high soil organic carbon (SOC), while DTPA extractable-Zn ranged between 0.59–0.68 mg kg−1 soil (Table 1). The response of rice to Zn was expected in these soils as the critical level of DTPA-extractable Zn in north India varies from 0.38 to 0.90 mg kg−1 soil (Takkar and Walker 1993; Heba et al., 2021). Rainfall and temperature data was recorded at “Agro-Meteorological Observatory” of CSKHPKV, Farm Science Centre, Sundernagar, India (Supplementary Figure S1). The study area receives an average annual rainfall of 1,700 mm, ∼75% of which is received during July to September, and the rest is received during December to February. The hottest months are May to July with the mean daily maximum temperature ranging between 32 and 35°C, whereas December to February are the coldest months, with a mean daily minimum temperature ranging between 2.6 and 3°C.
[image: Figure 1]FIGURE 1 | Maps of India and the Himachal Pradesh province showing the location of Mandi district, Himachal Pradesh, and India (study area).
[image: Figure 2]FIGURE 2 | Map of the Himachal Pradesh province of India showing (A) major/moderate rice producing areas and (B) rice suitability areas (Graphics Source: GIS Centre, CSKHPKV, Palampur, India).
TABLE 1 | Physico-chemical properties of experimental soils at the initiation of field experimentation in the wet-temperate northwestern Himalayas.
[image: Table 1]Experimentation Details and Crop Management
In the current study, two crop establishment methods (CEMs) of rice cultivation, viz., conventionally transplanted rice (CTR) and system of rice intensification (SRI), were considered as factor A, and three nutrient management practices (NMPs), viz., 1) farmers’ fertilization practice (FFP), i.e., FYM @ 5 t ha−1 + N:P2O5:K2O @ 50:40:20 kg ha−1 (FYM5+N50P40K20); 2) recommended dose of fertilization (RDF), i.e., FYM @ 10 t ha−1 + N:P2O5:K2O @ 90:40:40 kg ha−1 (FYM10 + N90P40K40); and 3) recommended dose of fertilization + Zn-fertilization (RDF + Zn), i.e., FYM @ 10 t ha−1 + N:P2O5:K2O @ 90:40:40 kg ha−1+ ZnSO4 @ 25 kg ha−1 (FYM10 + N90P40K40 + Zn25), constituted as factor B, making six treatment combinations with a gross plot size of 400 m2 under each treatment at 10 locations in the NWH. Field experimentation was conducted under factorial randomized block design (FRBD); where six treatments were randomized logically for an analysis of variance (ANOVA) while considering 10 locations as 10 replications (Choudhary and Suri 2018a; Choudhary et al., 2021). Since the temperature in NW Himalayas after rice flowering goes down, long duration rice hybrids do not perform well. The short and medium duration rice hybrids can thrive well in wet-temperate NWH; hence, a promising medium-duration hybrid (Arize-6129) was selected as the test cultivar/hybrid for current experimentation. This rice hybrid (Arize-6129) was sown in the third week of May in the case of CTR and in the first week of June in the case of SRI during 2010–2013 in nursery plots at respective locations following CTR (CSKHPKV 2011) and SRI principles (Choudhary and Suri 2018a) (Table 2). The 30- and 15-day 4) old seedlings were then transplanted on the same dates in the third week of June during 2010–2013 both in CTR and SRI in their respective plot locations−1 at 20 × 15 cm and 25 × 25 cm spacing using two to three seedlings hill−1 and single seedling hill−1 in CTR and SRI, respectively (Table 2; Supplementary Figure S2).
TABLE 2 | Crop management followed under conventionally transplanted rice (CTR) and SRI in the northwestern Himalayas, India.
[image: Table 2]Nutrient management was done strictly as per the treatment plan. Well-rotten FYM was added in respective treatments on fresh weight basis (35% moisture on an av.) during land preparation, which contained N, P, K, and Zn to the tune of 0.81, 0.45, 0.65% and 42.1 mg kg−1 (on oven dry-weight basis), respectively. The 1/3rd N and entire P, K, and Zn doses were applied basally at puddling time in the rice through urea (46% N), single super phosphate (16% P2O5), muriate of potash (60% K2O), and Zn-sulfate heptahydrate (21% Zn), respectively; while the remaining 2/3rd N was applied through broadcasting in two equal splits at maximum tillering and flowering stages following the treatment plan. Weeds were controlled by using Pretilachlor @ 0.75 kg a.i. ha−1 both in CTR and SRI. Two hand-weeding (HW) was done in CTR at 15–20 DAT and 30–35 DAT. In the SRI method, two mechanical weeding operations (at 10–12 and 20–22 DAT) using a manually-operated country-made cono-weeder in both directions followed by one HW (30–35 DAT) (Table 2), were performed to control the weeds, to add weed biomass into soil, and to promote the rhizosphere aeration (Choudhary and Suri 2018a). In case of CTR, continuous water standing was kept during the vegetative phase through flood irrigation. Under SRI, keeping in view the monsoon rains, the off and on irrigation scheduling was done at 3-day after the disappearance of ponded water (DADPW) to maintain saturation up to the panicle initiation stage so as to promote the aerobic soil conditions by alternate wetting and drying (AWD) (Supplementary Figure S2). However, right from panicle emergence to 10-days before crop maturity, a shallow submergence (2 cm) was continuously maintained in all the plots. The plots were also drained before N top-dressing and 1 week before harvest if it rained. Both CTR and SRI plots received uniform plant protection practices throughout the cropping season.
Growth and Yield Parameters
For recording the number of tillers hill−1 and the number of panicles m−2; three observational units of 1 m row length each were selected randomly for counting from the net-plots and the mean value was converted into the number of panicles hill−1, and the number of panicles m−2. Plant height and the panicle-length measurements were done from 10 randomly selected tagged plants in the net-plot area at the time of harvest. Samples were drawn from the rice grains produced from the net-plot after weighing, and the 1,000-grain weight was determined at 14% moisture content. Rice crop was harvested from each farm plot, dried in the sun, threshed, and then weighed. The rice grain, straw, and biological yield were determined using standard procedures (Rana et al., 2014), and expressed as t ha−1. Grain yield was expressed at 14% moisture content.
Plant Chemical Analysis and Protein Estimation
Plant samples of rice grains and straw collected from all the net-plots just after the crop harvest from different locations were air-dried and then dried in an hot air oven at 60 ± 2°C for 6–8 h. These dried plant samples were ground in a Macro Willey-Mill fitted with stainless steel parts and passed through a 40 mesh sieve and then subjected to chemical analysis for NPK and Zn. Plant samples and FYM both were analyzed for total N using the Kjeldahl digestion unit, while total P and K were determined using di-acid digestion [4:1 ratio of HNO3 and HClO4 (v/v)] as per standard procedure (Rana et al., 2014). The protein content (%) in grains was determined by multiplying respective grain–N content (%) by a factor 6.25. The respective N, P, and K uptakes (kg ha−1) were determined by multiplying grain and straw yield (kg ha−1) with their respective grain and straw nutrient concentrations (%) as follows:
[image: image]
Zn Biofortification Assessment
Zn content in both rice grains and straw [g kg−1 dry matter (DM)] were determined after di-acid digestion [4:1 ratio of HNO3 and HClO4 (v/v)] of the above Macro Willey-Mill ground samples and then estimated using an atomic absorption spectrophotometer (Rana et al., 2014). The Zn uptake (g ha−1) was determined by multiplying grain and straw yield (kg ha−1) with their respective grain and straw nutrient concentrations (g kg−1 DM) as follows:
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Estimation of Nutrient-Use Efficiencies of Applied Nutrients (N, P, K and Zn)
Nutrient harvest index of applied nutrients (N, P, K, and Zn) were computed by the following equation as suggested by Fageria and Baligar (2003):
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where NHI, PHI, KHI, and ZnHI refer to nitrogen harvest index, phosphorus harvest index, potassium harvest index, and zinc harvest index, respectively. GUN/P/K/Zn refers to respective N/P/K/Zn uptake (kg or g ha−1) in grains, while UN/P/K/Zn refers to the respective total N/P/K/Zn uptake (kg or g ha−1) both in rice grains and straw in respective N/P/K/Zn applied plots, both through chemical fertilizers and FYM.
Partial factor productivity (PFP) of applied nutrients (N, P and K) as PFPn/PFPP/PFPk (kg ha−1 kg−1 of applied N/P/K) were calculated by computing the total applied nutrients (N/P/K) both through chemical fertilizers and FYM as suggested by Fageria and Baligar (2003) hereunder:
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Where PFPn, PFPP, and PFPk refer to the partial factor productivity (PFP) of the applied N, P, and K, respectively. Yt refers to grain yield (kg ha−1) of rice while Na, Pa, Ka refer to respective N, P, or K applied (kg ha−1) both through chemical fertilizers and FYM.
Agronomic efficiency (AE–Zn), crop recovery efficiency (CRE–Zn,) and physiological efficiency (PE–Zn) of applied-Zn were computed by the following equations as suggested by Fageria and Baligar (2003):
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where YZn and Y0 refer to grain yield (kg ha−1) in Zn-applied and non-Zn-applied plots/treatments, respectively. FZn refers to fertilizer-Zn applied (kg ha−1) which worked out to be 5.25 kg ha−1 in ZnSO4 supplied plots both under CTR and SRI. UZn and U0 refer to the total Zn uptake (kg ha−1) both in rice grains and straw in Zn-applied and non-Zn-applied plots/treatments, respectively. Here, the AE-Zn, CRE-Zn, and PE-Zn were worked out for Zn-applied treatment, i.e., recommended dose of fertilization + Zn fertilization (RDF + Zn: FYM10 + N90P40K40 + Zn25), and non-Zn-applied treatment, i.e., recommended dose of fertilization (RDF: FYM10 + N90P40K40), in the current study.
Statistical Analysis
The experimental design was factorial randomized block design (FRBD) replicated 10 times (considering ten locations as the replications) and the statistical analysis was done by the standard procedure suggested by Gomez and Gomez (1984). Significance of differences among different treatments was tested using the standard F-test. Least significance difference (LSD) values at p = 0.05 were used to determine the significant differences between treatment means.
RESULTS
Weather and Production Environment
In general, the growing conditions at all the experimental locations were favorable for rice crop during all the 4 years (2010–2013) with an average annual rainfall of 1,503 mm across the four cropping seasons, except during the June months of 2010 and 2012, and the September month of 2013 which received a relatively scanty rainfall of 60, 90, and 72 mm, respectively (Supplementary Figure S1). About 80% of annual rainfall was received through the south-west monsoons during the fourth week of June to mid-September. During the cropping seasons of 2010–2013, the hottest month was June followed by July with the mean daily maximum temperature ranging between 28–37°C, whereas the mean daily minimum temperature ranged between 11–23°C. This set of production environments is highly congenial for yield expression of tested rice hybrid Arize-6129 in the NW Himalayas.
Plant Growth and Yield Attributes
Plant height as well as the yield contributing characters of rice at harvest viz., number of panicles hill−1, panicles m−2, panicle length, and 1,000-grain weight remained significantly (p < 0.05) higher under SRI compared to the CTR crop establishment method (CEM) in the 4-year study with greatest improvement of ∼2.4 folds in the number of panicles hill−1 while other yield attributes were augmented by 11.5–23.9% under SRI (Table 3). Among different nutrient management practices (NMPs), the recommended dose of fertilization (RDF) + Zn-fertilization (RDF + Zn), i.e., FYM @ 10 t ha−1 + N:P2O5:K2O @ 90:40:40 kg ha−1 + ZnSO4 @ 25 kg ha−1 (FYM10 + N90P40K40 + Zn25) significantly (p < 0.05) enhanced the growth and yield attributes over the second best treatment supplied with the recommended dose of fertilization (RDF), i.e., FYM @ 10 t ha−1 + N:P2O5:K2O @ 90:40:40 kg ha−1 (FYM10 + N90P40K40), and the least performer, i.e., farmers fertilization practice (FFP) was supplied with 5 t FYM ha−1 + N:P2O5:K2O @ 50:40:20 kg ha−1 (FYM5+N50P40K20) in our current study. In general, RDF + Zn exhibited an increase of ∼4.4–18.3% enhancement in the yield attributes viz., panicles hill−1, panicles m−2, panicle length, and 1,000-grain weight compared to RDF; while RDF had an enhancement of 4.2–12.8% in these attributes over FFP (Table 3).
TABLE 3 | Effect of different crop establishment methods (CEMs) and nutrient management practices (NMPs) on the growth and yield attributes of rice (4 years av.).
[image: Table 3]Four Years’ Yield Trends and Pooled Rice Grain, Straw, and Biological Yield
The CTR and SRI crop establishment methods (CEMs) of rice had a significant (p < 0.05) effect on the rice grain and straw yield. Across the years, rice grain yield ranged between 5.62–5.95 and 7.34–7.90 t ha−1 while straw yield ranged between 8.23–8.52 and 9.89–10.55 t ha−1 under CTR and SRI, respectively (Figures 3A,C). Likewise among NMPs, the Zn-imbedded treatment RDF + Zn consistently and significantly (p < 0.05) outperformed over RDF and FFP, with grain and straw yields ranging between 7.27–7.65 and 9.90–10.34 t ha−1, respectively (Figures 3B,D). Furthermore, the significant (p < 0.05) CTR vs. NMPs and SRI vs. NMPs interaction effects throughout the 4-year experimentation revealed that the CTR coupled with RDF + Zn could hardly produce higher grain and straw yield to the tune of 6.22–6.52 and 8.85–9.17 t ha−1, respectively (Figures 4A,C). However, compared to CTR, the SRI considerably enhanced the rice productivity under all NMPs with a significantly (p < 0.05) greater grain and straw yield under RDF + Zn to the tune of 8.32–8.88 and 10.94–11.58 t ha−1, respectively (Figures 4B,D). It was also noticed that the ill-distributed early monsoon rains and comparatively higher temperature during Kharif 2012 (Supplementary Figure S1), accounted for comparatively least rice grain and straw yields in the year 2012 over the normal rainfall rice seasons of Kharif 2010, 2011, and 2013 under all the CEMs and NMPs (Fig. 3, 4). The 4-year pooled data showed that the SRI had significantly (p < 0.05) higher grain (7.65 t ha−1), straw (10.29 t ha−1), and biological yield (17.95 t ha−1), and the harvest index (42.6%) over the CTR, with respective increases of 31.4, 22.5 and 26.2% in grain, straw, and biological yield over CTR (Table 4). The RDF + Zn consistently had the significant (p < 0.05) and greatest grain (7.54 t ha−1), straw (10.15 t ha−1) and biological yield (17.69 t ha−1), and harvest index (42.5%); which was followed by RDF and FFP, respectively. On an average, the RDF + Zn had 10.7, 7.87, and 9.1%; and 28.9, 19.7, and 23.4% higher grain, straw, and biological yield compared to FFP and RDF, respectively (Table 4).
[image: Figure 3]FIGURE 3 | Four years’ rice grain (A,B) and straw (C,D) yield trend of the rice under different CEMs and NMPs. The vertical bars indicate the LSD at p = 0.05.
[image: Figure 4]FIGURE 4 | Four years’ rice grain (A,B) and straw (C,D) yield trend under the CTR vs. NMPs, and SRI vs. NMPs. The vertical bars indicate the LSD at p = 0.05.
TABLE 4 | Effect of different CEMs and NMPs on the grain, straw, and biological yield and harvest index of rice (4 years av.).
[image: Table 4]NPK Nutrient Concentrations and Uptake
In general, the SRI proved superior to CTR with respect to (w.r.t.) NPK acquisition (pooled values) in rice grains and straw in the 4-year study (Figure 5). Between the two methods, SRI management for the same NMP level gave significantly (p < 0.05) larger concentrations of all nutrients (NPK) relative to the effects of CTR except for straw P content. Both in CTR and SRI, the NPK concentrations in rice grains and straw exhibited a consistent improvement under different NMPs following the trend of RDF + Zn > RDF > FFP, where RDF + Zn proved significantly (p < 0.05) superior to FFP but statistically at par to RDF, for NPK concentrations both in grains and straw. Among NMPs, the N, P, and K content in rice grains both under CTR and SRI varied between 1.261–1.345 and 1.319–1.373%; 0.319–0.331 and 0.322–0.342%; and 0.294–0.342 and 0.326–0.363%, respectively with highest grain NPK content under RDF + Zn under both CEMs (Figure 5).
[image: Figure 5]FIGURE 5 | NPK concentrations (%) in rice grains and straw as influenced by different (A) CEMs and (B) NMPs (4 years av.). The vertical bars indicate the LSD at p = 0.05. The “ns” represent the non-significant differences at p = 0.05.
Between the two CEMs, the N, P, and K uptakes both in rice grains and straw and the total NPK uptake (grains + straw) showed a significant (p < 0.05) variation with higher pooled values under SRI (Figures 6A–C). This was reflected in the higher concentrations of these elements in their respective plant parts, i.e., grains and straw. In general, SRI management had a higher grain-N and total-N uptake (103.2; 171.3 kg ha−1), P (25.45; 31.0 kg ha−1), and K uptake (26.4; 124.3 kg ha−1) with respective enhancements of 36.3 and 32.6%, 34.4 and 33.3%, and 42.7 and 28.7%, respectively, over CTR. Furthermore, the NMPs exhibited a consistent and significant (p < 0.05) increase in NPK uptake in rice grains and straw and a total uptake with the trend of RDF + Zn > RDF > FFP. Among NMPs, the RDF + Zn had an higher total N, P, and K uptake by 34.6, 35.1, and 12.5%; and 13.8, 13.7, and 6.43% over the FFP and RDF, respectively, in the 4-year study (Fig. 6a, 6b, 6c).
[image: Figure 6]FIGURE 6 | Influence of different CEMs and NMPs on (A) N uptake, (B) P uptake, (C) K uptake, and (D) Zn uptake in rice grains and straw and total nutrient uptake, and respective nutrient harvest indices (4 years av.). The vertical bars indicate the LSD at p = 0.05.
Protein Content and Protein Yield
It was noticed that the SRI plots had a significantly (p < 0.05) higher protein content (8.41%) in rice grains and the protein yield (644.9 kg ha−1) compared to that of CTR (Table 5). Among NMPs, the RDF + Zn eventually resulted in protein-rich grains with a significantly (p < 0.05) higher protein content (8.49%) and protein yield (641.9 kg ha−1) over RDF and FFP. Averaged over 4 years, the SRI significantly raised the protein yield by 40.5% over CTR, while RDF + Zn raised it by 35.6 and 14.2% compared to FFP and RDF, respectively. Hence, the SRI coupled with RDF + Zn may prove as a boon to combat the protein malnutrition through this intervention in NWH.
TABLE 5 | Effect of different CEMs and NMPs on the protein content in grains, protein yield, and Zn concentration in rice grains and straw (4 years av.).
[image: Table 5]Zn Biofortification of Rice Grains and Straw
Between the two methods, SRI gave significantly (p < 0.05) larger Zn concentrations (pooled values) both in rice grains (31.1 mg kg−1 DM) and straw (52.6 mg kg−1 DM) with respective enhancements of 4.0 and 2.7% over the CTR (Table 5). Among NMPs, the application of RDF + Zn proved highly beneficial for Zn biofortification of rice grains and straw both over RDF and FFP, respectively (Table 5). Both under CTR and SRI, the RDF + Zn nutrition expressed significantly (p < 0.05) higher Zn biofortification in rice grains (33.2 mg kg−1 DM) and straw (54.7 mg kg−1 DM), on an average, higher by 15.3 and 11.8% in grains; and 9.6 and 6.6% in straw over FFP and RDF, respectively (Table 5). RDF also had significantly (p < 0.05) higher Zn accumulation in grains and straw by 3.1 and 2.8%, respectively, over FFP irrespective of the CEMs. Furthermore, the Zn uptake in rice grains, straw, and the total Zn uptake was significantly influenced by the CEMs and NMPs (Figure 6D). SRI was perceptibly the best performer for augmenting the Zn biofortification with a significantly (p < 0.05) greater Zn uptake in grains (239.9 g ha−1), straw (543.4 g ha−1), and the total uptake (783.3 g ha−1) with respective increases of 36.9, 25.9, and 29.1% over the CTR. The RDF + Zn significantly recorded (p < 0.05) the greatest Zn uptake in grains (251.3 g ha−1), straw (555.9 g ha−1), and total uptake (807.2 g ha−1), on an average, higher by 23.9, 15.0, and 17.6%, respectively, over the RDF; while FFP had the least Zn uptake.
Nutrient Harvest Index and Partial Factor Productivity of Applied Nutrients
The nitrogen harvest index (NHI), phosphorus harvest index (PHI), potassium harvest index (KHI), and Zn harvest index (ZnHI) had significantly (p < 0.05) higher magnitude (pooled data) under SRI compared to CTR (Figures 6A–D). Among NMPs, there was a consistent but non-significant increase in NHI (59.3–59.6%) while KHI (19–21.3%) had significant (p < 0.05) increase right from FFP to RDF and then to RDF + Zn application (Figures 6A,C). It was interesting, but not surprising that the PHI reported significantly (p < 0.05) higher values at RDF; thereafter, it showed a non-significant decline using RDF + Zn (Figure 6C), most probably a P×Zn antagonistic effect. Nonetheless, the ZnHI showed a consistent and significant (p < 0.05) improvement (28.4–31%) right from FFP to RDF + Zn (Figure 6D). Partial factor productivity (PFP) of applied N (PFPn), P (PFPp), and K (PFPk) showed a significant (p < 0.05) variation both under CEMs and NMPs (Figure 7). In general, the PFPn, PFPp, and PFPk were significantly higher under SRI cumulatively by 30.9–31.3% compared to CTR. Meanwhile, the FFP had significantly higher PFPn, PFPp, and PFPk, all of which then declined significantly under RDF, and again showed a slight improvement under RDF + Zn (Figure 7).
[image: Figure 7]FIGURE 7 | Influence of different (A) CEMs and (B) NMPs on the partial factor productivity (PFP) of applied nutrients viz. PFPn, PFPp, and PFPk in rice (4 year av.). The vertical bars indicate the LSD at p = 0.05.
Agronomic Efficiency, Crop Recovery Efficiency, and Physiological Efficiency of Applied Zn
Both under CTR and SRI, we assessed the agronomic efficiency (AE–Zn), crop recovery efficiency (CRE–Zn), and physiological efficiency (PE–Zn) of the applied Zn under RDF + Zn compared to RDF. It was again interesting to notice that the SRI had significantly higher AE-Zn (192.4 kg grain kg−1 Zn applied), CRE-Zn (28.6 kg Zn accumulated kg−1 Zn applied), and PE-Zn (6.7 kg grain kg−1 Zn uptake) to the tune of 119.6, 63.4, and 34%, respectively, over CTR (Figure 8). This was already reflected in the higher concentrations of Zn in rice grains and straw consequently to Zn-fertilization and its better bio-availability under RDF + Zn compared to RDF in the current study (Table 5).
[image: Figure 8]FIGURE 8 | Influence of Zn fertilization in rice on agronomic efficiency of applied Zn (AE-Zn) (kg grain kg−1 Zn applied), crop recovery efficiency of applied Zn (CRE-Zn) (kg Zn accumulated kg−1 Zn applied), and physiological efficiency of applied Zn (PE-Zn) (kg grain kg−1 Zn-uptake) under CTR and SRI (4 years av.). The vertical bars indicate the standard deviation.
DISCUSSION
Rice is a major food crop in the Indian Himalayas; however, non-adoption of high yielding cultivars, poor crop nutrition, and traditional rice farming practices (Choudhary and Suri 2018a; 2018b), coupled with low soil fertility, specifically Zn deficiency (Sharma et al., 2021), besides receding water resources and ill-distributed wet season rains are the major causes of concern which result in low rice productivity (∼2 t ha−1) and quality in this agro-ecology (Ceesav and Uphorr, 2003; Choudhary and Suri 2018a, 2018b). Hence, the widespread malnutrition and hunger among rural communities dependent on rice as a staple food in these remote hilly terrains (Sharma et al., 2021) has been a great cause of concern for the policy planners and the agricultural researchers in India. The current study validated the performance of conventionally transplanted rice (CTR) and the system of rice intensification (SRI) under three nutrient management practices (FFP, RDF, and RDF + Zn) to produce more rice with better Zn-biofortified and quality grains with enhanced nutrient-use efficiency to tackle the aforementioned issues in the NWH. The most important finding of this study was that the hybrid rice coupled with SRI produced higher yield attributes and the rice yield (6.59–8.69 t ha−1) under three nutrient management practices (NMPs); with perceptibly ∼3.3–4.3 fold higher yield compared to the average rice productivity (∼2 t ha−1) in the NWH (Figure 9). Under the conventionally transplanted rice (CTR), proper plant nutrition in hybrid rice also produced more rice (5.12–6.4 t ha−1) by ∼2.6–3.2 folds compared to the average rice productivity in the NWH. However, the SRI significantly out yielded over the CTR by ∼1.3–1.4 folds across the 4-year study in the wet-temperate environment spanning in India’s northwestern Himalayas.
[image: Figure 9]FIGURE 9 | Influence of different NMPs on grain yield enhancement both under CTR and SRI (4 years av.) over the average yield in the northwestern Himalayas. The vertical bars indicate the LSD at p = 0.05.
In NWH, comparisons were also made between CTR and SRI for growth and yield attributes where SRI produced taller plants with the greatest improvement by ∼2.4 folds in number of panicles hill−1 and 23.9% higher panicle number m−2 under wider spacing (25 × 25 cm) with ∼23% longer panicles and ∼12% heavier grain test-weight compared to CTR, which finally led to a 31.4% higher grain and 22.5% higher straw yield over the CTR. This was most evidently reflected in their respective grain and straw yield trends in the 4-year study despite insufficient early-season rainfall during 2012 compared to normal rainfall years (2010, 2011, and 2013). Under SRI management, planting of the healthy younger seedlings at two to three leaf stage (15 days old, or before the fourth phyllochron) in wider square spacing (25 × 25 cm) with minimal root damage and transplanting shock into a moist but not flooded seedbed (Stoop et al., 2002; Latif et al., 2005; McDonald et al., 2008; Styger et al., 2011; Dass et al., 2016a, 2017; and Choudhary and Suri 2018a, 2018b), are the key factors which played a pivotal role in producing healthier plants with better root and shoot growth, better photosynthetic rate, higher panicle count, and other yield attributes, which ultimately harnessed higher rice yield in hybrid rice under SRI compared to CTR in current study (Dass et al., 2016a, 2017; Choudhary and Suri, 2018a, 2018b).
The single young seedling plantings at wider spacing and less weed completion due to an efficient weed management through a cono-weeder, led to greater PAR interception and photosynthetic efficiency, resulting in higher growth and yield (Thakur et al., 2010; Dass et al., 2016a, 2016b). Moreover, the greater yield in a plant genotype is related to its ability to produce more biomass with better development of plant parts, the pre-requisites for effective utilization of environmental, soil, and water resources to develop and produce its economic sink (Choudhary and Suri, 2014; Dass et al., 2016a; Choudhary and Rahi, 2018; Bhupenchandra et al., 2022). Furthermore, the rice hybrids have a higher yield advantage over the conventional varieties (Choudhary and Suri, 2018a; 2018b); hence, tested hybrid “Arize-6129” in all the three NMPs had more rice yield both under CTR and SRI (Dass et al., 2016a). The optimum temperature for vegetative growth, anthesis, and ripening in rice ranges between 25 and 31, 30 and 33, and 20 and 25°C, respectively (Chandrasekaran et al., 2008). Hence, the planting of younger seedlings of short- and medium-duration rice hybrids under SRI in the wet-temperate climate of the NWH may skip the mild cool temperatures at anthesis, mainly responsible for impaired grain filling and low rice yield in the region (Dass et al., 2016a, 2017; Choudhary and Suri, 2018a, 2018b; Choudhary et al., 2020).
Furthermore, the rice hybrids have more vigorous growth, profuse tillering capacity, and higher yields over the conventional varieties, hence, require more plant nutrition to express their higher genetic potential (Yamauchi, 1994; Dass et al., 2017). It further becomes more essential to supply the balanced plant nutrition when we grow them under SRI management, that too under marginal fertility soils like acid Alfisol predominant in the NWH (Choudhary et al., 2010). In our study, we found that better plant nutrition under RDF and RDF + Zn proved highly rewarding over the FFP to produce better growth and yield attributes to harness a higher yield over the FFP following the trend of RDF + Zn > RDF > FFP both under CTR and SRI, although, SRI outperformed the CTR at all the fertilization levels with superior plant attributes and the grain and biomass yield under RDF + Zn, owing to balanced nutrient supply both through organic manures and chemical fertilizers especially the Zn-fertilization. Since, the DTPA extractable-Zn ranged between 0.59 and 0.68 mg kg−1 in the experimental soils; thus, we found a significant response under Zn-imbedded RDF + Zn treatment across the years (Takkar and Walker, 1993; Heba et al., 2021), making genotype × environment (G×E) interaction a reality for a better yield expression in our study (Farooq et al., 2009). Proper aeration and soil tilth and alternate wetting-drying (AWD) mechanism and efficient water-use under SRI, also resulted in better yields due to reduced leaching and deep percolation loses of N (Peng et al., 2010; Choudhary and Suri 2014, 2018a), enhanced nutrient bio-availability in the aerated rhizosphere (Santiago et al., 2011; Prasanna et al., 2012; Dass et al., 2016a, 2017; Singh U. et al., 2021, 2022), and better nutrient and water acquisition by the robust rooting system (Sharif, 2011; Styger et al., 2011; Adhikari et al., 2018); besides higher photosynthetic efficiency due to favorable stomatal regulation (Thakur et al., 2010; Dass et al., 2016a, 2017).
The concentrations and uptakes of NPK and Zn were higher under SRI compared to CTR, which consistently and significantly improved with the increase in fertilization with greatest values under RDF + Zn. Hence, it indicates that efficient nutrient management is primarily essential for better root and shoot growth, higher nutrient acquisition by the plants and better yields, both resulting in higher nutrient uptake (Styger et al., 2011; Harish et al., 2021; Shrivas et al., 2021; 2022). In our study, Zn concentration enhancement in rice grains and straw under SRI was merely 4.0 and 2.7% over the CTR; however, these small increases in Zn concentration had pronounced an effect on the total Zn uptake, and hence, may prove beneficial biologically to eliminate the widespread Zn deficiency across South Asia in general and the NWH in particular with least farm investments (Paul et al., 2016; Heba et al., 2016, 2021; and Kumar et al., 2021, 2022). Furthermore, a distinct superiority of the RDF + Zn w.r.t. NPK and Zn concentrations and uptakes could be ascribed chiefly to higher NPK and Zn fertilization through soil application as compared to RDF and FFP (Pooniya et al., 2012, 2019). RDF + Zn increased the supply and bioavailability of the major (NPK) and Zn micronutrient in addition to improved soil organic matter (SOM) by the FYM addition making nutrients more bioavailable (Pooniya et al., 2019; Biswakarma et al., 2021). It further highlighted the vital role of adequate moisture and aeration, both for their nutrient bioavailability and their uptake (Santiago et al., 2011; Dass et al., 2017). Proper aeration and moisture regimes under AWD and mechanical cono-weeding under SRI, led to enhanced growth and activity of the soil microbes (Choudhary and Suri 2018a; 2018b), which in turn, mediated the nutrient transformations and dynamics, availability, and their uptake (Santiago et al., 2011; Prasanna et al., 2012; Singh U. et al., 2021, 2022). Zn availability is generally impaired by the frequent irrigations or continuous submergence (Sarwar and Khanif 2005; Xu et al., 2015). In contrast, the rhizospheric aeration under AWD is expected to make the plant nutrients more bio-available (Dass et al., 2017; Zulfiqar et al., 2020), specifically Zn in the Zn-efficient NWH (Sharma et al., 2021), besides least N-losses compared to continuous submergence (Peng et al., 2010; Choudhary and Suri 2018a); all of which led to the higher acquisition of NPK and Zn under SRI compared to CTR. The latter resulted in a higher concentration of these nutrients both in rice grains and straw, resulting in a higher nutrient uptake. As Bana RC. et al. (2022) had reported, the foliar application of 4.0% Zn coated urea (ZnCU) + 0.2% ZnSO4 (ZnSO4.7H2O) may prove effective in enhancing the rice yield and Zn concentrations in rice grains and straw. Thus, both under aerobic and submerged rice, the foliar application of Zn may prove equally effective. In our study, a higher FYM application under RDF and RDF + Zn enhanced the SOM, which is highly beneficial for higher nutrient holding and the Zn chelation (Lin et al., 2009; Pooniya et al., 2019; Biswakarma et al., 2021:; Faiz et al., 2022). It also releases organic acids which solubilize the fixed-P, bound in Al- and Fe-rich acid Alfisol of the NWH (Kumar et al., 2017; Bhupenchandra et al., 2022); thus, helped in more nutrient bio-availability, higher nutrient concentrations and the uptakes in rice grains and straw in the current study. Higher N concentrations in rice grains under SRI compared to CTR, as well as under RDF + Zn compared to RDF and FFP, proved to be rewarding in enhancing the grain protein content and the protein yield. Zn fertilization was directly helpful in Zn biofortification of rice grains and straw and Zn uptake in Zn-fertilized plots (Heba et al., 2016, 2021; Kumar et al., 2021, 2022), being beneficial both for humans and livestock facing acute Zn deficiency in the Himalayan region.
The nutrient harvest index w.r.t. NHI, PHI, KHI, and ZnHI, as well as partial factor productivity (PFP) of applied nutrients (NPK) showed a significant improvement cumulatively by 30.9–31.3% under SRI compared to CTR, owing to better nutrient acquisition and accumulation in rice grains and straw in SRI plots where favorable soil and physico-chemical and microbiological properties enhanced the nutrient bioavailability in SRI management (Thakur et al., 2010; Dass et al., 2017). Furthermore, there was a consistent and significant increase in the NHI, KHI, and ZnHI under different NMPs with greatest values under RDF + Zn, due to a better supply of plant nutrients and their accumulation in rice grains and straw vis-a-vis a higher rice yield (Choudhary and Suri 2018b; Kumar et al., 2022). In contrast, PHI reported significantly higher values at RDF; thereafter, it showed a slight decline using RDF + Zn owing to a P×Zn antagonistic effect. In a nutshell, the higher nutrient harvest indices and PFPs are the obvious outcomes of higher rice productivity owing to better nutrient acquisition (Kumar et al., 2017), and the genetic ability of the rice cultivar for better yield expression under SRI management and the RDF + Zn nutrition (Dass et al., 2016a; Kumar et al., 2017). The PFPn, PFPp, and PFPk were higher under FFP, all of which then declined under RDF, and again showed a significant improvement under RDF + Zn. This trend can be attributed to the fact that the lesser doses of NPK under FFP brought higher incremental gains over the RDF; while under RDF + Zn, the Zn being the limiting factor amply enhanced the grain yield resulting in better PFPn, PFPp, and PFPk. The Zn-use efficiency in terms of agronomic efficiency (AE-Zn), crop recovery efficiency (CRE-Zn), and physiological efficiency of applied Zn (PE-Zn) were considerably higher under SRI to the tune of 119.6, 63.4, and 34%, respectively, over the CTR owing to better Zn bioavailability, Zn uptake, and rice grain yield of the applied and native Zn under SRI as earlier stated (Pooniya et al., 2019; Heba et al., 2016, 2021). Overall, Zn fertilization under RDF + Zn had greater significance in improving the rice productivity, quality, and Zn biofortification in rice grains and straw which has great potential in curtailing Zn malnutrition both in humans and animals in the NWH, also a prime objective of the United Nations’ Sustainable Development Goals (SDGs). Likewise, the foliar application of Zn through Zn-coated urea (ZnCU) and ZnSO4 could be another viable option to enhance the rice yield and Zn concentrations in rice grains and straw in the NWH, as per a recent study (Bana RC. et al., 2022).
CONCLUSION
It is concluded that the system of rice intensification (SRI) proved highly beneficial over the CTR to harness higher rice yield (6.59–8.69tha−1) under different nutrient management practices (NMPs); with a yield enhancement of ∼1.3–1.4 folds over the CTR and ∼3.3–4.3 folds compared to the average rice productivity in the NWH. Among NMPs, the rice grain yield ranged between 5.85 and 7.54 t ha−1 where RDF + Zn (FYM @ 10 t ha−1 + NPK @ 90:40:40 kg ha−1 + ZnSO4 @ 25 kg ha−1) outperformed RDF and FFP. SRI also improved the respective Zn-uptake in rice grains and straw by 36.9 and 25.9% compared to CTR. The RDF + Zn enhanced the Zn-biofortification of rice grains and grain Zn-uptake by 11.8 and 23.9% over the RDF, respectively. Nutrient harvest index and partial factor productivity of applied nutrients (NPK) had a higher magnitude under SRI and the RDF + Zn over their respective counterparts, i.e., CTR and RDF. The SRI also had higher AE-Zn (192.4 kg grain kg−1 Zn applied), CRE-Zn (28.6 kg Zn accumulated kg−1 Zn applied), and PE-Zn (6.7 kg grain kg−1 Zn uptake) to the tune of 119.6, 63.4, and 34%, respectively, over the CTR. Overall, SRI management coupled with RDF + Zn nutrition in promising rice hybrids provides ample opportunities to enhance rice productivity with better Zn-biofortified quality grains with higher nutrient-use efficiencies in the NWH to combat widespread malnutrition and hunger besides curtailing acute Zn deficiencies in humans and livestock in the northwestern Himalayas and collateral agro-ecologies across the globe. As the hybrid rice has shown higher response to soil applied-Zn in the NWH, the foliar application of Zn through ZnCU and ZnSO4 may also exhibit ample future prospects to correct the mid-season Zn nutrition deficiencies to further boost the rice yield with better Zn-biofortified rice grains and straw in NWH.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
AC conducted the all experiments. PS, SR, DY, OT, and KS supported in experimental work. AC, AK, and MR contributed in conceptualization, design of experiment, and manuscript writing. KS, AD, YS, SV, IB, VD, RB, VP, and SS contributed in statistical analysis and graphical representation. SK, GR, MH, VT, and AnK contributed in language corrections. SD and ViT contributed in manuscript editing.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
The authors are thankful to CSK Himachal Pradesh Agricultural University, Palampur, India, and Indian Council of Agricultural Research (ICAR), New Delhi, for providing the technical and financial support. The financial and technical support provided by the World Bank-funded project “Agricultural Technology Management Agency (ATMA)” through Government of Himachal Pradesh, India, is also highly acknowledged. They are grateful to the agricultural officials of State Department of Agriculture, Government of Himachal Pradesh, India, for their contributions to the study. They also acknowledge the scientists of ICAR-Indian Agricultural Research Institute, New Delhi, India, for providing the technical support.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fenvs.2022.869194/full#supplementary-material
Supplementary Figure S1 | Rice cultivation under SRI in NW Himalayan state, Himachal Pradesh, India.
Supplementary Figure S2 | Monthly rainfall and mean temperature during rice crop growing seasons (2010–2013) [source: Agro-meteorological Observatory, CSKHPKV, Farm Science Centre, Sundernagar, India].
REFERENCES
 Adhikari, P., Araya, H., Aruna, G., Balamatti, A., Banerjee, S., Baskaran, P., et al. (2018). System of Crop Intensification for More Productive, Resource-Conserving, Climate-Resilient, and Sustainable Agriculture: Experience with Diverse Crops in Varying Agroecologies. Int. J. Agric. Sustainability 16 (1), 1–28. doi:10.1080/14735903.2017.1402504
 Alloway, B. J. (2008). Zinc in Soils and Crop Nutrition. Brussels: A publication of International Zinc Association and International Fertilizer Industry Association. 
 Anonymous (2011). Complete Package and Practices for Cultivation of Kharif Crops in Himachal Pradesh. Palampur, India: Publication of CSK Himachal Pradesh Agricultural University, 179. 
 Bana, R. C., Gupta, A. K., Bana, R. S., Shivay, Y. S., Bamboriya, S. D., Thakur, N. P., et al. (2022a). Zinc-coated Urea for Enhanced Zinc Biofortification, Nitrogen-Use Efficiency and Yield of Basmati rice under Typic Fluvents. Sustainability 14 (1), 104. 
 Bana, R. S., Jat, G. S., Grover, M., Bamboriya, S. D., Singh, D., Bansal, R., et al. (2022b). Nutrient Supplementation with Micronutrient-Embedded Fertilizer Increases Biofortification in Eggplant Fruit and Soil Biological Activity while Enhancing Plant Productivity. Scientific Reports 12 (1), 5146. doi:10.1038/s41598-022-09247-0
 Barison, J., and Uphoff, N. (2011). Rice Yield and its Relation to Root Growth and Nutrient-Use Efficiency under SRI and Conventional Cultivation: An Evaluation in Madagascar. Paddy Water Environ. 9, 65–78. doi:10.1007/s10333-010-0229-z
 Bhupenchandra, I., Chongtham, S. K., Basumatary, A., Singh, A. H., Das, A., Choudhary, A. K., et al. (2022). Changes in Soil Properties, Productivity and Profitability as Influenced by the Adoption of Site-specific Integrated Crop Management Technology in Turmeric (Curcuma Longa L.) in Eastern Himalayan Acidic Inceptisol. Ind. Crops Prod. 180, 114745. doi:10.1016/j.indcrop.2022.114745
 Biswakarma, N., Pooniya, V., Zhiipao, R. R., Kumar, D., Verma, A. K., Shivay, Y. S., et al. (2021). Five Years Integrated Crop Management in Direct Seeded rice-zero till Wheat Rotation of north-western India: Effects on Soil Carbon Dynamics, Crop Yields, Water Productivity and Economic Profitability. Agric. Ecosyst. Environ. 318, 107492. doi:10.1016/j.agee.2021.107492
 Cakmak, I., Yilmaz, A., Kalayci, M., Ekiz, H., Torun, B., Ereno% MathType!Mtef!2!1!+-% feaafi, B., and Braun, H. J. (1996). Zinc Deficiency as a Critical Problem in Wheat Production in Central Anatolia. Plant Soil 180, 165–172. doi:10.1007/bf00015299
 Cassman, K. G., Peng, S., Olk, D. C., Ladha, J. K., Reichardt, W., Dobermann, A., and Singh, U. (1998). Opportunities for Increased Nitrogen-Use Efficiency from Improved Resource Management in Irrigated rice Systems. Field Crops Res. 56, 7–39. doi:10.1016/s0378-4290(97)00140-8
 Ceesay, M., and Uphoff, N. (2003). The Effects of Repeated Soil Wetting and Drying on lowland rice Yield with System of rice Intensification Methods. Available at: http/ciifad.cornell.edu. 
 Chandrasekaran, D., Khan, A. K., Behera, M. S., Anand, P. S. B., Ghosh, S., and Panda, D. K. (2008). Effect of Varying Irrigation Schedules and Fertility Levels on Water Saving and Yield of Hybrid rice. Indian J. Agric. Sci. 78 (2), 122. 
 Choudhary, A. K., Singh, A., Singh, A., Yadav, D. S., and Sood, P. (2010). “System of rice Intensification – A Boon to Enhance rice Productivity in NW Himalayas,” in Proc. Of 3rdInternational Rice Congress. Organized by IRRI, Philippines (Hanoi, Vietnam: & Government of Vietnam), 159. 
 Choudhary, A. K., Varatharajan, T., Rohullah, , Bana, R. S., Pooniya, V., Dass, A., Kumar, A., and Harish, M. N. (2020). Integrated Crop Management Technology for Enhanced Productivity, Resource-Use Efficiency and Soil Health in Legumes – A Review. Indian J. Agric. Sci. 90 (10), 1839–1849. 
 Choudhary, A. K., and Rahi, S. (2018). Organic Cultivation of High Yielding Turmeric (Curcuma Longa L.) Cultivars: a Viable Alternative to Enhance Rhizome Productivity, Profitability, Quality and Resource-Use Efficiency in Monkey-Menace Areas of north-western Himalayas. Ind. Crops Prod. 124, 495–504. doi:10.1016/j.indcrop.2018.07.069
 Choudhary, A. K., and Suri, V. K. (2014). Integrated Nutrient-Management Technology for Direct-Seeded Upland Rice (Oryza Sativa) in Northwestern Himalayas. Commun. Soil Sci. Plant Anal. 45 (6), 777–784. doi:10.1080/00103624.2013.861914
 Choudhary, A. K., and Suri, V. K. (2018b). System of rice Intensification in Promising rice Hybrids in north-western Himalayas: Crop and Water Productivity, Quality, and Economic Profitability. J. Plant Nutr. 41 (8), 1020–1034. doi:10.1080/01904167.2018.1431675
 Choudhary, A. K., and Suri, V. K. (2018a). System of rice Intensification in Short Duration rice Hybrids under Varying Bio-Physical Regimes: New Opportunities to Enhance rice Productivity and Rural Livelihoods in North-Western Himalayas under a Participatory-Mode Technology Transfer Program. J. Plant Nutr. 41 (20), 2581–2605. doi:10.1080/01904167.2018.1510515
 Choudhary, A. K., Yadav, D. S., Sood, P., Rahi, S., Arya, K., Thakur, S. K., Lal, R., Kumar, S., Sharma, J., Dass, A., Babu, S., Bana, R. S., Rana, D. S., Kumar, A., Rajpoot, S. K., Gupta, G., Kumar, A., M.N., H., Noorzai, A. U., Rajanna, G. A., Khan, M. H., Dua, V. K., and Singh, R. (2021). Post-emergence Herbicides for Effective Weed Management, Enhanced Wheat Productivity, Profitability and Quality in North-Western Himalayas: A 'Participatory-Mode' Technology Development and Dissemination. Sustainability 13 (10), 5425. doi:10.3390/su13105425
 Dass, A., Shekhawat, K., Choudhary, A. K., Sepat, S., Rathore, S. S., Mahajan, G., and Chauhan, B. S. (2016b). Weed Management in rice Using Crop-Competition–A Review. Crop Prot. 95, 45–52. 
 Dass, A., Chandra, S., Choudhary, A. K., Singh, G., and Sudhishri, S. (2016a). Influence of Field Re-ponding Pattern and Plant Spacing on rice Root-Shoot Characteristics, Yield, and Water Productivity of Two Modern Cultivars under SRI Management in Indian Mollisols. Paddy Water Environ. 14 (1), 45–59. doi:10.1007/s10333-015-0477-z
 Dass, A., Chandra, S., Uphoff, N., Choudhary, A. K., Bhattacharyya, R., and Rana, K. S. (2017). Agronomic Fortification of rice Grains with Secondary and Micronutrients under Differing Crop Management and Soil Moisture Regimes in the north Indian Plains. Paddy Water Environ. 15 (4), 745–760. doi:10.1007/s10333-017-0588-9
 de Santiago, A., Quintero, J. M., Avilés, M., and Delgado, A. (2011). Effect of Trichoderma Asperellum Strain T34 on Iron, Copper, Manganese, and Zinc Uptake by Wheat Grown on a Calcareous Medium. Plant Soil 342, 97–104. doi:10.1007/s11104-010-0670-1
 DOA (2009). District Agriculture Plan: Mandi District, Himachal Pradesh, VIII. Shimla, India: Government of Himachal Pradesh, 220. 
 Fageria, N. K., and Baligar, V. C. (2003). Methodology for Evaluation of Lowland Rice Genotypes for Nitrogen Use Efficiency. J. Plant Nutr. 26, 1315–1333. doi:10.1081/pln-120020373
 Faiz, M. A., Bana, R. S., Choudhary, A. K., Laing, A. M., Bansal, R., Bhatia, A., Bana, R. C., Singh, Y. V., Kumar, V., Bamboriya, S. D., Padaria, R. N., Khaswan, S. L., and Dabas, J. P. S. (2022). Zero Tillage, Residue Retention and System-Intensification with Legumes for Enhanced Pearl Millet Productivity and mineral Biofortification. Sustainability 14 (1), 543. doi:10.3390/su14010543
 FAO (2019). Mountain Agriculture: Opportunities for Harnessing Zero Hunger in Asia. Bangkok: FAO-Regional Office for Asia and Pacific Region, 278. 
 Farooq, M., Kobayashi, N., Wahid, A., Ito, O., and Basra, S. M. A. (2009). Strategies for Producing More rice with Less Water. Adv. Agron. 101, 351–388. 
 Gomez, K. A., and Gomez, A. A. (1984). Statistical Procedures for Agricultural Research. New York, USA: A Wiley-Interscience Publication, John Wiley and Sons Inc.
 Hanafy-Ahmed, A. H., Khalil, M. K., Abd-Ei-Rahman, A. M., and Nadia, A. M. (2012). Effect of Zinc, Tryptophan and Indole Acetic Acid on Growth, Yield and Chemical Composition of Valencia orange Trees. J. Appl. Sci. Res. 8, 901–914. 
 Hanway, J. J., and Heidel, H. (1952). Soil Analysis Methods as Used in Iowa State College Soil Testing Laboratory, 57. BulletinUSA: Iowa State College of Agriculture, Iowa, 131. 
 Harish, M. N., Choudhary, A. K., Choudhary, A. K., Singh, Y. V., Pooniya, V., Das, A., Babu, S., Dass, A., and Varatharajan, T. (2021). Nutrient Management Practices for Improved Crop and Water Productivity, Grain Quality and Energy Productivity of Promising rice Cultivars in Eastern Himalayas. Jeb 42 (2), 309–318. doi:10.22438/jeb/42/2/mrn-1372
 Harish, M. N., Choudhary, A. K., Kumar, S., Dass, A., Singh, V. K., and Sharma, V. K. (2022). Double Zero Tillage and Foliar Phosphorus Fertilization Coupled with Microbial Inoculants Enhance maize Productivity and Quality in a maize-wheat Rotation. Scientific Reports 12, 3161. doi:10.1038/s41598-022-07148-w
 Heba, M. N., Rana, D. S., Choudhary, A. K., Dass, A., Rajanna, G. A., and Pande, P. (2021). Influence of sulphur and Zinc Nutrition on Productivity, Quality and Biofortification in Groundnut (Arachis Hypogea L.) in South-Asian Alluvial Soil. J. Plant Nutr. 44 (8), 1151–1174. 
 Heba, M. N., Rana, D. S., Choudhary, A. K., Rajpoot, S. K., and Paul, T. (2016). Sulphur and Zn Management in Groundnut (Arachis hypogaea)–wheat (Triticum aestivum) Cropping System: Direct Effects on System Productivity and Residual Effects on Yield, Energetics and Zn Biofortification in Wheat. Indian J. Agric. Sci. 86 (4), 441–447. 
 Hussain, S., Maqsood, M. A., and Rahmatullah, (2010). Increasing Grain Zinc and Yield of Wheat for the Developing World: A Review. Emirates J. Food Agric. 22 (5), 326–339. doi:10.9755/ejfa.v22i5.4821
 Hussain, S., Maqsood, M. A., Rengel, Z., and Aziz, T. (2012). Biofortification and Estimated Human Bioavailability of Zinc in Wheat Grains as Influenced by Methods of Zinc Application. Plant and Soil 361 (1&2), 279–290. doi:10.1007/s11104-012-1217-4
 Jackson, M. L. (1967). Soil Chemical Analysis. New Delhi, India: Prentice Hall of India Pvt. Limited, 331–334. 
 Kakraliya, S. K., Jat, H. S., Singh, I., Sapkota, T. B., Singh, L. K., Sutaliya, J. M., Sharma, P. C., Jat, R. D., Choudhary, M., Lopez-Ridaura, S., and Jat, M. L. (2018). Performance of Portfolios of Climate Smart Agriculture Practices in a rice-wheat System of Western Indo-Gangetic plains. Agric. Water Manag. 202, 122–133. doi:10.1016/j.agwat.2018.02.020
 Kassam, A., Stoop, W., and Uphoff, N. (2011). Review of SRI Modifications in rice Crop and Water Management and Research Issues for Making Further Improvements in Agricultural and Water Productivity. Paddy Water Environ. 9, 163–180. doi:10.1007/s10333-011-0259-1
 Kediyal, V. K., and Dimri, S. (2009). Traditional Methods of rice Cultivation and SRI in Uttarakhand hills. Asian Agri-History 13 (4), 293–306. 
 Kumar, A., Choudhary, A. K., and Suri, V. K. (2017). Agronomic Bio-Fortification and Quality Enhancement in Okra-Pea Cropping System through Arbuscular Mycorrhizal Fungi at Varying Phosphorus and Irrigation Regimes in Himalayan Acid Alfisol. J. Plant Nutr. 40 (8), 1213–1229. doi:10.1080/01904167.2016.1267208
 Kumar, A., Rana, K. S., Choudhary, A. K., Bana, R. S., Sharma, V. K., Gupta, G., Rajpoot, S. K., Bhupenchandra, I., Choudhary, M., Jakhar, P., Kumar, A., Kumar, A., Kishore, P., Pradhan, A., Tyagi, V., and Kumar, K. (2022). Sole- or Dual-Crop Basis Residue Mulching and Zn Fertilization Lead to Improved Productivity, Rhizo-Modulation and Soil Health in Zero-Tilled Pigeonpea-Wheat Cropping System. J. Soil Sci. Plant Nutr. doi:10.1007/s42729-021-00723-6
 Kumar, A., Rana, K. S., Choudhary, A. K., Bana, R. S., Sharma, V. K., Prasad, S., Gupta, G., Choudhary, M., Pradhan, A., Rajpoot, S. K., Kumar, A., Kumar, A., and Tyagi, V. (2021). Energy Budgeting and Carbon Footprints of Zero-Tilled Pigeonpea-Wheat Cropping System under Sole or Dual Crop Basis Residue Mulching and Zn-Fertilization in a Semi-arid Agro-Ecology. Energy 231, 120862. doi:10.1016/j.energy.2021.120862
 Latif, M. A., Islam, M. R., Ali, M. Y., and Saleque, M. A. (2005). Validation of the System of rice Intensification (SRI) in Bangladesh. Field Crops Res. 93, 281–292. doi:10.1016/j.fcr.2004.10.005
 Lin, X. Q., Zhu, D. F., Chen, H. Z., Cheng, S. H., and Uphoff, N. (2009). Effect of Plant Density and Nitrogen Fertilizer Rates on Grain Yield and Nitrogen Uptake of Hybrid rice. J. Agric. Biotechnol. Sust. Dev. 1, 44–53. 
 Lindsay, W. L., and Norvell, W. A. (1978). Development of a DTPA Soil Test for Zinc, Iron, Manganese, and Copper. Soil Sci. Soc. America J. 42, 421–428. doi:10.2136/sssaj1978.03615995004200030009x
 McDonald, A. J., Hobbs, P. R., and Riha, S. J. (2008). Stubborn Facts: Still No Evidence that the System of Rice Intensification Out-Yields Best Management Practices (BMPs) beyond Madagascar. Field Crops Res. 108, 188–191. doi:10.1016/j.fcr.2008.06.002
 Narayanan, S. (2017). “Rice in the Public Distribution System,” in The Future rice Strategy for India ed . Editor S. Mohanty (London, UK: Academic Press), 15–37. doi:10.1016/b978-0-12-805374-4.00002-6
 Olsen, S. R., Cole, C. V., Watanabe, F. S., and Dean, L. A. (1954). Estimation of Available Phosphorus in Soils by Extraction with Sodium Bicarbonate (USDA Circular No. 939). Washington DC: US Government Printing Office. 
 Ozkutlu, F., Torun, B., and Cakmak, I. (2006). Effect of Zinc Humate on Growth of Soybean and Wheat in Zinc‐Deficient Calcareous Soil. Commun. Soil Sci. Plant Anal. 37, 2769–2778. doi:10.1080/00103620600832167
 Pandey, S., Mortimer, M., Wade, L., Tuong, T. P., Lopez, K., and Hardy, B. (2002). “Direct Seeding: Research Issues and Opportunities,” in Proc. Of International Workshop on Direct-Seeding in Asian rice Systems: Strategic Research Issues and Opportunities (Philippines: An International Rice Research Institute Publication), 383. 
 Paul, J., Choudhary, A. K., Suri, V. K., Sharma, A. K., Kumar, V., and Shobhna, (2014). Bioresource Nutrient Recycling and its Relationship with Biofertility Indicators of Soil Health and Nutrient Dynamics in Rice-Wheat Cropping System. Commun. Soil Sci. Plant Anal. 45 (7), 912–924. doi:10.1080/00103624.2013.867051
 Paul, T., Rana, D. S., Choudhary, A. K., Das, T. K., and Rajpoot, S. K. (2016). Crop Establishment Methods and Zn Nutrition in Bt-Cotton: Direct Effects on System Productivity, Economic–Efficiency and Water–Productivity in Bt-Cotton–Wheat Cropping System and Their Residual Effects on Yield and Zn Biofortification in Wheat. Indian J. Agric. Sci. 86 (11), 1406–1412. 
 Peng, S., Buresh, R. J., Huang, J., Zhong, X., Zou, Y., Yang, J., Wang, G., Liu, Y., Hu, R., Tang, Q., Cui, K., Zhang, F., and Dobermann, A. (2010). Improving Nitrogen Fertilization in rice by Sitespecific N Management. A Review. Agron. Sustain. Dev. 30, 649–656. doi:10.1051/agro/2010002
 Piper, C. S. (1950). Soil and Plant Analysis. New York, USA: Scientific Publishers Inc.
 Pooniya, V., Choudhary, A. K., Bana, R. S., and Pankaj, (2019). Zinc Bio-Fortification and Kernel Quality Enhancement in Elite Basmati rice Cultivars of South-Asia through Legume Residue-Recycling and Zinc Fertilization. Indian J. Agric. Sci. 89 (2), 279–287. 
 Pooniya, V., Shivay, Y. S., Rana, A., Nain, L., and Prasanna, R. (2012). Enhancing Soil Nutrient Dynamics and Productivity of Basmati rice through Residue Incorporation and Zinc Fertilization. Eur. J. Agron. 41, 28–37. doi:10.1016/j.eja.2012.03.004
 Pooniya, V., Zhiipao, R. R., Biswakarma, N., Kumar, D., Shivay, Y. S., Babu, S., Das, K., Choudhary, A. K., Swarnalakshmi, K., Jat, R. D., Choudhary, R. L., Ram, H., Khokhar, M. K., Mukri, G., Lakhena, K. K., Puniya, M. M., Jat, R., Muralikrishnan, L., Singh, A. K., and Lama, A. (2022). Conservation Agriculture Based Integrated Crop Management Sustains Productivity and Economic Profitability along with Soil Properties of the maize-wheat Rotation. Sci. Rep. 12, 1962. doi:10.1038/s41598-022-05962-w
 Prasanna, R., Joshi, M., Rana, A., Shivay, Y. S., and Nain, L. (2012). Influence of Co-inoculation of Bacteria-Cyanobacteria on Crop Yield and C-N Sequestration in Soil under rice Crop. World J. Microbiol. Biotechnol. 28, 1223–1235. doi:10.1007/s11274-011-0926-9
 Qingquan, Y. (2002). “The SRI and its Use with Hybrid rice Varieties in China,” in Proc. International Conference on Assessments of SRI. Organized by CNHRRDC, Sanya (Ithaca, USA: China & CIIFAD), 109–111. 
 Rajpoot, S. K., Rana, D. S., and Choudhary, A. K. (2021). Crop and Water Productivity, Energy Auditing, Carbon Footprints and Soil Health Indicators of Bt-Cotton Transplanting Led System Intensification. J. Environ. Manage. 300, 113732. doi:10.1016/j.jenvman.2021.113732
 Rana, K. S., Choudhary, A. K., Sepat, S., Bana, R. S., and Dass, A. (2014). Methodological and Analytical Agronomy. New Delhi, India: Post Graduate School, Indian Agricultural Research Institute, 276. 
 Rao, Y. Y. (2012). Rice Seed Production Scenario in India rice Knowledge Management portal. Hyderabad, India: Directorate of Rice Research. 
 Rasul, G., Hussain, A., Mahapatra, B., and Dangol, N. (2018). Food and Nutrition Security in the Hindu Kush Himalayan Region. J. Sci. Food Agric. 98 (2), 429–438. doi:10.1002/jsfa.8530
 Sarwar, M. J., and Khanif, Y. M. (2005). The Effect of Different Water Levels on rice Yield and Cu and Zn Concentration. J. Agron. 4, 116–121. doi:10.3923/ja.2005.142.146
 Sharif, A. (2011). Technical Adaptations for Mechanized SRI Production to Achieve Water Saving and Increased Profitability in Punjab, Pakistan. Paddy Water Environ. 9, 111–119. doi:10.1007/s10333-010-0223-5
 Sharma, M., Parmar, D. K., Sharma, S. K., Kumar, P., and Kumar, P. (2021). Influence of Zinc Nutrition on Zinc Availability, Uptake and Crop Yield of Rainfed maize-pea Sequence in Northwestern Himalaya. J. Plant Nutr. 44 (14), 2069–2080. doi:10.1080/01904167.2021.1889596
 Sharma, S., Singh, P., and Kumar, S. (2020). Responses of Soil Carbon Pools, Enzymatic Activity, and Crop Yields to Nitrogen and Straw Incorporation in a Rice-Wheat Cropping System in North-Western India. Front. Sustain. Food Syst. 4, 532704. doi:10.3389/fsufs.2020.532704
 Shrivas, V. L., Choudhary, A. K., Hariprasad, P., and Sharma, S. (2021). Nutrient Concentrations Affect the Antimicrobial Resistance Profiles of Cattle Manures. Environ. Sci. Pollut. Res. doi:10.1007/s11356-021-16700-6
 Singh, P., Benbi, D. K., and Verma, G. (2021a). Nutrient Management Impacts on Nutrient Use Efficiency and Energy, Carbon, and Net Ecosystem Economic Budget of a Rice-Wheat Cropping System in Northwestern India. J. Soil Sci. Plant Nutr. 21 (1), 559–577. doi:10.1007/s42729-020-00383-y
 Singh, U., Choudhary, A. K., and Sharma, S. (2022). A 3-year Field Study Reveals that Agri-Management Practices Drive the Dynamics of Dominant Bacterial Taxa in the Rhizosphere of Cajanus Cajan. Symbiosis . doi:10.1007/s13199-022-00834-3
 Singh, U., Choudhary, A. K., and Sharma, S. (2021b). Agricultural Practices Modulate the Bacterial Communities, and Nitrogen Cycling Bacterial Guild in Rhizosphere: Field experiment with Soybean. J. Sci. Food Agric. 101, 2687–2695. doi:10.1002/jsfa.10893
 Singh, U., Choudhary, A. K., and Sharma, S. (2020). Comparative Performance of Conservation Agriculture Vis-A-Vis Organic and Conventional Farming, in Enhancing Plant Attributes and Rhizospheric Bacterial Diversity in Cajanus Cajan: A Field Study. Eur. J. Soil Biol. 99, 103197. doi:10.1016/j.ejsobi.2020.103197
 Stein, A. J., Nestel, P., Meenakshi, J., Qaim, M., Sachdev, H., and Bhutta, Z. A. (2007). Plant Breeding to Control Zinc Deficiency in India: How Cost-Effective Is Biofortification?Public Health Nutr. 10, 492–501. doi:10.1017/s1368980007223857
 Stoop, W. A., Adam, A., and Kassam, A. (2009). Comparing rice Production Systems: A challenge for Agronomic Research and for the Dissemination of Knowledge-Intensive Farming Practices. Agric. Water Manag. 96, 1491–1501. doi:10.1016/j.agwat.2009.06.022
 Stoop, W. A., Uphoff, N., and Kassam, A. (2002). A Review of Agricultural Research Issues Raised by the System of rice Intensification (SRI) from Madagascar: Opportunities for Improving Farming Systems for Resource-Poor Farmers. Agric. Syst. 71, 249–274. doi:10.1016/s0308-521x(01)00070-1
 Styger, E., Aboubacrine, G., Attaher, M. A., and Uphoff, N. (2011). The System of rice Intensification as a Sustainable Agricultural Innovation: Introducing, Adapting and Scaling up a System of rice Intensification Practices in the Timbuktu Region of Mali. Int. J. Agric. Sustainability 9, 67–75. doi:10.3763/ijas.2010.0549
 Subbiah, B. V., and Asija, G. L. (1956). A Rapid Procedure for Assessment of Available-N in rice Soils. Curr. Sci. 25, 259–260. 
 Swaminathan, M. S., and Kesavan, P. C. (2012). Agricultural Research in an Era of Climate Change. Agric. Res. 1 (1), 3–11. doi:10.1007/s40003-011-0009-z
 Takkar, P. N., and Walker, C. D. (1993). “The Distribution and Correction of Zinc Deficiency,” in Zn in Soils and Plants. Developments in Plant and Soil Sciences Book Series ed . Editor A. D. Robson (Dordrecht: Springer), 55, 151–165. doi:10.1007/978-94-011-0878-2_11
 Thakur, A. K., and Uphoff, N. (2017). How the System of rice Intensification Can Contribute to Climate-Smart Agriculture?Agron. J. 109, 1–20. doi:10.2134/agronj2016.03.0162
 Thakur, A. K., Uphoff, N., and Antony, E. (2010). An Assessment of Physiological Effects of System of Rice Intensification (Sri) Practices Compared with Recommended Rice Cultivation Practices in India. Ex. Agric. 46, 77–98. doi:10.1017/s0014479709990548
 Umair Hassan, M., Aamer, M., Umer Chattha, M., Haiying, T., Shahzad, B., Barbanti, L., Nawaz, M., Rasheed, A., Afzal, A., Liu, Y., and Guoqin, H. (2020). The Critical Role of Zinc in Plants Facing the Drought Stress. Agriculture 10 (9), 396. doi:10.3390/agriculture10090396
 Uphoff, N. (2010). “Alternate Management Methods and Impacts with the SRI in Responding to Climate Change Effects,” in Proc. Of 3rd International Rice Congress. Organized by IRRI (Hanoi: Philippines & Government of Vietnam). 
 Uphoff, N., Kassam, A., and Harwood, R. (2011). SRI as a Methodology for Raising Crop and Water Productivity: Productive Adaptations in rice Agronomy and Irrigation Water Management. Paddy Water Environ. 9, 3–11. doi:10.1007/s10333-010-0224-4
 Uphoff, N. (2017). SRI: An Agroecological Strategy to Meet Multiple Objectives with Reduced reliance on Inputs. Agroecology Sust. Food Syst. 41, 825–854. doi:10.1080/21683565.2017.1334738
 Varatharajan, T., Choudhary, A. K., PooniyaV, , Dass, A., and Harish, M. N. (2019a). Integrated Crop Management Practices for Enhancing Productivity, Profitability, Production-Efficiency and Monetary-Efficiency of Pigeonpea in Indo-Gangetic plains Region. Indian J. Agric. Sci. 89 (3), 559–563. 
 Varatharajan, T., Choudhary, A. K., Choudhary, A. K., Pooniya, V., Dass, A., Meena, M. C., Gurung, B., and Harish, M. N. (2019b). Influence of Integrated Crop Management Practices on Yield, PAR Interception, Resource-Use-Efficiency and Energetics in Pigeonpea in north Indian plains. Jeb 40 (6), 1204–1210. doi:10.22438/jeb/40/6/mrn-1073
 Veeramani, P., and Singh, R. D. (2011). System of rice Intensification in Hybrid rice-A Review. Agric. Rev. 32 (1), 32–35. 
 Walkley, A., and Black, I. A. (1934). An Examination of the Degtjareff Method for Determining Soil Organic Matter, and a Proposed Modification of the Chromic Acid Titration Method. Soil Sci. 37, 29–38. doi:10.1097/00010694-193401000-00003
 Wu, W., Ma, B., and Uphoff, N. (2015). A Review of the System of rice Intensification in China. Plant Soil 393, 361–381. doi:10.1007/s11104-015-2440-6
 Xu, J., Lv, Y., Yang, S., Wei, Q., and Qiao, Z. (2015). Water Saving Irrigation Improves the Solubility and Bioavailability of Zinc in Rice Paddy. Ijab 17, 1001–1006. doi:10.17957/ijab/14.0029
 Yamauchi, M. (1994). Hybrid rice Technology: New Development, Future Prospects. Int. Rice Res. Notes 11 (2), 71–80. 
 Yang, X., and Zhang, J. (1999). Characteristics of Nitrogen Nutrition in Hybrid rice. Int. Rice Res. Notes 24 (1), 5–8. 
 Zhao, L., Wu, L., Li, Y., Lu, X., Zhu, D., and Uphoff, N. (2009). Influence of the System of Rice Intensification on Rice Yield and Nitrogen and Water Use Efficiency with Different N Application Rates. Ex. Agric. 45, 275–286. doi:10.1017/s0014479709007583
 Zulfiqar, U., Hussain, S., Ishfaq, M., Matloob, A., Ali, N., Ahmad, M., Alyemeni, M. N., and Ahmad, P. (2020). Zinc-Induced Effects on Productivity, Zinc Use Efficiency, and Grain Biofortification of Bread Wheat under Different Tillage Permutations. Agronomy 10 (10), 1566. doi:10.3390/agronomy10101566
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Choudhary, Sood, Rahi, Yadav, Thakur, Siranta, Dass, Singh, Kumar, Vijayakumar, Bhupenchandra, Dua, Shivadhar, Bana, Pooniya, Sepat, Kumar, Rajawat, Rajanna, Harish, Varatharajan, Kumar and Tyagi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.









	
	ORIGINAL RESEARCH
published: 18 May 2022
doi: 10.3389/fagro.2022.831731






[image: image2]

Shielding of Photosynthetic Apparatus by Consortia of Bacterial Endophytes in Tomato Plants Suffering From Fusarium Wilt

Himani Chaturvedi1, Bhupendra Singh2, Anjana Jajoo2,3 and Anil Prakash1*


1Department of Microbiology, Barkatullah University, Bhopal, India

2School of Life Science, Devi Ahilya University, Indore, India

3School of Biotechnology, Devi Ahilya University, Indore, India

Edited by:
Rajni Singh, Amity University, India

Reviewed by:
Bansh Narayan Singh, Banaras Hindu University, India
 Savita Singh, Babu Shivnath Agrawal College, India
 Dibyajyoti Pramanik, Gyeongsang National University, South Korea
 Mahendra Vikram Singh Rajawat, National Bureau of Agriculturally Important Microorganisms (ICAR), India

*Correspondence: Anil Prakash, dranilprakash98@gmail.com

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

Received: 08 December 2021
 Accepted: 31 March 2022
 Published: 18 May 2022

Citation: Chaturvedi H, Singh B, Jajoo A and Prakash A (2022) Shielding of Photosynthetic Apparatus by Consortia of Bacterial Endophytes in Tomato Plants Suffering From Fusarium Wilt. Front. Agron. 4:831731. doi: 10.3389/fagro.2022.831731



Fusarium oxysporum is one of the most damaging plant pathogens causing Fusarium wilt in many plants leading to serious economic loss. The fungus colonizes the xylem, which leads to resistance in water flow in the plant thereby affecting the rate of photosynthesis. The present study focuses on the selection of bacterial endophytes isolated from tomato plants and evaluating their potential to antagonize Fusarium oxysporum in tomato in vivo. The results obtained indicated that two endophytic isolates, namely Pseudomonas fluorescens BUMD5 and Bacillus velezensis BUMD9, could act as efficient biocontrol agents (BCAs) as they inhibited the growth of pathogen by 67.2 and 69.1%, respectively, in vitro. Both the isolates were found to produce hydrolytic enzymes chitinase and protease. They also produced siderophore and hydrogen cyanide (HCN). The consortia of both the isolates significantly reduced the infection percentage by about 67% and a 3-fold decrease in disease severity was observed as compared to pathogen control. The treatment of infected plants with these potent isolates was also beneficial in improving the overall photosynthetic performance index (PI). Thus, plants treated with consortia of these isolates exhibited better overall plant growth despite being infected by the pathogen.

Keywords: biological control, endophytes, photosynthetic apparatus, tomato plant, Fusarium wilt


INTRODUCTION

Fusarium oxysporum, an ascomycete, is a major disease-causing pathogen affecting plants in agricultural settings (Fisher et al., 2012). It is listed among the topmost devastating pathogens worldwide. Fusarium wilt is one of the major plant diseases caused by pathogenic Fusarium oxysporum strains (Dean et al., 2012). The spores produced by the fungus are known to remain in the soil for decades in a viable form thereby leading to the failure of crop rotation schemes (Nelson, 1981). The spores germinate after encountering plant root exudates and initiate the colonization of the host plant, followed by an invasion of vascular bundles. The water uptake system of the plant gets affected thereby causing severe wilting and sometimes death of the host plant (Altinok, 2005).

Tomato is also vulnerable to Fusarium wilt. The symptoms observed in infected plants include stunted growth, wilting, yellowing of leaves and stems, defoliation, marginal leaf necrosis, and vascular necrosis (Singh et al., 2017). The effect of a pathogen can be traced through the entire plant including shoot tips and fruits. The xylem discoloration might be observed only on one side initially but eventually leads to browning of the entire xylem (Cerkauskas, 2017). There are three protein complexes that are responsible for mediating the primary reactions of photosynthesis in the thylakoid membranes of chloroplasts. These include PSII, the cytochrome b6f complex (Cytb6f), and PSI, which are connected in series through the photosynthetic electron transport chain. The light-harvesting systems of PSII and PSI capture light energy and transfer it to the reaction center chlorophylls to create a charge separation across the membrane. This leads to the formation of a strong oxidant on the donor side of PSII capable of splitting water into molecular oxygen, protons, and electrons (Eberhard et al., 2008). The obstruction in the water transport system affects the rate of photosynthesis due to stomatal closure induced by water deficit. It is also found to affect the metabolic pathways of photosynthesis, Rubisco is one of the examples (Duniway and Slatyer, 1971; Lorenzini et al., 1997; Saeed et al., 1999; Pedrosa et al., 2011). Fusarium wilt is responsible for affecting three crucial processes in photosynthesis- the thylakoid electron transport, the carbon reduction cycle, and the stomatal control of the CO2 supply (Allen et al., 1997).

The present-day strategies used to control wilt include the use of chemical fungicides, heat sterilization of soil, and the use of resistant plant varieties; however, none of them proved to be completely successful. Chemical control methods include the application of some broad-spectrum biocides like carbendazim before planting. These chemicals are preventive in nature but cannot treat an infection. These are also found to be harmful to other beneficial soil microbes and can also enter the food chain thereby causing detrimental health (López-Aranda et al., 2016). The application of heat is non-selective and can affect the quality of soil (Mahmood et al., 2014). Developing resistant plant varieties is the most effective method but genetically encoded resistance is not durable for a longer period of time and leads to the emergence of new resistant strains (Takken and Rep, 2010; De Sain and Rep, 2015).

In recent years, endophytic micro-organisms which colonize host tissues internally without causing damage or eliciting disease symptoms, have received increased attention (Sturz et al., 2000; Chaturvedi et al., 2016). Endophytes have been considered successful candidates to be used as BCAs because of their ability to colonize a plant and have a more protective and less competitive environment as compared to their rhizospheric colleagues. The use of BCAs in an efficient manner is a self-sustaining and long-term method to control plant diseases and pests. Bacterial BCAs showing antagonistic actions against plant pathogenic fungi that cause a wide spectrum of plant diseases have been reported. Different mechanisms remain responsible for the antagonism of biocontrol agents that include the production of antifungal metabolites, competition for space and nutrients, mycoparasitism, and induction of the defense responses in plants (Glick, 1995; Howell, 2003; Chaturvedi and Prakash, 2020).

In the present study, we aimed to explore beneficial endophytic bacteria as potent biocontrol agents against Fusarium wilt of tomato. The isolates were selected on the basis of their antagonistic potential against Fusarium oxysporum in vitro. The selected isolates were tested for their capability of producing hydrolytic enzymes like chitinase and protease and plant growth promoting attributes like siderophore and HCN production. Furthermore, this study aims to understand the biocontrol effect of bacterial endophytes on Fusarium wilt in tomato plants and therefore, the photosynthetic apparatus which is affected during wilting. We also analyzed the amount of chlorophyll a (Chl a), chlorophyll b (Chl b), and total chlorophyll content (a+b) in plants treated with pathogen and biocontrol agents. By measuring Chl fluorescence kinetics, the efficiency of Photosystem II (PSII) photochemistry was measured. Energy pipeline models of photosynthetic apparatus visualized the alterations of PSII energy fluxes in response to the pathogen and its recovery by biocontrol agents. In summary, the isolates identified in the present study can be useful in controlling Fusarium wilt of tomato, the consortia of them being even more efficient.



MATERIALS AND METHODS


Plants, Bacteria, Fungi, and Growth Conditions

The tomato wilt pathogen Fusarium oxysporum f. sp. lycopersici (ITCC 6859) was collected from the Indian type culture collection (ITCC), IARI, Delhi. The pathogen was maintained in Potato Dextrose Agar (PDA) (López-Martínez et al., 1999) at 4°C and periodically sub-cultured in PDA.

The tomato plants were collected from the Bhopal region (23.165964°N 77.328515°E) of Madhya Pradesh. Endophytic bacteria were isolated from roots, stems, and leaves (five samples each) of plants according to the method described by Hallmann et al. (1997) and Sturz et al. (1998). All the isolates were maintained in the nutrient agar slants at 4°C. The efficiency of the surface sterilization process was checked according to Hallmann et al. (1997) (detailed procedure and images in Supplementary File 1).



Antifungal Activity of Isolated Strains

The isolated microbes were screened for their antagonistic potential against Fusarium oxysporum by dual culture assay (Shabanamol et al., 2017). About 2 mm of Fusarium mycelia plug grown on PDA was placed at 2 cm from the edge of the agar plate and challenged on the other end of the plate at 2 cm from the edge with a single streak of the bacterial isolates. Petri plates were incubated at 28 ± 2°C for 7 days and percent (%) inhibition was calculated using the following formula:
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where, I = % inhibition in mycelia growth; C = growth of pathogen in control plates; T = growth of pathogen in dual culture plates.



Identification of Selected Endophytes

Total two isolates showing maximum inhibition for the fungal pathogen were selected and identified by molecular means using 16S rRNA sequencing. Twenty-four-hours old cultures of the selected bacterial isolates were subjected to DNA extraction using a bacterial genomic DNA isolation kit (HiMedia) following the manufacturer's instructions. The extracted DNA was used to amplify 16S genes. The polymerase chain reaction (PCR) product was purified by using a PCR product purification kit (HiMedia) and was sent for sequencing (Bio-innovations, Mumbai, Maharashtra). The sequence obtained was analyzed using BLAST and was deposited in NCBI GenBank. The phylogenetic tree had been constructed using the MEGA7 software (Midhun et al., 2017).



Screening for Attributes Aiding to Antagonism
 
Production of Hydrolytic Enzymes-Chitinase and Protease

The ability of endophytic isolates to produce chitinase was determined by inoculating on a minimal medium amended with colloidal chitin as the sole carbon source (Renwick et al., 1991). Plates were incubated at 28 ± 2°C and analyzed for the zone of clearance for up to 10 days. Protease production was observed according to Smibert et al. (1994). The development of a clear zone around the bacterial colony inoculated in the skimmed milk agar indicated a positive result.



Siderophore Production

The Chrome Azurol S (CAS) agar medium was prepared as described by Schwyn and Neilands (1987) for the qualitative detection of siderophore production. The strain was inoculated in the Chromo Azurol S (CAS) (blue agar) plate and kept for incubation at 37°C for 48 h. The presence of a yellow to light orange halo zone in the medium surrounding the colony indicates the production of siderophore.



HCN Production

The production of HCN was observed according to Bakker and Schippers (1987). The log phase culture (50 μl) of the bacterial strain was spread on a nutrient medium containing glycine (4.5 gL−1). The change of color of the Filter paper (Whatman filter paper 1) soaked in 0.5% picric acid in 1% sodium bicarbonate placed in the upper lid of the Petri plate incubated at 28°C for 96 h from yellow to reddish brown was recorded as an index of positive for cyanogenic activity.




Effect of Selected Isolates on Vigor Index and Seed Germination

Surface sterilized tomato seeds were inoculated in bacteria broth with a final concentration of ~108 CFU per seed and were incubated for 24 h at 28 ± 2°C. Among them, 20 seeds were randomly selected by discarding the broth. They were transferred to the Petri plate containing sterile moistened blotting paper. Seeds treated with sterile distilled water (SDW) served as control. The Petri plates were incubated at 28 ± 2°C for 7 days under the dark condition for germination (Xia et al., 2015). The germination percentage was calculated using the formula:
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The seedling vigor index was calculated using the following formula:

[image: image]
 

Evaluation of Biocontrol Efficacy of Selected Isolates in-vivo

Seed treatment was done as mentioned in section Effect of Selected Isolates on Vigor Index and Seed Germination. For treatment with the consortia of isolates, 10 ml of one culture was combined with 10 ml of another. The confirmation of endophytic colonization was done as mentioned in Supplementary File 2. About three treatments and two controls were considered for the experiment as mentioned in the table. The bacteria-treated tomato seeds were sown in the paper cups. After attaining the two true leaf stage the seedlings were transferred to the individual pots (12.5 × 14.5 cm) containing autoclaved soil. The treatments included in the study are as follows: T1- Plant uninoculated (Healthy Control), T2- Plant inoculated with pathogen, T3- Plant treated with BUMD5 and Fusarium, T4- Plant treated with BUMD9 and Fusarium, and T5- Plant treated with consortia and Fusarium.


Pathogen Inoculation

The Fusarium oxysporum spore suspension of inoculum was prepared by pouring 20 ml of SDW in each culture plate of 5–7 days old fungal mycelium and then gently scraped using the spore harvester. The concentration of conidia was adjusted to 107 conidia ml−1. Then, about 5 ml of prepared spore suspension was used to inoculate each seedling in all five treatments using the soil drenching method (Patil et al., 2011). In the soil drenching method, 5 ml of fungal suspension (i.e., water containing conidia of the pathogen) was inoculated to each of the seedlings by drenching the soil around the root zone with the help of a pipette. Before inoculation, the roots were slightly severed (wounded) by inserting a needle, 1 cm away from the stem. Root severing was done to ensure pathogen penetration through roots.

Symptom severity of the shoot system of the plants was assessed (6 weeks after pathogen inoculation) using the following scales: 0- no symptoms,1-yellowing 1–25% of the leaves near the stem base, 2-Yellowing, and wilt 26–50% of leaves with a simple brown discoloration in the xylem vessels, 3-Yellowing, and wilt 51–75% of the leaves with dark brown coloring in the xylem vessels and 4-Wilt and die 76–100% of leaves (Souza et al., 2010).

The disease severity index and infection percentage were calculated using the following formulae:
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where, ni: is the number of plants affected by each degree of severity, si: the degree of severity of the attack (0–4), n: the total number of plants used for each energy level applied.



Estimation of Chlorophyll Content

Sample preparation was done according to Pérez-Patricio et al. (2018). Absorbance readings were performed at wavelengths of 663 and 645 nm. The control was acetone/ethanol (2:1 v/v). The obtained values were substituted in the following formulas, for the estimation of photosynthetic pigments:
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Where, A663 and A645 are the absorbance measured from 663 and 645 nm, respectively.



Measurement of Fluorescence Induction Kinetics

Polyphasic chlorophyll a fluorescence transient called O-J-I-P (JIP-test) was measured using a plant efficiency analyzer (PEA, Hansatech, England) in tomato plants. In order to provide a homogeneous illumination, excitation light of 650 nm was focused on the surface of the leaf from an array of three light-emitting diodes. The intensity of light reaching the leaf was 3,000 μmol (photon) m−2 s−1, which was sufficient to produce maximum fluorescence (Fm). Plants were adapted to dark for 20 min prior to measurements. The Biolyzer HP 3 software (the chlorophyll fluorescence analysis program of the Bioenergetics Laboratory, gifted by the University of Geneva, Switzerland) was used to prepare the energy pipeline model.




Statistical Analysis

The data were subjected to one-way ANOVA and Tukey's HSD test at the level of p ≤ 0.05. All the statistical analyses were performed using the SPSS version 16 statistical package (IBM SPSS, USA).




RESULTS


Selection of Potent Strains to Be Used as Biocontrol Agents Against Fusarium Wilt

A total of 36 isolates were collected from the different parts of the plant, viz. roots (17), stem (11), and leaves (8). All the isolates were tested for antifungal activity. A total of eight isolates showed anti-fungal activity in the dual culture method (Supplementary File 3) out of which two isolates, BUMD5 and BUMD9, showing maximum inhibition percentage, i.e., 67.2 and 69.1%, respectively, were chosen for further studies (Figure 1). Both the isolates were found to produce hydrolytic enzymes chitinase and protease (Figures 2A,B). Also, both the strains were positive for siderophore and HCN production (Figures 2C,D). The sequences were submitted in NCBI GenBank and accession numbers MZ223450 and MZ223454 were obtained. The isolate MZ223450 was found to have 99.06% similarity to Pseudomonas fluorescens P21(FJ605510.1) and MZ223454 was found to have 99.9% similarity to Bacillus velezensis HFBPR51 (MT539153.1), respectively, using sequencing and BLAST results. Figure 3 shows the phylogenetic trees obtained using MEGA software.


[image: Figure 1]
FIGURE 1. In vitro antifungal activity against Fusarium oxysporum. The strains showing maximum percentage inhibition BUMD5 and BUMD9 were selected for further studies.



[image: Figure 2]
FIGURE 2. The selected isolates were tested for production of the following. (A) Chitinase- The zone of clearance shows hydrolysis of chitin by the isolate, (B) Protease- The clear zone surrounding the colony shows the production of protease enzyme by the isolate. (C) Siderophore- The orangish-yellow zone around the colony shows the isolate is positive for siderophore production. (D) HCN- The change of color of filter paper from yellow (control) to orangish brown is indicative of the production of HCN by the isolate.
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FIGURE 3. The phylogenetic trees for (A) BUMD9 (MZ223454) and (B) BUMD5 (MZ223450). The tree was constructed using the Neighbor Joining method and Bootstrap value 1,000.




Effect of Selected Isolates on Vigor Index and Seed Germination

The isolates were assessed individually as well in combination for seed germination potential. They showed an enhanced seed germination percentage and vigor index when compared to the uninoculated control after 7 days of incubation. It could be inferred that the seed germination and vigor index was influenced by the seed treatment with the isolates (Table 1).


Table 1. Effect of seed bio-priming on seed germination and vigor indices.
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Evaluation of Biocontrol Efficacy of Selected Isolates in vivo
 
Effect of Different Treatments on Plant Growth Parameters

It was observed that during the study, treatment T5 significantly reduced the infection by 67% when compared to control followed by treatments T3 and T4, which reduced by 26.7 and 33.3%, respectively (Table 2). Although there was no significant difference observed in the reduction in disease severity between T3, T4, and T5, there is an almost 3-fold reduction in disease severity when compared to the plant only inoculated with the pathogen (T2).


Table 2. Effect of isolates on infection percentage and disease severity index.
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The growth parameters were observed for the plants after 45 days of pathogen inoculation (Figure 4). Maximum root length and shoot length, i.e., 18.1 ± 0.11 cm and 39.7 ± 0.5 cm (Figures 5A,B, respectively), were observed in T5, which is almost equal to that observed in an uninoculated or healthy plant (T1). However, a significant increase in fresh weight and dry weight (Figures 5C,D) was clearly observed in plants under the treatment T5 when compared to a healthy plant (T1).


[image: Figure 4]
FIGURE 4. Effect of different treatments on plant growth in a pot experiment. T1- Plant uninoculated (Healthy Control), T2- Plant inoculated with Fusarium, T3- Plant treated with BUMD5 and Fusarium, T4- Plant treated with BUMD9 and Fusarium, and T5- Plant treated with consortia and Fusarium.
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FIGURE 5. Effect of various treatments on the root length (A), shoot length (B), fresh weight (C), and dry weight (D) of plants.




Estimation of Chlorophyll Content

The effect of different treatments on leaves can be seen in Figure 6. However, no significant difference in concentration of chl a was observed among T1, T4, and T5 (20.05 ± 0.65 μμg/ml, 20.17 ± 1.99 μg/ml, and 20.90 ± 0.19 μg/ml, respectively) whereas the lowest concentration of the same was observed in the pathogen induced T2 (13.92 ± 1.57 μg/ml) as seen in Figure 7A. In the case of chlorophyll b, maximum concentration was seen in T4 and T5 (13.76 ± 1.27 μg/ml and 13.78 ± 1.07 μg/ml, respectively) followed by T1 (12.55 ± 0.70 μg/ml) and lowest concentration was observed in T2 (10.24 ± 1.16 μg/ml) as shown in Figure 7B. Total chlorophyll content (a+b) was found to be highest in T5 (34.69 ± 0.25 μg/ml) followed by T4 (33.95 ± 2.85 μg/ml) and the lowest concentrations were again observed in T2 (21.91 ± 1.33 μg/ml) as seen in Figure 7C.
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FIGURE 6. Yellowing of leaves as observed after various treatments.
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FIGURE 7. Effect of different treatments on chlorophyll content of plants (A) Chlorophyll a. (B) Chlorophyll b. (C) Total chlorophyll content (a+b).




Measurement of Fluorescence Induction Kinetics

The chlorophyll fluorescence transient curves are shown in Figure 8 and the parameters derived from them are shown in Table 3. A change in the shape of the curve and the fluorescence intensity of the OJIP transient were observed in control and treated plants. This was correlated with a change in the transport of photosynthetic electrons in the tomato plants treated with a pathogen and potent bacteria. As seen in Figure 8, in comparison to T1 (Control), the quantum efficiency of PSII photochemistry (as inferred from the Fv/Fm ratio) significantly decreased by about 13% in T2. Infected plants receiving biocontrol treatment decreased the damaging effect of the pathogen on plants and were least damaged (T5). In T2 plants, the efficiency of the water splitting complex (Fv/Fo) on the donor side of PSII was decreased significantly by 38% in comparison to control plants (T1). It is steadily recovered after the biocontrol treatments. In this study, RC/ABS, which reflects the number of active reaction centers decreased significantly in T2 by 21.5% as opposed to T1 (Control). The efficiency by which an electron trapped can pass further ahead of QA- is equivalent to (1-VJ) or Ψo (Tomar and Jajoo, 2013). No significant variation in the value of a 1-Vj was observed for different treatments except a decrease of around 13% in T2. The performance index (PI) sensitively reflects the function and vitality of the photosynthetic apparatus (Mathur et al., 2018). PI tremendously decreased by 57.1% in infected plants (T2) as compared to T1 (control) (Table 3). However, the application of biocontrol agents improved the PI and the effect was more pronounced in T5 where bacterial consortia could protect photosynthetic apparatus in plants from pathogenic effects.


[image: Figure 8]
FIGURE 8. The OJIP chlorophyll a fluorescence transient curves (log time scale) after 45 days under different treatments.



Table 3. Parameters obtained from fluorescence transient curves measured on day 45 under different treatments on tomato plant.

[image: Table 3]

Relevant activities, such as ABS/CS, TR/CS, ET/CS, and DI/CS, indicating the efficiency of light absorption, trapping, electron transport, and dissipation per cross section of PSII, respectively, have been demonstrated in the form of energy pipeline models for various treatments (Figure 9). This model gives information about the efficiency of the flow of energy from antennae to the electron transport chain components through the RC of PSII. As compared to control (T1), T2 showed a decrease of 20% in ABS/CS, 27% in TRo/CS, and 29% in ETo/CS. However, the application of biocontrol treatments (T3, T4, and T5) led to improvement in the number of active reaction centers (indicated by open circles) as well as better rates of electron transport (indicated by the width of the blue line). T5 was found to be best with regard to the performance of the photosynthetic parameters.


[image: Figure 9]
FIGURE 9. Energy pipeline leaf model showing proportions of phenomenological energy flux parameters within a leaf, calculated per cross-section (CSm) in different treatments. The width of the corresponding arrow denotes the activity of that parameter. Empty and filled black circles indicate the percentage of active and inactive reaction centers of PSII, respectively. ABS/CSm, Absorption per cross section; TRo/CSm, Trapping per cross section; ETo/CSm, electron transport per cross section; DIo/CSm, Dissipation per cross section.






DISCUSSION

Fusarium wilt is among the most devastating diseases of tomato. The xylem colonization by the pathogen is known to increase water flow resistance in the plant, resulting in the leaf water deficit that is responsible for reducing the leaf photosynthesis and transpiration (Nogués et al., 2002). Therefore, it is necessary to seek an effective prevention and control strategy to control the Fusarium wilt disease during crop production. Using endophytes as biological control agents for plant diseases is an efficient and environmental-friendly approach.

In the present study, we have identified two potential strains, Pseudomonas fluorescens BUMD5 and Bacillus velezensis BUMD9, which when used individually as well as in combination can act as potent biocontrol agents for controlling the fusarium wilt in tomato plants. Both the isolates have shown significant antagonistic activity against Fusarium in vitro. They have also been demonstrated to produce hydrolytic enzymes, which aid the endophytes in the initial colonization process. The selected strains also produced HCN and siderophores, which help the endophytes in outcompeting the phytopathogens in the ecological niche. Several studies have shown Bacillus velezensis as a potential plant growth promoter and biocontrol agent. Bacillus velezensis NKG-2 was found to secrete fungal cell wall degrading enzymes, volatile organic compounds (VOCs), and indole-3-acetic acid and siderophore and also helped in reducing the disease severity of Fusarium oxysporum wilt disease on tomato plants both under in vitro and in vivo conditions (Myo et al., 2019). The strains also improved the chlorophyll content of plants as compared to diseased plants. Bacillus velezensis GF267 reduced the intensity of tomato bacterial spots and increased the chlorophyll content in plants as reported by Mates et al. (2019). Various strains of Pseudomonas fluorescens have also been shown to be effective biocontrol agents against multiple plant diseases (Yendyo et al., 2017; Kulimushi et al., 2021; Mosahaneh et al., 2021). As observed in the current study, the combination of these two isolates was more effective in controlling wilt as compared to the treatments containing these isolates alone. It has been evident that mixed inoculants interact synergistically, with a different or complementary mode of action and provide increased disease resistance. Various combinations of microbes have been shown to increase plant productivity and provide better disease resistance to plants. As reported by Pacheco et al. (2021), the microbial consortium increased maize productivity, and at the same time improved Phosphate use efficiency as compared to individual strains. To the best of our knowledge, the use of a combination of two selected isolates, Pseudomonas fluorescens and Bacillus velezensis, has not been reported earlier.

Endophytes have also been studied extensively for plant growth promotion. They have been considered better candidates as compared to rhizospheric microbes because of their close association with plants (Gupta et al., 2015). Many bacterial species including Bacillus, Pseudomonas, etc., have been used to improve plant productivity (Gupta et al., 2019). We have also obtained similar results in which better growth parameters like root length, shoot length, fresh weight, and dry weight have been observed in plants treated with BUMD5, BUMD9, and their consortia despite being treated with the pathogen Fusarium oxysporum.

Improved growth parameters are generally related to the better photosynthetic performance of the plant. To monitor the efficiency of photosynthesis, we used a non-invasive method of Chl a fluorescence kinetics. Chl a fluorescence kinetics parameters have been recognized as ideal predictors of photosynthetic performance and energy conversion efficiency of Photosystem II (PSII) (Mathur et al., 2018). Figure 9 shows the effect of treatments on the shape of chlorophyll a fluorescence transient to analyze changes in electron transfer reactions occurring at PSII (Papageorgiou, 2012). In the present study, decreased Fv/Fm values indicate stress due to a pathogen that damages the photosynthetic apparatus (Goltsev et al., 2016). To localize the effects of treatments on the acceptor side of PSII, the kinetics of relative variable fluorescence (Vj) were calculated. The efficiency by which a trapped electron can move further ahead of [image: image] is equal to (1 - Vj) or Ψo (Tomar and Jajoo, 2013). Not much variation in the values of (1 - Vj) were observed in plants treated with or without bacteria except for a decline of 13% in T2. It suggests that QA- re-oxidation and electron transport at the acceptor side of PSII was not much affected (Tomar and Jajoo, 2013). The photosynthetic performance index (PI) is an indicator of plant vitality. PItotal is an overall parameter that incorporates biophysical parameters, determined from the JIP-test (Maliba et al., 2019). PI is the product of a dependent parameter for an antenna, reaction center, and electron transport. In the tomato plants under the pathogenic influence, biological treatment has resulted in an improved overall performance index (PI) (Figure 9). It can also be observed in other plant growth parameters and chlorophyll content.

Energy pipeline models of photosynthetic apparatus further visualized the alterations of PSII energy fluxes in response to the pathogen and its recovery by biocontrol agents (Figure 8). This model gives information about the efficiency of the flow of energy from antennae to the electron transport chain components through the cross-section of PSII (Li et al., 2014). It has been shown that ABS/CSm, ETo/CSm, TRo/CSm declined with T2 treatment. ETo/CSm decreased due to lower energy absorption by antenna pigments (ABS/CSm), lower energy trapping by RCs (TRo/CSm), and higher energy loss as heat (DIo/CSm). The decrease in TRo/CSm is mainly due to the decrease in the density of the active RCs and this is an indication that downregulation of PSII is accomplished by the inactivation of the RCs. As a negative effect of the pathogen, a decrease in the density of active reaction centers (indicated as open circles) and a rise in the density of closed reaction centers (indicated as full circles) have been observed (T2). Biological treatments may retrieve the negative effects of pathogens on the overall photochemistry. However, bacterial consortia could protect tomato plants better from the damaging effects of pathogens.



CONCLUSION

Fusarium wilt is a major disease affecting crops leading to severe economic loss every year. The clogging of the xylem is responsible for wilting leading to the death of the plant. Bacillus velezensis and Pseudomonas fluorescens can be considered potent biocontrol agents to control the disease. They have significantly reduced the deleterious effect on the photosynthetic apparatus, thereby improving plant growth. However, a better understanding of the impact of these isolates on the genes regulating photosynthesis is required for a more focused approach toward their development as bio-control agents on large scale.
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The objective of the study was to evaluate the fertilizing potential of two arbuscular mycorrhizal fungi (Glomeraceae and Acaulosporaceae) native to the rhizosphere soils of Benin in a controlled environment (under greenhouse) and in a field environment. For this purpose, corn seeds were coated with Glomeraceae and Acaulosporaceae strains and then deposited in 5 cm deep holes. Different doses of mineral fertilizer were then applied according to the treatments.The experimental design was a split plot of ten treatments with three replicates in both conditions. Sowing was done following two seeds per pot in the greenhouse and in the field and lasted 30 and 80 days respectively. The data collected were related to growth, yield and mycorrhizal infection of the roots. The results in controlled environment (under greenhouse), show that the plants treated with Acaulosporaceae+25%NPK+Urea significantly improve the height, the diameter at the collar, and the dry subterranean biomass with respective increases of 63.74%, 61.53%, 47.79% except for the leaf area and the dry aerial biomass which were improved by Glomeraceae+25%NPK+Urea with respective increases of 42.66% and 57.2% compared to the control. The results in the field showed that the best maize yields in grain, in dry aerial biomass and dry subterranean biomass were obtained significantly with the Glomeraceae strain 25%NPK+Urea with respective increases of 65.28%, 51.26%, 136.36% compared to the control plants. Also, high values were recorded for the frequency and intensity of mycorrhization with the Glomeraceae strain under greenhouse and field conditions. Mycorrhizal inoculation of maize plants showed a beneficial effect in the field with the Glomeraceae strain in combination with 25% NPK+Urea while the Acaulosporaceae strain with 25% NPK+Urea was more expressed in the greenhouse. These endogenous strains can be used as biostimulants to increase maize productivity while considerably reducing mineral inputs in Benin.
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1 Introduction

The major challenge for agriculture in the coming decades will be the sustainable production of sufficient food crops to meet the ever-increasing global demand. (Battini et al., 2017; Emmanuel and Babalola, 2020). Current agricultural systems rely heavily on the continuous application of mineral inputs including mineral fertilizers, mainly nitrogen (N), phosphorus (P) and potassium (K), which contribute to increasing yields but also lead to the decline of land-based biological fertility (Plenchette et al., 2005; Balogoun et al., 2013). This overdependence results into sevearal problems to soil, plants and human health through adverse consequences on food quality, soil health, alongside atmospheric and water systems (Yang et al., 2004; Igiehon and Babalola, 2018). As a result, in recent years there has been a focus on reducing high-input agricultural systems with more research in order to develop sustainable and eco-friendly alternatives for food production. Different approaches to reduce chemical fertilizer inputs in agrosystems include breeding varieties with efficient phosphorus acquisition (Lynch and Brown, 2009), application of natural extracts and plant growth-promoting soil microorganisms (Agbodjato et al., 2015; Assogba et al., 2017; Igiehon and Babalola, 2017; Igiehon and Babalola, 2018; Fasusi et al., 2021).

The rhizosphere is the region of the soil that includes the area immediately around plant roots and a large number of microorganisms (Babalola, 2010). It is also a region with a high turnover of nutrients and a high microbial density where biotic and abiotic factors are under strict control of each other (Enebe and Babalola, 2018; Enagbonma and Babalola, 2019). Examples of microorganisms that can be found in the rhizosphere include rhizobacteria and mycorrhizal fungi (Cruz et al., 2017).

Within the abundant microbiota associated with the root zone of the plant, Arbuscular Mycorrhizal Fungi (AMF) occupy a prominent place. They are beneficial soil microorganisms that establish mutualistic associations with a variety of food crops (Berruti et al., 2016), including maize, by improving soil characteristics and thus promoting plant growth under both normal and stressed conditions (Navarro et al., 2014; Alqarawi et al., 2014; Aguegue et al., 2020). AMF enhance nutrient uptake efficiency, suppression of soil pathogens, tolerance to water, salt and heavy metal stresses, and increase biomass through the production of phytohormones and changes in root morphology (Filho et al., 2017). AMF not only facilitates the process of decomposition of soil organic matter (Paterson et al., 2016), but also affect the plant’s fixation of atmospheric carbon dioxide through the « sink-effect » and the movement of photosynthates from aerial organ to the roots (Begum et al., 2019). Furthermore, the fungus penetrates in roots cortical cells, procedure specific haustoria like structure named as arbuscular, that functions as a mediator for the exchange of the metabolites between fungus and host cytoplasm (Oueslati, 2003). Mycorrhizae could increase the accessibility as well as transport of diffusing ions, for example, P to host plants (McArthur and Knowles, 1993; Sharda and Koide, 2010). Similarly, it shows a vital role in improving soil physical properties (Khan et al., 2020). Mycorrhizae mycelium close to soil microorganisms produces stable aggregate, therefore improve soil aggregation (Singh, 2012). This progress in soil aggregation as a result of the production of an unsolvable mass (glycoprotein) by mycorrhizae (Gadkar and Rillig, 2006), which shows its significant role in the soil firmness (Rillig et al., 2003). Arbuscular mycorrhiza hyphae flourishing in the soil (Bethlenfalvay and Linderman, 1992), supports the plant to obtain water, nutrients, from the soil, in addition, it also develops soil texture (Rillig and Mummey, 2006). It illustrates an important role in the ecosystem through nutrient cycling (Shokri and Maadi, 2009; Wu et al., 2011). Studies have revealed that about 80% of the P taken up through plants is supplied by mycorrhizal fungi (Marschner and Dell, 1994). Arbuscular mycorrhizae could also provide both macros as well as micronutrients for example; N, K, Mg, Zn and Cu mostly in the soil where it occurs in the less soluble form (Marschner and Dell, 1994; Meding and Zasoski, 2008).

Thus, many studies around the world have been carried out in recent years understand the establishment, maintenance and functioning of communities of these fungi under the influence of cultural practices. (Peyret-Guzzon, 2016; Gnamkoulamba et al., 2018a) and are now attracting much more interest in sub-Saharan African countries like Benin (Adjanohoun et al., 2011; Agbodjato et al., 2015; Assogba et al., 2017) to understand how other soil communities (bacteria and fungi) interact with plants.

Maize (Zea mays, L), a predominant crop in Benin (Adjanohoun et al., 2012), is very sensitive to low phosphorus availability (Postma and Lynch, 2011) and has been shown to be amenable to the application of symbiotic soil microorganisms (Rosas et al., 2009; Walker et al., 2011) including AMF (Aguegue et al., 2017; Koda et al., 2018; Assogba et al., 2020a). Hence the urgency of deepening and understanding the functioning, applicability and industrial-scale production of these innovative technologies for sustainable agriculture is advocated. It is within this context that this study was been initiated in order to improve maize productivity while considerably reducing mineral fertilizers through the use of AMF.



2 Materials and Methods


2.1 Materials

Maize seed of the variety 2000 SYN EE W was used during the experiment. It is an extra-early variety with a vegetative cycle of 80 days. It is resistant to breakage, streak, American rust and mildew. It is moderately drought resistant (MAEP, 2016). They are provided by the ‘‘Centre de Recherche Agricole Nord (CRA-Nord)’’ of the ‘‘Institut National de Recherches Agricoles du Bénin (INRAB)’’.

Two families of mycorrhizal fungi: Acaulosporaceae (Acaulospora capsicula, Acaulospora denticulata), Glomeraceae (Funeliformis mosseae, Funeliformis geosporum, Glomus caledonius, Glomus ambiosporum, Rhizophagus intraradices and Septoglomus contrictum), isolated and identified by Davis- INVAM key in the rhizosphere of maize from the Centre of Benin by Assogba et al. (2020a) and then stored in the “Laboratoire de Biologie et de Typage Moléculaire en Microbiologie” were used in this study.



2.2 Methods


2.2.1 Formulation of Biostimulants Based on Arbuscular Mycorrhizal Fungi

The method of Rivera et al. (2003) adapted by Assogba et al. (2020a) was used to formulate biostimulants based on arbuscular mycorrhizal fungi. It consisted of multiplying mycorrhizal fungi by trapping on the roots of a host plant, whole sorghum (Sorghum bicolor L.), grown in pots under controlled greenhouse conditions. Ten previously sterilized sorghum seeds were then sown in each pot containing the different dilution levels of sterile soil. A quantity of 600 spores of the species association of each family (Glomeraceae and Acaulosporaceae) of AMF was put into the pot immediately after sowing. Then, these pots were placed in a greenhouse at room temperature. Daily watering was done for six weeks with sterile distilled water to maintain the soil capacity approximately the same as in the field. For all strains, root biomass and soil were ground to obtain inoculum at the end of the plant’s vegetative cycle. Thus, the aerial part of the plants was cut and the soil-clay-root content was extracted from the pots in a clean container and then powdered after drying to obtain the biostimulant.



2.2.2 Evaluation of the Effect of Arbuscular Mycorrhizal Fungi on The Growth and Yield of Maize in a Controlled Environment (Greenhouse) and a Field Environment (Research Station)


2.2.2.1 Seed Coating With Mycorrhizal Fungi

The coating consisted of weighing 10 kg of seed for 1 kg of biostimulant for each group of fungi. The seeds were mixed with a quantity of water equivalent to 600 ml.kg-1 of biostimulant. The coated seeds were then left in the ambient air for 12 h to dry according to the recommendations of Fernández et al. (2000).



2.2.2.2 Location of the Experimental Site in a Controlled Environment (Greenhouse) and Field Environment


2.2.2.2.1 Controlled Environment (Greenhouse)

The controlled environment experiment was installed in the greenhouse of the Biochemistry Department at the Faculté des Science et Techniques (FAST) of the Université d’Abomey-Calavi (UAC) in Benin. The controlled environment experiment was conducted in December 2019 over a 30-day periode. A thermometer was used to detect the average temperature values inside the greenhouse. The average daytime temperature was 34.45°C and the average night-time temperature was 36.82°C during the trial period.



2.2.2.2.2 Field Environment

The field experiment was conducted in the village of Miniffi (Figure 1), in the commune of Dassa-Zoumè in Centre of Benin. It is located between 7°50.4’ North latitude and 2°10’ East longitude. The commune of Dassa-Zoumè is characterized by Guinean Sudan climate with an annual rainfall regime and wide temperature variations which an annual average of around 28°C (Assogba et al., 2020b). The field environment experiment was conducted in June 2020 over a period of 80 days. The choice was made taking into account the fact that it had hosted trials, that the decline in soil fertility was a priority constraint and that the site was an RD (Research and Development) site. Flat ploughing was carried out the day before sowing on a plot with a maximum slope of 2% and not flooded.




Figure 1 | Geographical location of the Miniffi experimental site.






2.2.2.3 Experimental Design In the Greenhouse and Field Condition

In the greenhouse, the experimental design was a split plot of ten treatments with three replicates. A total of 30 pots were installed in the greenhouse

In the field (field environment), the experimental design was the same as the one installed in the greenhouse. It was a split plot of ten treatments with three replications. In total, 30 elementary plots were installed on the experimental site. Each elementary plot had an area of 12.8 m² and consisted of 4 lines of 4 m long with a spacing of 0.80 m. Sowing was done at a spacing of 0.80 m x 0.40 m with 31,250 plants/ha (Yallou et al., 2010). The distance separating the plots from each other was 1.8 m and the replications between them were 2 m, respectively. The useful plot had an area of 6.4 m2, where data were collected on the two (02) central lines.

The different treatments applied in the two conditions were: T1 = Control (no inoculation or mineral fertilizer); T2 = Glomeraceae; T3 = Acaulosporaceae; T4 = 25% NPK+ urea; T5 = Glomeraceae + 25% NPK + urea; T6 = Acaulosporaceae + 25% NPK + urea; T7 = 50% NPK + urea; T8 = Glomeraceae + 50% NPK + urea; T9 = Acaulosporaceae + 50% NPK + urea; and T10 = 100% NPK + urea. Note that the recommended dose of mineral fertilizers (NPK and urea) for maize cultivation in Benin is 200 kg/ha of NPK and 100 kg/ha of Urea (INRAB, 1995). It should also be noted that the NPK used in our study is of the formula N13P17K17. Urea contains 46% nitrogen (N).



2.2.2.4 Sowing, Inoculation and Maintenance of Pots in the Greenhouse

The substrate used was a ferruginous soil collected with a marked holland auger at a depth of 0-20 cm in Miniffi, Central Benin. The substrate was first sterilized at 120°C for 20 minutes and then the same operation was carried out 24 hours later. 2 kg of the substrate was then weighed into the pots (Gholami et al., 2009). Each pot was moistened with 2/9th of the Maximum Water Holding Capacity (MWHC) of the substrate, or 224 ml of sterile distilled water 24 hours before sowing (Eteka, 2005).

Two seeds previously coated with mycorrhizal fungi or not, depending on the treatment, were sown in the pots about 5 cm deep. Fertilizers were then applied on the same day for treatments that received different doses of NPK fertilizer, and Urea was applied on 15th day after sowing (DAS).The pots were then watered every morning with 1/9 of the MWHC, or with 112 ml. The demarcation of one plant per pot was done on the 7th day after sowing (DAS), then the data relative to different parameters to be evaluated were collected until the 30th day after sowing.



2.2.2.5 Sowing, Inoculation and Maintenance of Plots in the Field

At sowing, two (02) maize seeds, previously coated with AMF or not, were placed in a seed hole after a hole about 5 cm deep and the seed hole was immediately closed. Then, fertilizers were applied on the same day as a basal dressing for the treatments that received the different doses of NPK fertilizer and Urea was applied on the 45th day after sowing. Three weeding operations were carried out, the first one coupled with the removal of one plant per seed hole two (02) weeks after sowing. The least vigorous plant was pulled out, and the second and third weeding operations were carried out respectively six (06) and eight (08) weeks after sowing.



2.2.2.6 Chemical Analysis of the Experimental Soil

At the beginning of the experiment, a composite sample of 500 g of soil was collected from each elementary plot at a depth of 0 - 20 cm using a holande auger to determine the chemical characteristics of the experimental soil. Organic carbon was determined by the method of Walkley and Black (1934). The carbon content was determined by colorimetry at a wavelength of 650 nm. Total nitrogen was determined by the method of Kjeldahl (1883), consisting of acid digestion followed by distillation of ammonia (NH3) and its determination. Assimilable phosphorus was extracted by the Bray I method (Bray and Kurtz, 1945). Exchangeable bases (Ca2+, Mg2+, Na+, K+) were extracted by the 1N ammonium acetate extraction method at pH = 7. They were thus displaced by NH4+ ions and then measured using an atomic absorption spectrometer. The cation exchange capacity (CEC) was determined by the Metson (1957) method, which consists of saturating the humus-clay complex with ammonium acetate (1 N) at pH=7. The NH4+ ions were then displaced by a KCl (1N) solution and titrated after distillation.




2.2.3 Assessment of the Growth Parameters in Greenhouse and Field Condition

The growth parameter in the greenhouse and on station was made by measuring the variables: height, crown diameter and leaf area. The height of a corn plant is defined as the distance between the collar and the last ligulated leaf. It was measured with the use of measuring tape. The diameter of the seedlings was measured using a slide caliper and the leaf area was estimated by the affected product length and width of the sheets of coefficient 0.75 according to Ruget et al (1996).

In the greenhouse trial, both variables (plant height and collet diameter) were collected every 96 hours from 7th DAS to 30th DAS, or 7th, 11th, 15th, 19th, 20th and 30th DAS. The leaf area was estimated at the 30th DAS.

In the field condition, the two variables (plant height and collet diameter) were collected every 15 days from the 15th to the 60th day after sowing, or on the 15th, 30th, 45th and 60th DAS. The leaf area was estimated (at the 60th DAS.



2.2.4 Evaluation of Biomass Yield Parameters of Greenhouse Plants (Dry Above-Ground Biomass and Dry Below-Ground Biomass)


2.2.4.1 Greenhouse

At the 30th DAS, the harvesting of the fresh above-ground biomass consisted of cutting the plant flush with the pot using a knife. The contents of the pot (soil + root) were then poured into a container with water. The roots of the maize plants were carefully and thoroughly collected and washed thoroughly with tap water to form the fresh underground biomass.

The precision balance (Highland HCB 3001. Max 3,000 g x 0.1 g) was used to weigh the fresh weight of the different biomass treatments. These biomasses were then placed in an oven at 65°C for 72 hours until the constant weight was obtained (Yadav et al., 2010) for the determination of dry weight (DW). The dry matter (DM) thus corresponds to the ratio between the dry weight (DW) and the weight of the fresh biomass (FB) (in %).

	

where;

DM = dry matter in %; DW = dry biomass weight of maize plants in kg; FB = fresh biomass weight of maize plants in kg.



2.2.4.2 Field Condition


2.2.4.2.1 Determination of Plant Biomass Yield and Maize Grain Yield

The biomass produced was determined at harvest. Thus, on the two central rows of each elementary plot, 20 maize plants were carefully dug up, while taking care to separate the aerial part (without the maize cobs) from the underground part. Then, the method used in the greenhouse was the same in this case to determine the dry matter of the aerial and underground biomass.

For maize grain yield, the cobs of the previous 20 maize plants were harvested, destemmed and shelled. The percentage moisture content of the grains was determined using a moisture meter (LDS-1F). The average grain yield values of the maize plants were determined by the formula used by Valdés et al. (2013):

	

Where;

	• R = average maize grain yield in t.ha-1; P = maize grain weight in kg.

	• 10000 is the conversion from ha to m2; 1000 is the conversion from tonne (t) to kg.

	• S = crop area in m²; % H = grain moisture percentage in %.







2.2.5 Estimation of Endomycorrhizal Infection Rates in Greenhouse and Field Conditions

Maize root samples were taken at harvest on 30th DAS for the greenhouse trial and 60th DAS for the field trial for the determination of endo mycorrhizal infection. For this purpose, after staining with Trypan Blue according to the method described by Phillips and Hayman (1970), arbuscular mycorrhizal fungi associated with the roots of maize plants were observed with binoculars (XSP-BM-2CEA.2013). The estimation of mycorrhizal infection of the roots was carried out using the intersection method (Giovannetti and Mosse, 1980; Trouvelot et al., 1986). The mycorrhization rate was estimated by two parameters of arbuscular mycorrhizal infections, namely:

- Mycorrhization frequency (F) determined by the following formula which reflects the degree of infection of the root system (Giovannetti and Mosse, 1980; Trouvelot et al., 1986):

	

Where N is the number of fragments observed and no is the number of fragments without trace of mycorrhization.

- Mycorrhization intensity: m (absolute mycorrhization intensity) which expresses the portion of the colonized cortex in relation to the whole root system (Giovannetti and Mosse, 1980; Trouvelot et al., 1986) according to the following formula:

	

In this formula, n5, n4, n3, n2 and n1 are the numbers of fragments respectively noted in the five (05) infection classes marking the importance of mycorrhization namely: 5 = more than 95%, 4= from 50 to 95%, 3 = 30 to 50%, 2 = 1 to 30%, 1 = 1% of cortex.



2.2.6 Statistical Analysis of the Data

The effect of the treatments on the growth and biomass parameters of the maize plants in the field was assessed using one-factor analysis of variance (ANOVA) or a non-parametric Kruskal-Wallis test. The effect of these treatments on the field maize plants was assessed by applying a linear mixed effects model (for growth parameters) and one-way analysis of variance (ANOVA) for the biomass data. In each mixed model, treatments were considered as fixed factors and time as a random factor. The Akaike Information Criterion (AIC) was used to select the best model (Burnham and Anderson, 2004).

Once the tests performed were significant, a post hoc test of pairwise comparisons using the Tuckey post hoc test (Douglas and Michael, 1991) was performed to assess statistical differences.

In order to better describe the different treatments, a Multiple Factor Analysis (MFA) was performed on a set of variables structured in groups (growth and yield).

These analyses were carried out in the R 4.0.2 software (R Core Team, 2020), and required the use of the “nlme” package for model fitting, the ggplot2 package for the creation of box-plots, the “agricolae” package for the Kruskal-Wallis test, the “car” package for the ANOVA, the “multcomp” package for the post hoc pairwise comparison test and the “FactoMineR” package for the MFA. The significance level used is 5%.





3 Results


3.1 Chemical Characteristics of the Soil in the Natural Environment

Table 1 presents the chemical characteristics of the soil at the experimentation site. The soil of the Miniffi experimental site in Centre-Benin was slightly basic (pH = 7.3) at the horizon level (0-20cm). The fertility level of the soil (table) was average and was richer in Ca2+ than in potassium K+ ions. The carbon-nitrogen ratio C/N (12.53) was relatively low at the topsoil level. The phosphorus content at topsoil level (46.73mg/kg soil) was low.1


Table 1 | Chemical characteristics of the soil of experimental site.





3.2 Effects of Inoculation of Arbuscular Mycorrhizal Fungi Strains on Maize Growth in a Controlled Environment (Greenhouse)


3.2.1 Effects of AMF Inoculation on Plant Growth Parameters Under Greenhouse

Table 2 illustrates the variation in growth parameters of maize plants under greenhouse conditions at 30 days before harvest. An improvement of the different parameters was observed in the plants treated with the arbuscular mycorrhizal fungi strains combined or not with the different doses of NPK compared to the control plants. Furthermore, it was observed that the effect of the treatments on the plants varied significantly.


Table 2 | Effect of mycorrhizal fungi on growth variables in the greenhouse at 30 days after sowing.



Indeed, the highest values of height were recorded within the plants treated with Acaulosporaceae+25%NPK+Urea (T6), followed by those treated with Glomeraceae+25%NPK+Urea (T5) with respective increases of 63.74% and 50% compared to the control plants (T1). In treatments T8 (Glomeraceae+50%NPK+Urea), T9 (Acaulosporaceae+50%NPK+Urea) and T10 (100%NPK+Urea) the plant heights were close to those of treatments T6 (Acaulosporaceae+25%NPK+Urea) and T5 (Glomeraceae+25%NPK+Urea).

In the assessment of the diameter at the collar of the plants, treatments T6 (Acaulosporaceae+25%NPK+Urea) and T5 (Glomeraceae+25%NPK+Urea) presented significantly (p <0.01) higher values, with respective increases of 61.53% and 50% compared to treatment T1 (Control).

As for leaf area, treatments T5 (Glomeraceae+25%NPK+Urea) and T7 (50%NPK+Urea) had a significant effect inducing the largest leaf areas (p<0.01). This was followed by treatments T2 (Glomeraceae) and T10 (100%NPK+Urea), which also had leaf areas closer to treatment T7 (50%NPK+Urea). These results showed the positive impact of biostimulants on the growth variables measured on maize plants in a controlled environment.



3.2.2 Effects of Inoculation of Endogenous Strains on Growth Variables


3.2.2.1 Evaluation of the Effect of Mycorrhizal Fungi on the Biomass Produced in a Controlled Environment (Greenhouse)

The dry above-ground and dry underground biomass of maize plants obtained varied significantly between treatments. The results of the different treatments revealed a highly significant difference (P < 0.001) in performance between treatments for all biomass yield parameters (Table 3). The highest values of dry above-ground biomass were obtained with treatment T5 (Glomeraceae + 25%NPK-Urea) with improvements of 78.57% compared to treatment T1 (Control) and 29.53% compared to treatment T10 (100%NPK+Urea). For dry underground biomass, treatment T6 (Acaulosporaceae + 25% NPK+ urea) with an increase of 103.17% compared to T1 (Control) and 38.83% compared to treatment T10 (100%NPK+Urea), was the most effective. Therefore, we can note that the biostimulant Glomeraceae improves the dry above-ground biomass when combined with the recommended dose of 25% NPK+Urea while the biostimulant Acaulosporaceae also combined with the recommended dose of 25% NPK+Urea improves the dry root biomass.


Table 3 | Effect of mycorrhizal fungi on biomass produced in the greenhouse.







3.3 Effects of Inoculation of Arbuscular Mycorrhizal Fungi Strains on Maize Plant Growth and Yield Under Field Conditions


3.3.1 Effects of Mycorrhizal Fungi on Maize Plant Growth Under Field Conditions


3.3.1.1 Height (cm)

The effects of the treatments on maize plants were evaluated over a period of sixty (60) days at regular 15-day intervals (Figure 2). Thus, in the field, between the 15th and 30th day after sowing (DAS), the plants had synchronous growth with similar values for the parameters assessed. Between the 30th and the 45th day after sowing, differentiations are observed. It can be seen that treatments T5 (Glomeraceae + 25% NPK+ urea) and T8 (Glomeraceae + 50% NPK+ Urea) induce the best performance in height (p-value < 0.001). After 45 days, the variations observed between the 30th and 45th days of the season became more pronounced with the T8 treatment (Glomeraceae + 50% NPK+ urea), which induced the greatest height values with an increase of 96.26% compared to the control plants (T1). Also, a demarcation was observed between the treatment that received the biostimulant combined with half dose of NPK (T8 =Glomeraceae + 50% NPK+ urea) and the treatment that received the full dose of NPK recommended (T10 = 100% NPK+ urea) with an increase of 17.87%.




Figure 2 | Height variation as a function of field-world treatments. T1, Control; T2, Glomeraceae; T3, Acaulosporaceae; T4, 25% NPK + urea; T5, Glomeraceae + 25% NPK+ urea; T6, Acaulosporaceae + 25% NPK+ urea; T7, 50% NPK + urea; T8, Glomeraceae + 50% NPK+ urea  ; T9, Acaulosporaceae + 50% NPK+ urea; T10, 100% NPK+ urea.





3.3.1.2 Diameter at Collar (cm)

Figure 3 illustrates that the time-treatment interaction has a significant effect on plant diameters (p-value < 0.001). The results of the seedling analysis revealed that the highest values in diameter were recorded with treatment T5 (Glomeraceae + 25%NPK-Urea) while the lowest values in diameter were obtained with treatment T1 (Control). A difference of 70.07% was noted between treatments T5 (Glomeraceae + 25%NPK-Urea) and T1 (Control) from the 45th day of the season onwards and of 20.72% between the treatment (T5=Glomeraceae + 25%NPK-Urea) that provided plants with larger diameter values at the crown and the treatment that received the full recommended dose of NPK (T10 = 100% NPK+ urea). These results indicate an improvement in this trait following the application of the biostimulant in combination with a quarter of the recommended NPK dose compared to the application of the full NPK dose.




Figure 3 | Variation in diameter as a function of field treatments. T1, Control; T2, Glomeraceae; T3, Acaulosporaceae; T4, 25% NPK + urea; T5, Glomeraceae + 25% NPK+ urea; T6, Acaulosporaceae + 25% NPK+ urea; T7, 50% NPK + urea; T8, Glomeraceae + 50% NPK+ urea; T9, Acaulosporaceae + 50% NPK+ urea; T10, 100% NPK+ urea.





3.3.1.3 Leaf Area (cm2)

Table 4 shows the results of leaf area measurements of maize plants inoculated or not with endogenous arbuscular mycorrhizal fungi (AMF). The results show that the leaf area of the plants varies according to the type of inoculum used. The inoculation of maize plants with Glomeraceae and Acaulosporaceae improved the leaf area of the plants. Statistical analysis showed a significant effect (p-value < 0.005) between the different treatments. The highest values in leaf area were recorded with treatment T6 (Acaulosporaceae + 25% NPK+ Urea) with an increase of 44.06% compared to treatment T1 (Control) and 14.35% compared to treatment T10 (100%NPK+Urea). We also found that contrary to the first two growth parameters (height and crown diameter), the plants with a large leaf area in the natural environment were those that received the T6 treatment (Acaulosporaceae + 25% NPK+ Urea).


Table 4 | Average leaf area per treatment (CI-95%: Confidence Intervals).






3.3.2 Effects of Mycorrhizal Fungi on Maize Plant Biomass and Grain Yield in Field Conditions

Table 5 shows the mean dry above-ground biomass, dry below-ground biomass and grain yield of maize plants recorded under field conditions. A significant effect was noted on all three variables measured. The highest values (Table 5) for dry above-ground biomass, dry below-ground biomass and grain yield were obtained with the Glomeracea+25%NPK-Urea treatment compared to the control plants with increases of 51.26%, 136.36% and 65.28%, respectively. It should be noted that these different mean values per parameter vary significantly (p-value < 0.01). Table 5 shows the different treatment groups with similar effects per parameter. From the analysis of this table, it appears that treatments T5 (Glomeraceae + 25% NPK+ Urea), T6 (Acaulosporaceae + 25% NPK+ Urea) and T8 (Glomeraceae + 50% NPK+ Urea) gave the highest values in dry above-ground biomass, followed by treatments; T4 (25% NPK + Urea), T9 (Acaulosporaceae + 50% NPK+ urea) and T10 (100% NPK+ urea) have similar effects, less important than those of the first batch, followed by the group of T2 (Glomeraceae) and T3 (Acaulosporaceae) which have effects very close to the performances obtained with the T1 treatment (Control) On the other hand, treatment T5 (Glomeraceae + 25% NPK+ Urea) induced the best performance in dry below-ground biomass. A group composed of treatments T6 (Acaulosporaceae + 25% NPK+ urea), T7 (50% NPK + Urea), T8 (Glomeraceae + 50% NPK+ Urea), T9 (Acaulosporaceae + 50% NPK+ Urea), T10 (100% NPK+ Urea), produced plants with biomasses relatively close to those of the plants subjected to treatment T5 (Glomeraceae + 25% NPK+ Urea). Treatments T2 (Glomeraceae), T3 (Acaulosporaceae) and T4 (25% NPK + Urea) had relatively less effect on the below-ground biomass of the plants than the previous group. Again, treatment T1 (Control) caused the lowest values of below-ground biomass. In terms of grain yield, treatments T5 (Glomeraceae + 25% NPK+ Urea), T6 (Acaulosporaceae + 25% NPK+ Urea), T8 (Glomeraceae + 50% NPK+ Urea) and T10 (100% NPK+ Urea) had the highest yield. It was found that the group composed of treatments T4 (25% NPK+ Urea), T7 (50% NPK + Urea) and T9 (Acaulosporaceae + 50% NPK+ Urea) as well as that composed of treatments T2 (Glomeraceae) and T3 (Acaulosporaceae) were similar to each other, and the lowest values were recorded with treatment T1 (Control). The highest values for dry above-ground biomass, dry root biomass and grain yield were obtained with the Glomeraceae biostimulant when combined with the recommended dose of 25%NPK-Urea. Also, when comparing these values obtained with the best treatment (T5=Glomeraceae + 25% NPK+ Urea) and the treatment receiving the full recommended dose of NPK (T10 = 100% NPK+ Urea), we note demarcations of 7.71%, 4% and 3.23%, respectively recorded on the variables dry above-ground biomass, dry below-ground biomass and grain yield.


Table 5 | Influence of endogenous strains on the variables of biomass produced and grain yield according to the type of treatment in the field.





3.3.3 Effect of Mycorrhizal Fungi on the Projection of Variables And Treatments in the First Two Dimensions of Multiple Factor Analysis

The proportion of variance explained by the first two dimensions (axes) is estimated at 93.2%. Figure 4 shows the association between plant growth and yield variables and treatments, as well as the correlation between variables and dimensions and between treatments and dimensions. All variables are positively correlated to the first dimension. Height, biomass and grain yield are the most correlated. The first dimension represents the high values of yield and height. The variables that are relatively correlated in the second dimension are crown diameter and leaf area.




Figure 4 | Projections of variables (A) and treatments (B) in the first two dimensions of the Multiple Factor Analysis (MFA).



In fact, the first dimension mainly opposes treatments T5 (Glomeraceae+25%NPK+Urea), T6 (Acaulosporaceae +25%NPK+Urea) and T8 (Glomeraceae +50%NPK+Urea) to treatment T1 (Control). Thus, it appears that the treatments based on the combination of arbuscular mycorrhizal fungi and chemical fertilizers, especially at 25% NPK, gave high values of the different growth and yield parameters, whereas the farmers’ practices produced low growth and yield values. It is deduced that arbuscular mycorrhizal fungi (especially Glomeraceae) ensure good plant performance when combined with low doses of chemical fertilizers (25%NPK+Urea).

The second axis is essentially associated with treatments T4 (25%NPK+Urea), T7 (50%NPK+Urea) and T10 (100%NPK+Urea) characterized by a high value of leaf area, which are essentially treatments based on chemical fertilizers at various doses, as opposed to treatments T2 (Glomeraceae) and T3 (Acaulosporaceae) characterized by an increase in diameters, consisting of treatments based solely on arbuscular mycorrhizal fungi. It was found that chemical fertilizers had a greater effect on the leaf development of the plants than did the fungi, whereas the arbuscular mycorrhizal fungi had a significant effect on the development of the plant diameters.

These results indicate that the arbuscular mycorrhizal fungi were very beneficial to the plants by ensuring good development and yield, and to the farmers by allowing them to reduce the use of chemical fertilizers and, in turn, to reduce economic expenses.


3.3.3.1 Impact of Mycorrhizal Fungi on Mycorrhization Parameters in the Greenhouse and in the Field

The intensity and frequency of mycorrhization varied between the different treatments (Figure 5). Analysis of the radar plot showing mycorrhization parameters by treatment shows that mycorrhization frequencies are mostly higher than mycorrhization intensities in the greenhouse and the field, as shown in the figures. Indeed, the strains without mineral fertilizers (NPK and urea) give the highest mycorrhization frequencies and intensities in the field and in the greenhouse. We noted that these frequencies and intensities decrease as soon as the quantity of mineral fertilizers increases. This is the case for the treatments ‘Glomeraceae+50%NPK+Urea’ and ‘Acaulosporaceae+50%NPK+Urea’, which give the lowest mycorrhization frequencies and intensities in the greenhouse and in the field.




Figure 5 | Mycorrhization variables in the greenhouse (A) and the field (B).



Note that the Glomeraceae strain gave the highest mycorrhization frequency and intensity in the field and the highest mycorrhization frequency in the greenhouse, followed by Acaulosporaceae. The highest mycorrhization intensity in the greenhouse was obtained with the Acaulosporaceae strain.






4 Discussion

In tropical zone, the management of natural soil fertility is one of the major challenges that agricultural actors must face to transform their eùpirical and subsistence-based agriculture into sustainable, economical, more rational and income-generating agriculture (Malonda et al., 2019).

This study aims to improve the growth and grain yield of maize through the use of arbuscular mycorrhizal fungi (AMF) while reducing excessive doses of mineral fertilizers applied.

In Benin, maize grows typically under conditions of well-distributed rainfall of 400 to 600 mm, an optimum temperature of 28 to 35°C on deep ferrallitic, ferruginous or vertisol soils with pH values ranging from 5.5 to 7 (INRAB, 1995). The results of the chemical analysis of the soils revealed that the soil samples are slightly alkaline (pH = 7.3) at the horizon (0-20cm). The soil fertility (Table 1) is medium and was richer in Ca2+ than in potassium K+ ions. The carbon-nitrogen ratio C/N was relatively low at the topsoil level. Phosphorus content at the topsoil level (46.73mg/kg soil) was also low. These soils are therefore conducive for a good expression of arbuscular mycorrhizal fungi regarding their effectiveness on the different variables collected. These results are supported by the work of Gabriel and Cristina (2007).

Indeed, for adequate development of plant, it is necessary that nutrients are available in enough and balanced quantities (Yayeh and Melkamu, 2017). To achieve that plants convert light energy (from certain sunlight waves or other light sources) into chemical energy to ensure their metabolism (Ndonda, 2018). Thus, this chemical energy is stored into sugars by the plants through photosynthesis. This photosynthesis takes place within characteristic plant cell structures (chloroplasts) and gives plants some ability to convert energy from sunlight and carbon dioxide into sugars and oxygen (Ndonda, 2018). The mycorrhizal fungi in turn, use this sugar from photosynthesis for their own growth and promote better acquisition of unaccessible minerals within the soil where in one hand roots cannot reach and in other hand the proliferation of some non-symbiotic microorganisms involved in biogeochemical cycles release useful and available minerals for plants (Evelin et al., 2012).

Also, these microorganisms stimulate the root development allowing the acquisition of water in-depth for the benefit of the plant. The measured growth variables show improved mineral nutrition of the plant, indicating the effectiveness of the biostimulants in the acquisition of minerals necessary for the growth of the plant in a both controlled and field environment (Pagano, 2014).

In the greenhouse, treatments that received the biostimulant improved growth variables compared to control plants and even those that received the full recommended dose of mineral fertilizer. A significant difference (P<0.001) was noted in the growth variables (Height, Collar diameter and Leaf area). The highest height values were obtained in plants treated with Acaulosporaceae+25%NPK+Urea (T6) followed by those treated with Glomeraceae+25%NPK+Urea (T5) with respective increases of 63.74% and 50% compared to the control plants (T1).

Regarding the growth in diameter at the collar of the plants, treatments T6 (Acaulosporaceae+25%NPK+Urea) and T5 (Glomeraceae+25%NPK+Urea) presented significantly (p<0.01) the highest values, with respective increases of 61.53% and 50% compared to treatment T1 (Control).

As for the leaf area, treatments T5 (Glomeraceae+25%NPK+Urea) and T7 (50%NPK+Urea) presented the highest values (p<0.01) with respective increases of 47.99% and 32.75% compared to treatment T1 (Control). These results show the ameliorative effect of biostimulants on growth variables measured on maize plants in a controlled environment and are supported by those of many authors in Benin (Assogba et al., 2017; Bossou et al., 2019; Koda et al., 2020; Aguégué et al., 2021) and in other countries (Leye et al., 2015; Igiehon and Babalola, 2021) who have highlighted the positive effect of biostimulants on each plant organ and in turn on the plant.

Also, these biostimulants induced high values in produced biomass (dry above-ground biomass and dry below-ground biomass). The highest values in dry above-ground biomass of maize plants were obtained with the biostimulant Glomeraceae combined with 25%NPK-Urea with an increase of 78.57% compared to the control treatment and of 29.53% compared to the T10 treatment (100%NPK+Urea). Regarding dry subterranean biomass, the highest values were obtained with the biostimulant Acaulosporaceae with an increase of 103.17% compared to T1 (Control) and 38.83% compared to T10 treatment (100%NPK+Urea). These results show the ameliorative effect of biostimulants on the biomass produced and can be explained by the fact that the biostimulants fit well to their ecosystem and improve the availability of water and mineral elements to the maize plants as it is demonstrated that he weak concentrations of nutrients limit the growth of and the productivity of the crops (Shen et al., 2016). Furthermore, AMF may have produced auxin that can modulate growth and root architecture (Gamalero et al., 2004), and exopolysaccharides that may solubilize phosphate and maintain water film necessary for photosynthetic activity and plant growth (Sharma et al., 2013; Tarraf et al., 2017). We can therefore say that these biostimulants used in this study are effective in improving biomass yields while reducing the use of mineral fertilizers. The same observations were made by Koda et al. (2018); Assogba et al. (2020c) and Aguégué et al. (2021) in Benin and by Gnamkoulamba et al. (2018a) in Togo who proved the effectiveness of biostimulants on rice growth and yield.

In addition, observation of the growth of maize plants carried out in a field environment after inoculation of the plants with the two endogenous strains of arbuscular mycorrhizal fungi revealed that inoculated plants were better developed than those not inoculated.

The height values of the plants at 30 days after inoculation were similar. A significant difference was observed between the 30th and 45th day of growth with the biostimulant Glomeraceae. After 45 days, the variations observed between the 30th and the 45th day of the plant’s life became more pronounced with the T8 treatment (Glomeraceae + 50% NPK+ Urea), which induced high height values with an increase of 96.26% compared to the control plants (T1) and a rise of 17.87% compared to the treatment that received the full dose of NPK recommended (T10 = 100% NPK+ Urea)

Regarding the variables neck diameters and leaf area, they were improved respectively by treatments T5 (Glomeraceae + 25%NPK+ Urea) and T6 (Acaulosporaceae + 25% NPK+ Urea) with an increase of 44.06% compared to treatment T1 (Control) and 14.35% compared to treatment T10 (100%NPK+ Urea). These results explain the effectiveness of biostimulants (Glomeraceae and Acaulosporaceae) in improving the growth parameters measured through the good absorption of water and essential nutrients needed by maize plants for their development. We have highlighted the same observations in our studies (Assogba et al., 2017; Assogba et al., 2020b; Aguégué et al., 2021) in Benin.

These results are consistent with the work of some authors (Atul-Nayyar et al., 2009; Haro et al., 2012; Djatta et al., 2013; Haougui et al., 2013; Haro et al., 2015; Manga et al., 2017), who highlighted the improvement of mineral element uptake (phosphorus and nitrogen), nutrition and growth of plants associated with mycorrhizae.

For the yield variables of produced biomass (above-ground and dry below-ground biomass) and grain yield, we found a very highly significant difference (P < 0.001) between treatments for all measured yield variables (Table 5). The highest values for above-ground dry biomass, below-ground dry biomass and grain yield were obtained with the Glomeracea+25%NPK-Urea treatment compared to the control plants with increases of 51.26%, 136.36% and 65.28% respectively. It should be noted that these different average values per parameter vary significantly at the 5% threshold (p-value < 0.01). Gnamkoulamba et al. (2018b) made the same observations on rice. They recorded significant total dry biomass of rice and indicated an increasing trend with AMF inoculation. Moreover, Wahbi et al. (2016) found that mycorrhizal inoculation had a significantly positive effect on the shoot dry weights and total shoot N in faba bean,but not in wheat. Zhang et al. (2018) proved the involvement of MACs in improving biomass allocation to different plant organs through increased redistribution of phosphorus and nitrogen to grains. Furthermore, Haro et al. (2016) and Haro et al. (2017) demonstrated that plant growth and production are improved by mycorrhizal symbiosis even when these plants are growing on relatively mineral-poor soils and therefore exploitation of this symbiosis would be beneficial.

These results recorded at the level of growth and yield variables can be explained by a good absorption of mineral elements (Sharma et al., 2017; Aguégué et al., 2021) and a good accommodation of the strains, their resistance to observed area of drought (Aroca et al., 2007; Assogba et al., 2020c; Aguegue et al., 2020) or their resistance to specific root and leaf pathogens (Campos-Soriano et al., 2011). In terms of productivity, growth improvements may lead to a better yield (Raklami et al., 2019)

Mycorrhization rate is estimated by two arbuscular mycorrhizal infection parameters (mycorrhization frequency and mycorrhization intensity). The mycorrhization frequency (F) reflects the degree of infection of the root system, i.e., it gives us information on the number of mycorrhized root fragments observed and the number of fragments without any trace of mycorrhization on a total of one hundred (100) roots observed. The mycorrhization intensity expresses the portion of the colonized cortex in relation to the whole root system.

The results of the analyses reveal high frequencies and intensities of mycorrhization observed in the greenhouse and in the field, which explain the results obtained in the variables of growth, biomass produced and grain yield recorded on the mycorrhized plants, which present the highest values compared to the non-mycorrhized plants. These results are similar to those of Tian et al. (2013) showed 76-80% colonization of maize roots after inoculation.

Indeed, it should be noted that beyond 12% mycorrhization intensity, the benefits derived by the plant symbiont are interesting (Oliveira et al., 2006), which shows a strong accommodation between the strains and the host plant. This adaptability would be related to their endogenous origin (Benjelloun et al., 2014). Out of the two endogenous strains used in our study, Glomeraceae-induced plants gave the highest values, especially in a field environment for all variables. Therefore, this strain proved the effectiveness of AMF-based biostimulants.



5 Conclusion

The purpose of this study was to test the fertilizing potential of two endogenous AMF on the growth and grain yield parameters of maize under greenhouse and field conditions.

Results from this study showed that the arbuscular mycorrhizal fungi strains used had the ability to colonize the rhizosphere in both the greenhouse and field. It also showed a high ability to infect the roots of maize plants and improve all variables of the inoculated plants. The Acaulosporacea + 25% NPK+ Urea and Glomeracea +25%NPK-Urea treatments induced the best plant growth and corn grain yields compared to control plants under greenhouse and field conditions, respectively.

These obtained results demonstrated that mycorrhizal inoculums were able to adapt not only with chemical fertilizers but also with the native soil microflora.These results showed that the mycorrhization of maize with the different endogenous strains of Arbuscular Miccorrhizal Fungi (AMF) could improve the productivity of maize plant while discouraging excessive use of mineral fertilizers. Field experiments on larger areas need to be repeated to further establish this technology and later develop arbuscular mycorrhizal fungi-based biostimulants forsustainable agriculture in Benin.
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The present study aims to evaluate the effects of the exotic shrub Acacia cyanophylla Lindl. on soil fertility by studying 1) its ability to modify the soil physicochemical composition, 2) its contribution to the soil mycorrhizal potential and its impact on the richness and diversity of the arbuscular mycorrhizal fungi (AMF) community in the rhizospheric soil (RS), and finally 3) its atmospheric nitrogen fixation potential. The physicochemical analysis of the RS has shown that soil invasion by A. cyanophylla has a beneficial effect on its fertility; this advantage is demonstrated by the increase of the organic matter and the nutrient contents (N, P, K, Na, Ca) in the RS. Furthermore, the roots of this shrub exhibited broad AMF colonization, which confirms its high mycotrophic aspect. Four differentiated morphotypes of mycorrhizal spores were isolated from the RS of A. cyanophylla by use of the wet sieving method. In addition, the most probable number method showed that A. cyanophylla was capable of dramatically increasing the mycorrhizal potential of the soil. Indeed, more than 1,213 infectious propagules per one hundred grams of soil were detected in the RS of A. cyanophylla. Moreover, A. cyanophylla roots showed a significant presence of nodules indicating an active atmospheric nitrogen fixation. Counting revealed the presence of at least 130 nodules in the root fragments contained in 1 kg of soil. In conclusion, the biological invasion of sand dunes by the exotic shrub A. cyanophylla exhibited beneficial effects on the soil’s chemical composition and functioning, the activity of rhizobacteria in fixing atmospheric nitrogen, and phosphate bioavailability under the action of the native AMF community.
Keywords: Acacia cyanophylla Lindl, arbuscular mycorrhizal fungi, rhizobacteria, nitrogen fixation, sand-dune ecosystem
INTRODUCTION
A plant species is said to be “invasive” when its proliferation in natural environments induces significant changes in the composition, structure, and functioning of ecosystems. These species are categorized by their ability to adapt to a wide range of environmental conditions and resist disturbances (Blackburn et al., 2011; Sfairi et al., 2012; Baumel et al., 2018). In Morocco, several phyllode plant species native to Australia have been introduced to enrich the local flora, stabilize soils, constitute green belts and produce fuelwood and fodder (Lahdachi et al., 2015). Acacia cyclops, Acacia mollissima and Acacia cyanophylla are among the most widely used species (Benbrahim et al., 2014). A. cyanophylla is used almost everywhere for reforestation, ornamentation, production of soil tannins and coastal dune fixation (Marzialetti et al., 2019). Its tolerance to cold, drought, salinity and fires has enabled it to be classified among the most forest species used in the reforestation of arid and semi-arid zones (Derkaoui et al., 2016; Kheloufi et al., 2019). In addition, this hardy competitive legume species is nodulating with a vast number of Rhizobium strains, fixing atmospheric nitrogen (Amrani et al., 2010; Pathak et al., 2017). Furthermore, the species can establish a symbiotic partnership with many soil arbuscular mycorrhizal fungi (AMF). These fungal symbionts are the most widespread on the surface of the globe and adapted to many environments and different host plants (Vaishnav et al., 2017; Jacobs et al., 2020); they can form mutualistic associations with the roots of about 80% of terrestrial plants (Smith and read 2008). Golden wreath wattle (A. cyanophylla Lindl or A. saligna Labill) is a species native to the temperate region of southwestern Australia, where it has a naturally widespread distribution (Millar and Byrne, 2012) in various habitats, especially on soils with a high proportion of sand, such as dunes, sandy plains, or rocky ridges where it forms open forests (Griffin et al., 2011). Regarding climatic requirements, A. cyanophylla grows under average temperatures close to 13 °C in winter and 30°C in summer (Thompson et al., 2015). This shrub prefers sandy soils receiving more than 250 mm annual rainfall (El-Euch, 2000; Derbel et al., 2009). Outside of its natural range, A. cyanophylla has become an invasive species due to several factors, including its ability to regenerate after cutting or burning, its rapid growth in low-nutrient soils, its ability to fix nitrogen and its early reproductive maturity, and finally, the seeds’ ability to survive in fire (St-Denis et al., 2017; Badalamenti et al., 2018). A. cyanophylla presents direct socio-economic interests by the production of wood and edible seeds (Le Maitre et al., 2011); this shrub is also a source of high-quality fodder and complementary food for livestock due to its richness in proteins (Ee and Yates, 2013; Gebreyohaness, 2016). Regarding the ecological interests of A. cyanophylla, this species contributes to the softening of the climate of arid and semi-arid zones and ensures the fixation of sandy and coastal dunes. The lateral root system favors better maintenance of the cohesion of the soil particles (Boukhatem et al., 2012; Martínez et al., 2013; Lozano et al., 2020).
In addition, this shrub exhibits an arbuscular mycorrhizal symbiotic association receptiveness, particularly in phosphorus-deficient soils (Belay et al., 2013; Ilahi et al., 2021). The mycorrhizal fungi symbiosis is a mutualistic collaboration between a soil fungus and the roots of a host plant. This symbiosis is established by the development of a network of hyphae that can reach up to 1 km per 1 m of the root system (Fortin et al., 2015). The fungus removes sugars from the plant while the plant receives minerals and water from the fungus (Jadrane et al., 2021). Moreover, without this association, the AMF cannot complete its life cycle (Barea et al., 2005; Ouahmane et al., 2007b; He and Nara, 2007). The AMF develop long extra-root hyphae that allow the plant to exploit a large soil area. They can therefore have access to additional resources of water and mineral elements, which are then transmitted to the host plant through the roots (Smith and read 2008; Bouskout et al., 2022). Mycorrhizal plants receive phosphate from AMF and this most often leads to an increase in biomass compared to non-colonized plants (Balzergue et al., 2013). This difference can be explained by several mechanisms, among others, the expansion of the plant’s root absorption surface thanks to the extra-root network (Duponnois et al., 2009) and consequently, better exploitation of the phosphate of the soil beyond the zone of exhaustion of the root (Tisdall, 1991; Wahid et al., 2020). Additionally, the AMF hyphae possess phosphatases that promote the release of immobile phosphorus in the soil and allow the mineralization of organic sources of phosphates (Wahid et al., 2020). The phosphorus thus mobilized becomes available in the soil. On the other hand, several studies have reported an improvement in nitrogen nutrition provided by AMF, which has the necessary enzymatic equipment for the use of ammonium and nitrates (Nakmee et al., 2016). So, mycorrhizae play an important role in the plant’s uptake of certain forms of nitrogen (Beltrano et al., 2013). According to better use of the soil by the extra-root network, AMF increases the absorption of other mineral elements such as K, Ca, Mg and certain trace elements such as Zn, S and Cu (Abbaspour et al., 2012; Lehmann et al., 2014). AMF also have direct effects on soil quality, the extra-root mycelium produced by mycorrhizal roots, which constitutes a three-dimensional network that connects the plant to the surrounding soil, contributes to the formation of stable aggregates in the soil. The stability of these soil aggregates can be explained by the production of glomalin, a glycoprotein that acts by its hydrophobic properties to stabilize the aggregates (Singh et al., 2013). The stabilization of soil aggregates is also a result of the fixation of soil particles by hyphae and roots and the exudation of polysaccharides (Kohler et al., 2017).
The current study examined the effects of the invasive plant Acacia cyanophylla on the soil’s physicochemical parameters, on the soil’s richness and diversity of mycorrhizal fungi morphotypes, on the rhizospheric soil’s mycorrhizal potential, and finally on atmospheric nitrogen fixation in the sand dune ecosystem of Essaouira, Morocco.
MATERIAL AND METHODS
Study Site and Soil Sampling
The Essaouira region in Morocco seems to be a suitable study area due to the importance of the living dune ecosystem (latitude of 31° 30′ 0.00″ N; longitude of −9° −45′ −36, 00″ W) and the heavy invasion process conducted by A. cyanophylla. Three sites were randomly chosen to find out how A. cyanophylla changes soil chemical and biological fertility. They were named site 1, site 2 and site 3. On 4 March 2019, five A. cyanophylla plants were randomly picked at each site. At a depth of 10–20 cm, soils directly influenced by the roots (rhizosphere) were collected. Additionally, the bare soil (served as a control) was gathered well away from any plant roots at each location. Fifteen rhizosphere soil samples and three bare soil samples were collected. A composite soil was produced for each of the three sites by mixing the five samples homogeneously. The bare soils were also combined to generate a homogeneous sample (control).
Soil pH and Electric Conductivity
The physicochemical properties of the examined soils are given in Table 1. Initially, all soil samples were air-dried and sieved at 2 mm. Afterward, an aliquot of soil was suspended in distilled water (1:2.5, w/v) before being stirred for 30 min using a mechanical agitator. The pH of each soil was measured by a calibrated digital pH meter (JP Selecta pH-2006). The electric conductivity of the soil was measured after magnetic stirring for 20 min of 10 g of soil in 50 ml of distilled water; the measurement was carried out using a conductivity meter calibrated with a KCl solution (0.001N).
TABLE 1 | pH, electrical conductivity and mineral contents of the rhizospheric soils of Acacia cyanophylla and the bare soil (control) in the sand dunes of Essaouira.
[image: Table 1]Total Organic Carbon and Soil Organic Matter
The organic matter was determined according to Anne’s method as described by Genin et al. (2017), which is based on the oxidation of soil organic carbon by potassium dichromate in an acidic medium and the back titration of the excess potassium dichromate by a solution of Mohr’s salt in the presence of diphenylamine sulfonate as an indicator. After titration, the percentage of total organic carbon (%TOC) was calculated according to the following formula:
[image: image]
where: Vc (cm3) = Control volume, Vs (cm3) = sample volume and m (g) = soil dry mass.
The soil organic matter content (%OM) was calculated as follows:
[image: image]
Soil Mineral Content
To assess the mineral content of A. cyanophylla soil, 2 g of rhizospheric and bare soil were digested in sulfuric acid solution at 600°C for 6 h. Ash was mixed with 2 ml of HCl (10N), agitated, evaporated on a hot plate, and collected in 100 ml of distilled water. The contents of K+, Na+ and Ca2+were determined according to the method of Brown and Lilleland, (1946) using a flame spectrophotometer. The total nitrogen was determined using the Kjeldahl method (Bremner, 1960). The available phosphorus was determined using the molybdenum blue colorimetric technique (Wei et al., 2009). The optical densities of the solutions were measured at 880 nm using an S-22 UV/Vis spectrophotometer (Boeco, Germany).
Enumeration of Arbuscular Mycorrhizal Fungi Spores in Soils
Isolation of arbuscular mycorrhizal fungi spores from rhizosphere soil was performed according to the method described by (Brundrett et al., 1996), based on the extraction of spores by wet sieving and decanting of soil followed by centrifugation in a sucrose solution. So, 100 g of rhizosphere soil was suspended in 1 L of tap water. The mixture was then stirred and then left to settle. After decantation, the supernatant was poured through a series of sieves ranging in size from 800 μm to 50 μm to remove the largest particles of organic matter from the soil while still retaining spores of different sizes. The operation was repeated several times to recover as many spores as possible. Spores suspension retained in sieves was suspended in distilled water and centrifuged for 5 min at 2000 rpm, the supernatant and floating debris were removed to add 20 ml of sucrose solution (65%) to the pellet for 1 min centrifugation at 2000 rpm to separate the spores of denser soil components. The supernatant was filtered through a filter paper under a vacuum, and the spores were collected on Petri dishes for enumeration using a binocular magnifying glass (Magnification:×40).
Morphological Description of Arbuscular Mycorrhizal Fungi Spores Associated With Acacia cyanophylla
Spore extraction was based on the wet sieving and decantation of the soil samples (Gerdemann and Nicolson, 1963) and the concentration of the spores by centrifugation on a sucrose solution (Brundrett et al., 1996). The isolated spores were sorted under the binocular (Magnification ×40) according to morphological characters (color, size, shape). Other morphological parameters were used under a microscope after mounting the spores between slide and coverslip, such as the diameter of the spores, the lamellar structure of the spore wall, and the form of attachment of the hyphae to the spore. Finally, recovered spores were stored in a polyvinyl-lacto-glycerine (PVLG) medium until use (Estaún et al., 1997). Spores with similar morphological traits were grouped in a homogeneous group called a morphotype. The relative abundance of each morphotype was calculated as the number of spores of that morphotype divided by the total number of spores from each soil (El kinany et al., 2018).
Determination of Mycorrhizal Traits in the Roots of Acacia cyanophylla
Thinning and coloring of roots were carried out following the modified method of Phillips and Hayman (1970). The roots were washed under a gentle stream of water to remove attached soil, organic matter, and foreign roots. A 10% KOH solution was used to bleach the roots for 60 min at a temperature of 90°C. The samples were then rinsed and acidified by adding a few drops of 5% lactic acid, which neutralized the remaining KOH. The thinned roots were stained with a 0.05% acidic trypan blue solution, diluted in lactoglycerol (1/3 water, 1/3 glycerol and 1/3 lactic acid) for 15 min at 90°C. The colored roots were then mounted between the slide and coverslip and observed using a Microscope. The mycorrhizal frequency represents the number of mycorrhizal roots in the total examined roots. While the mycorrhizal colonization provides information on the total volume of the root colonized by different fungal structures. It was estimated according to five classes of colonization 0 (non mycorrhized at all), 1 (trace of mycorrhization), 2 (less than 10% colonization), 3 (between 11 and 50% colonization), 4 (between 51 and 90%), 5 (more than 91% colonization) (McGonigle et al., 1990; Brundrett et al., 1996). The volume occupied by each different mycorrhizal structure (Mycelium, vesicles, arbuscules) was also estimated by microscopic observations.
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where n5 is the number of fragments with index 5, n1 is the number of fragments with index 1, and I is the frequency assigned to the index 5.
The absolute mycorrhization intensity (Mycorrhization intensity among mycorrhized fragments) is calculated as follows:
[image: image]
where Tf = Total fragments and Mf = Mycorrhized fragments.
Determination of the Mycorrhizal Rhizospheric Soil Infectivity of A. cyanophylla by the Method of the MPN of Fungal Propagules
The Most Probable Number (MPN) method was performed to determine the mycorrhizal infectious potential of a soil which exhibits the ability of that soil to initiate the formation of mycorrhizal associations in a test plant from a quantity of inoculum present in rhizosphere soil in the form of spores, mycelium and root debris bearing vesicles (propagules) (Ouahmane et al., 2012). For this, the five samples of rhizospheric soils taken were mixed to have a homogeneous composite, and the latter was diluted in sterile soil (121°C, 2 h) in proportion (1, 1/4, 1/16, 1/64, 1/256, 1/1,024) with 5 repetitions for each dilution level. In parallel, the control soil was diluted in the same way. Maize was used as an endophytic plant to trap the native mycorrhizal complex associated with A. cyanophylla. Corn seeds were pre-germinated in Petri dishes at an ambient temperature of 25°C and then planted in plastic cups containing 100 g of dilution soil. After 4 weeks of cultivation, the plants were harvested and their root systems were carefully prepared for staining. During reading, roots representing at least one point of infection were classified as positive and negative ones were presented by lack of colonization (Ouahmane et al., 2007a; Ramos-Zapata et al., 2010). The estimation of the MPN was performed using the table of Fisher and Yates (1970) and the following formula:
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where x is the average number of mycorrhized pots, a is the dilution factor and k is a constant from table VIIItbl of Fisher and Yates for fivefold dilutions.
The standard deviation of log MPN is estimated and given by the formula (Cochran, 1950).
[image: image]
where n is the number of samples per dilution and a is the dilution ratio.
Nodulation Intensity
The evaluation of modulation of A. cyanophylla shrubs was carried out by direct counting of the functional nodules formed on the root system encountered in 1-kg rhizosphere soil.
Statistical Analysis
The results were processed with XL Stat software and SPSS software using the analysis of variance test (ANOVA) at a threshold of statistical significance set at 5% and the Tukey’s HSD test for the comparison of the means.
RESULTS
Soil pH and Electrical Conductivity
The soil pH and electric conductivity analysis showed significant differences between the rhizosphere soil and the control (bare soil) (Table 1). The introduction and establishment of golden wreath wattle (A. cyanophylla) in the sand dune of Essaouira resulted in widespread acidification of the soil in the study area. The reading of pH showed that the rhizospheric soil samples had values that were 7.4–8.6% lower than those of bare soil samples, which range from 9.10 to 8.3–8.4. Similarly, the presence of A. cyanophylla had shown a significant influence on electrical conductivity, which raised by 14.6–17.1% in rhizospheric soil (sites 1, 2 and 3) compared to bare soil (Table 1).
Total Organic Carbon and Mineral Content
A significant increase in the carbon and consequently in the organic matter contents of the sampled soils in the rhizosphere of A. cyanophylla was recorded. In comparison to adjacent bare soil, the amount of carbon in the rhizosphere rose approximately more than twice in the presence of trees at all sample locations. The pleading restitution of carbon to soil is certainly linked to the massive production of foliage by this legume (Table 1). The analysis of the rhizospheric soils under the crown of A. cyanophylla shrubs at the three sites studied showed organic matter contents two to three times greater than those in the bare soil. Mineral analysis of the soils showed a substantial accumulation of the main nutrients in the rhizosphere of A. cyanophylla. A significant difference was recorded for all the analyzed elements (N, P, K+, Ca2+, and Na+) compared with non-rhizosphere soil without the influence of the shrub. Enrichment of the soil by the golden wreath wattle was noticed for all the analyzed elements and which testified their contents doubling (P, K+, Ca2+, and Na+), particularly the nitrogen contents were three (site 1) to four (sites 2 and 3) times higher in rhizospheric soil than in control soil (Table 1). The quantity of available phosphorus and total potassium in the rhizosphere enhanced roughly 1.7–1.8 times in the presence of tree roots when compared to bare soil at all study sites as compared to bare soil.
Enumeration and Morphological Description of AMF Spores Associated With A. cyanophylla
Extraction and counting of spores from subjacent soils of A. cyanophylla showed at least 800 spores per 100 g of rhizosphere soil, while non-rhizosphere soil showed 160 spores per 100 g of soil only (Figure 1). A cyanophylla had shown a greater capacity to establish a symbiosis with arbuscular mycorrhizal fungi and higher production of fungal spores in the soil. The community of AMF associated with A. cyanophylla was described by the relative abundance of different morphotypes of encountered spores. Observation of the spores under the binocular microscope at high magnification revealed the presence of four different morphotypes depending on their color: black, dark brown, light brown, yellow and grey (Figure 2). As demonstrated in Figure 3, each AMF morphotype is represented by its relative abundance in Acacia cyanophylla rhizospheric soils as well as in control (bare soil).
[image: Figure 1]FIGURE 1 | Total number of mycorrhizal spores per 100 g soil in different rhizospheric soils of Acacia cyanophylla and in the control (bare soil) in the sand dune ecosystem of Essaouira. Graphs indexed by the same letter are not significantly different at p < 0.05 according to Tukey’s test (HSD).
[image: Figure 2]FIGURE 2 | Photos of the main representative mycorrhizal morphotypes encountered in the rhizosphere soil of Acacia cyanophylla in the sand dune ecosystem of Essaouira, Morocco.
[image: Figure 3]FIGURE 3 | Relative abundance of each AMF morphotype in rhizospheric soils of Acacia cyanophylla and in the control (bare soil) in the sand dune of Essaouira. For each soil sampling site, the bar-graphs (rate of each morphotype) indexed by the same letter are not significantly different at p < 0.05 according to the Tukey’s test (HSD).
Morphotype1: dark brown spores; this is the most common group in different plants-sites with a relative abundance of 40–50%.
Morphotype 2: light brown spores which exhibit a relative abundance of 30–47%.
Morphotype 3: black spores with a relative abundance of 15–23%.
Morphotype 4: greyish transparent spores with a relative abundance of only 3–7%.
Determination of Mycorrhizal Traits in Acacia cyanophylla Plant Roots
Microscopic observation of the roots of A. cyanophylla in the various sites showed that all the plants presented an arbuscular mycorrhizal fungus infection, and at least the mycorrhizal frequency reached 90%. The mycorrhizal colonization assessment showed rates between 40 and 50% (Table 2). The intensity of mycorrhizal infection (Ma %) varied between 40, 44, and 50% of roots collected in rhizospheric soil at sites 3, 1, and 2, respectively. It was discovered that the levels of vesicles and hyphae varied according to the location of the plants and rhizospheric soil collected; for example, Acacia cyanophylla roots from site 1 had the highest proportion of vesicles (60%), while those from sites 2 and 3 had the highest percentage of hyphae (70%). The proportion of arbuscules, on the other hand, is almost identical (10%) throughout the three sampling sites. A. cyanophylla roots showed higher levels of colonization by arbuscular mycorrhizal fungi, indicating that A. cyanophylla is one of the symbiotic plants that weave a strong relationship with AMF in their natural habitats.
TABLE 2 | Mycorrhizal and nodulation traits in roots of Acacia cyanophylla collected in different sites in the sand dune ecosystem of Essaouira.
[image: Table 2]Assessment of Mycorrhizogenic Infectious Potential of A. cyanophylla Rhizospheric Soil Using the MPN of Fungal Propagules Test
Maize plants have been used as an endophytic plant to trap the native mycorrhizal complex naturally associated with A. cyanophylla. Corn seedlings were grown on different dilutions of rhizosphere soils (1; 1/4; 1/16; 1/64; 1/256; 1/1,024) from different sites under A. cyanopylla. A seedling is considered to be mycorrhized when it has at least one point of infection. Only one among five corn seedlings was mycorrhizal in the control soil, which confirms the lower number of spores in this soil (Figure 1). However, all the roots of Maize seedlings grown in rhizospheric soils of A. cyanophylla exhibited a mycorrhizal infection with different colonization rates. The number of fungal propagules (viable spores, vesicles, root fragments) in each soil was determined using the table of Fisher and Yates. Based on the calculation, the MPN per 100 g was: MPN (IC 95%) = 1,240 for rhizosphere soil and was MPN (95% CI) = 48 for non-rhizospheric soil (Figure 4). The mycorrhizal fungal community of A. cyanophylla rhizosphere soil was assessed for its self-regeneration by testing the most probable number of fungal propagules in the soil without distinguishing between these propagules (viable spores, vesicles, root fragments).
[image: Figure 4]FIGURE 4 | The most probable number of fungal propagules in different rhizospheric soils of Acacia cyanophylla in the sand dune ecosystem of Essaouira. Bar-graphs indexed by the same letter are not significantly different according to the Tukey test (HSD) (p < 0.05).
Nodulation Activity
The direct counting of the total number of nodules formed by symbiotic rhizobacteria on A. cyanophylla roots showed that all the rhizosphere soil samples contained nodulated root fragments. All the root fragments at the level of the rhizosphere soil samples were examined and approximately 130 nodules per kilogram of soil were noted (Table 2).
DISCUSSION
In this study, golden wreath wattle (Acacia cyanophylla), an exotic shrub/tree species, was selected to examine the soil’s chemical and biological fertility in the sand dunes of Essaouira, Morocco. Generally, soils are the result of the activities of plants, which provide organic matter and play an important role in the weathering of rocks and mineral resources (Liu et al., 2022; Qin et al., 2019). In our study, the results of the physicochemical analysis suggest that A. cyanophylla has an advantage on chemical soil fertility, explained by the increase in the total organic matter and the content of mineral elements in the soil surrounding roots of A. cyanophylla. These results can be attributed to the fact that this shrub species is able to produce considerable amounts of biomass (Guarino and Sciarrillo, 2017). The roots and aerial biomass turn into the soil and undergo the degradation and mineralization process. This phenomenon leads to the soil enrichment in organic matter and mineral elements (C, N, P, K, Ca, Mg, N) (Yusoff et al., 2019). The environmental conditions of the study site (precipitations, temperature and sandy nature of the soil) allow the rapid transformation of organic matter and its incorporation into the soil, especially under the crown of shrubs. In addition, A. cyanophylla is a legume species capable of conducting dual symbiosis relationships with arbuscular mycorrhizal fungi and atmospheric nitrogen-fixing rhizobacteria (Birnbaum et al., 2017). These two types of symbiosis are traditionally known for their undeniable respective roles in phosphate and nitrogen nutrition. The levels of available phosphorus and total nitrogen in rhizospheric soils bear witness to these effects (Amira et al., 2012; Yusoff et al., 2019). In the current work, the phosphorus contents are twice as high and the total nitrogen contents are four times higher compared to a non-rhizosphere soil without the influence of the roots of A. cyanophylla. On the other hand, it is possible that soil type, climate, and plant species have an impact on the species composition of AMF fungal communities. Our findings suggest that A. cyanophylla is associated with a diversified fungal community, and at least we could distinguish four different morphotypes among the mycorrhizal community (Figure 3). The study of the morphological diversity of mycorrhizal fungi associated with the rhizospheric soil of A. cyanophylla has shown the existence of several morphotypes which show significant diversity (Afaf et al., 2015; Bouazza et al., 2015). This community of AMF adapted to these environments forms a mycelial network around the root system and allows the exploitation of a large surface at ground level, hence their capital role in the supply of water and phosphate for the plant. Otherwise, the self-regeneration capacity of the mycorrhizal fungal community in A. cyanophylla rhizosphere soil was determined by counting the most probable number of fungal propagules in the soil. We discovered that all the roots of Maize seedlings grown in A. cyanophylla rhizosphere soils had a mycorrhizal infection with varying colonization rates. These results confirmed the existence of an active community and a large number of viable propagules around the roots of A. cyanophylla, which provides information on the adaptation and functioning of these symbionts in the sand dune ecosystem of Essaouira (Guarino and Sciarrillo, 2017). This effect was also noticed in the rhizospheric soil of other invasive plants such as Retama monosperma, which presented a greater mycorrhizal potential, as well as Nicotiana glauca, which is a very mycotrophic shrub capable of increasing the stock of mycorrhizal propagules and thus serving as an effective source of mycorrhizal inoculum in severely disturbed and degraded soils characterized by very low mycorrhizal potential (Maier et al., 2000). Similar results were recently proved in mixed-species plantations of Eucalyptus and Acacia (Tchichelle et al., 2017). Moreover, A. cyanophylla was previously reported to exhibit a large number of nodules on the root system and to form symbioses with a higher number of Rhizobia strains (Amira et al., 2012; Bouazza et al., 2015; Birnbaum et al., 2017). The exotic shrub A. cyanophylla has shown its primordial role in maintaining and improving the chemical and biological fertility of the soil in the sand dunes ecosystem of Essaouira (Kavroulakis et al., 2020; Lozano et al., 2020; Tigka and Ipsilantis, 2020). These ecological and nutritional functions are ensured thanks to the rapid growth of the species, its enormous production of biomass, and its symbiotic status as a host plant for the rhizobacteria fixing atmospheric nitrogen and for arbuscular mycorrhizal fungi, which are known for their intervention in biogeochemical cycles of major nutrients such as phosphorus and nitrogen as well as their crucial role in the water nutrition of the host plants. According to our collected data, the total nitrogen level in the rhizosphere was three to four times greater than the nitrogen content in bare soil (Table 1). These interesting findings are in line with some previous studies and directly comparable to those published recently by Jian et al. (2022), who revealed the beneficial effects of Leymus secalinus and Carex praeclara on soil characteristics and microbial community composition in a Zoige desertified alpine grassland.
Indeed, all these potentialities and biological qualities highlighted and possessed by A. cyanophylla allow it to be advocated and recommended as an exotic plant in the programs aiming to combat soil degradation and to protect natural resources. Hence, the association of A. cyanophylla with fungal and rhizobial symbionts in reforestation programs would be of great importance to guarantee the success of Atlantic dunes fixation and to fight against the desertification phenomenon.
CONCLUSION
A. cyanophylla as an exotic plant has shown a vast ability to establish a dual symbiotic association with arbuscular mycorrhizal fungi and with atmospheric nitrogen-fixing rhizobacteria. A. cyanophylla showed beneficial effects on the quality and the fertility of the sand dune ecosystem soil of Essaouira. The rhizosphere microbial communities work in harmony with the plant to improve its nutrition and growth. Indeed, the fungal and bacterial partners provide the plant with sufficient amounts of water, phosphorus, nitrogen and other nutrients elements. On the other hand, A. cyanophylla is a fast-growing plant, and the large quantities of biomass produced by the plant are returned to the soil after their degradation and mineralization, which induces high levels of organic and mineral matter in the rhizosphere soil. A. cyanophylla can therefore modulate and maintain a sustainable balance between the different abiotic and biotic components involved in these interactions. The high potential of the rhizosphere soil to regenerate mycorrhizal and rhizobial associations testifies to the ecological balance established between the plant and its microbial symbionts. Hence, using golden wreath wattle in reforestation programs to rehabilitate and fix sand dunes is strongly recommended.
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Modern agriculture faces several challenges due to climate change, limited resources, and land degradation. Plant-associated soil microbes harbor beneficial plant growth-promoting (PGP) traits that can be used to address some of these challenges. These microbes are often formulated as inoculants for many crops. However, inconsistent productivity can be a problem since the performance of individual inoculants/microbes vary with environmental conditions. Over the past decade, the ability to utilize Next Generation Sequencing (NGS) approaches with soil microbes has led to an explosion of information regarding plant associated microbiomes. Although this type of work has been predominantly sequence-based and often descriptive in nature, increasingly it is moving towards microbiome functionality. The synthetic microbial communities (SynCom) approach is an emerging technique that involves co-culturing multiple taxa under well-defined conditions to mimic the structure and function of a microbiome. The SynCom approach hopes to increase microbial community stability through synergistic interactions between its members. This review will focus on plant-soil-microbiome interactions and how they have the potential to improve crop production. Current approaches in the formulation of synthetic microbial communities will be discussed, and its practical application in agriculture will be considered.
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Introduction

Agricultural production must increase by about 70% from its current level by 2050 to meet the demand for a growing population (ELD Initiative, 2015; Singh et al., 2020). However, current studies estimate that global food production will decrease by 12% over the next 25 years due to the degradation of agricultural lands (ELD Initiative, 2015). After the second industrial revolution, traditional agricultural practices shifted towards the use of synthetic chemical fertilizers and pesticides to improve crop production (Melillo, 2012; Dixon, 2018). The intensive use of these agrochemicals has led to the deterioration of the quality of both the soil as well as the environment (Meena V. S. et al., 2017). A possible solution to mitigate some of these problems might be the development of sustainable agriculture practices that harness crop-associated microbiomes to either increase or sustain higher yields while maintaining overall soil health and fertility (Toju et al., 2018; Singh et al., 2020).

Regardless of whether animals or plants are considered, microbial communities play vital roles in their respective ecosystems. The soil microbiome is defined as the microbial communities present in the soil and their encoded functions. Within the soil microbes can be found as both free-living or in symbiotic relationships with higher organisms (Banerjee et al., 2018), and are often considered key drivers of beneficial processes such as nutrient cycling and carbon sequestration (Fierer, 2017; Wallenstein, 2017; Qiu et al., 2019). Microorganisms that can form complex co-associations with plants obtain their carbon sources and other metabolites from the plant while performing these beneficial processes (Backer et al., 2018; Trivedi et al., 2020).

With up to 20-40% of a plant’s photosynthate becoming root exudate (Lynch and Whipps, 1990), it is not surprising that plants encourage microbial growth, and that changes in the exudation components can modify the composition of the associated microbial community (Wallenstein, 2017; Vives-Peris et al., 2020). Although many microorganisms can respond to plant exudates, it is becoming clear that plants harbor a specific subset of microorganisms, termed the core microbiome, that is consistently associated with a particular plant host across a wide range of environments (Toju et al., 2018; Walters et al., 2018). The core microbiome has been shown to provide several functional benefits to plants that include, but are not limited to, enhancing plant mineral nutrient uptake, and suppressing soil borne diseases (Lemanceau et al., 2017a; Banerjee et al., 2018; Singh et al., 2020). Additionally, it has also been observed that plants can recruit transient microbes that vary in composition and abundance to alleviate environmental stress (Berg et al., 2020).

Over the past two decades, microbes with plant growth-promoting (PGP) traits have been isolated and used as inoculants to improve crop production (Finkel et al., 2017; Banerjee et al., 2018; de Souza et al., 2020). Microbes assist plant growth either by enhancing nutrient acquisition such as nitrogen fixation, phosphorus solubilization, and siderophore production or producing plant growth promoting substances (Olanrewaju et al., 2017; Saleem et al., 2018; Chaudhary et al., 2021; Joshi et al., 2021). In addition, microbial inoculants have the potential to suppress several pathogenic organisms (Yasmin et al., 2016; Olanrewaju et al., 2017; Abbasi et al., 2021). The main drawback of microbial application is that it often fails to yield consistent results because the plant-microbe association has not been considered with respect to various biotic and abiotic stress conditions that can affect the outcome (Finkel et al., 2017; de Souza et al., 2020; Hawkins & Oresnik, 2022). For inoculums to be successful in the field, an in-depth knowledge of microbial abundance, diversity, as well as plant-microbe interactions, is essential to be able to predict overall functionality (Chodkowski and Shade, 2017).

The synthetic community (SynCom) approach is an emerging research field that incorporates a synthetic biology approach that is coupled with the knowledge that has been generated from microbial community analysis, metagenomic, and bioinformatic approaches that have become more accessible with the advent of Next Generation Sequencing technologies. Understanding the dynamic interactions within microbial ecosystems is useful to engineer microbial consortia with robust, stable, and predictable behaviours (McCarty and Ledesma-Amaro, 2019).

Briefly, SynComs are constructed by co-culturing multiple taxa under well-defined conditions to mimic the structure and function of a microbiome. The underlying principle is to reduce the complexity of the original microbial community, while still preserving some of the essential interactions between the microbes and their hosts (Vorholt et al., 2017; Kaminsky et al., 2019; de Souza et al., 2020). The goal is to facilitate an increase in community stability through synergistic interactions between its members (de Souza et al., 2020). Several studies have been reported that SynCom application enhanced plant growth under greenhouse conditions (Armanhi et al., 2021; Chai et al., 2021; Lee et al., 2021) as well as field conditions (Santhanam et al., 2015; Wang et al., 2021).

Advancements in high-throughput sequencing technologies and their associated bioinformatics tools has provided the opportunity to discover the complexities associated with plant-microbe interactions and the functionality they can provide to the plant. The aim of this review is to encapsulate factors which can play contributing roles to the outcome of an engineered plant-microbe interaction, the current state of SynCom technology, and to consider whether this type of approach has the ability to affect crop production.



Microbes at the Plant- Soil Interface

The interaction of microbes with plants occurs across their entire life cycle. These interactions can occur both above as well as below ground level. Whereas some are due to chance, many interactions are orchestrated by the plant. It can occur through vertical transfer, such as when endophytes living within a plant are transmitted via vascular connections or when bacteria become incorporated within a developing seed and may play a role in seed germination and the development of a root system to aid in initial establishment and plant survival (Mitter et al., 2016). In addition, plant roots interact with the soil and actively exude carbon containing compounds that influences all microbial growth around a root. Bacteria drawn to the plant in this manner are horizontally transferred from bulk soil to the rhizosphere.

The rhizosphere is defined as the soil under direct influence of root exudates (Moe, 2013; Reinhold-Hurek et al., 2015; Hartman and Tringe, 2019). This zone has been further subdivided into the endorhizosphere, the ectorhizosphere, and the rhizoplane (Figure 1). The endorhizosphere consists of the zone of tissue in the plant root that can be occupied by microorganisms (McNear, 2013). The endorhizoshpere is delineated by the rhizoplane, which is the surface of the root, and beyond this is the ectorhizosphere which is influenced by root exudation and rhizodeposition (Reinhold-Hurek et al., 2015).




Figure 1 | Root rhizosphere and factors affecting microbiome development. A diagrammatic representation of a root cross-section. Factors affecting microbial and plant growth are presented as tables (see text for details). The rhizosphere is depicted as two tones (green and pale yellow) surrounding the root representing an exudation gradient. The endorhizosphere, rhizoplane, ectorhizosphere and bulk soil are highlighted using red brackets, and lines. Endophytic bacteria and bacteria living on the rhizoplane are depicted as green rods. Plant exudation is represented as purple wavy arrows emanating from the root surface. Microbial communities in the rhizosphere are depicted as responding to exudates (single blue wavy arrow), and as bacteria involved in nutrient cycling. Major nutrients are depicted as spheres with letters (N, nitrogen; P, phosphorus; K, potassium; S, sulfur). Wavy tan arrows represent nutrients and/or bacterial factors that benefit plant growth. This figure was created with Biorender.com.



The bulk soil microbiome acts as a potential source of inoculants for the rhizosphere microbiome. Composition of the rhizosphere microbiome is structured differently from the soil microbiome (Crecchio et al., 2018). This differentiation is initiated by plants through root exudates that attract specific microbes to the rhizosphere to support plant growth and development (Wallenstein, 2017; Vives-Peris et al., 2020). By regulating the secretion of signaling compounds and activation of plant immune responses, the plant can influence the recruitment of a subset of microbes from the rhizosphere to attach to the rhizoplane and subsequently to move from the rhizoplane to the endorhizosphere (Hacquard et al., 2015; Hartman and Tringe, 2019). In general, it has been observed that plants modify their rhizosphere to attract organisms that have beneficial traits such as plant growth promotion, solubilization of nutrients, and inhibition of pathogen growth (Andreote et al., 2014).

When compared to bulk soil, the rhizosphere microbiome has a richer, and functionally, better-characterized microbiome. Bulgarelli et al. (2015) reported that the rhizosphere and root microbiomes of barley differentiated from the soil microbiomes as a gradient. The soil microbiomes showed higher bacterial richness and diversity compared with root samples, while the rhizosphere microbiota composition was intermediate between soil and root samples. Similarly, higher microbial richness was reported in the bulk soil surrounding the rhizosphere soil of maize (Walters et al., 2018). Additionally, it was observed that the rhizosphere microbial communities had greater network connectivity than the bulk soil in maize and wild oat (Peiffer et al., 2013; Shi et al., 2016; Walters et al., 2018). Collectively this suggests that roots can promote the development of niches with dominant taxa that favor greater interactions and more complex co-occurrence patterns over time.



Major Drivers of Microbial Diversity in Plant Ecosystem

Defining the major drivers for microbial diversity is a challenging task since plant-microbe interactions form a complex relationship. Several factors influence the composition of the microbial communities such as plant, microbe-microbe interaction, and edaphic factors. These factors influence the selection of microbes primarily through root exudates. Root exudates consist of a variety of chemicals, primary metabolites, and secondary metabolites (Rasmann and Turlings, 2016; Tsunoda and van Dam, 2017; Vives-Peris et al., 2020). Primary metabolites, such as the labile carbon of root exudates, increase the growth of fast-growing microorganisms with higher nutritional requirements enabling them to outcompete slow-growing microorganisms with lower nutritional requirements (Terrazas et al., 2016). Several studies indicate that bacteria belonging to the phylum Proteobacteria, which are known to respond to labile carbon (Peiffer et al., 2013), are enriched in the rhizosphere compared to bulk soils (Aira et al., 2010; Chauhan et al., 2011; Lundberg et al., 2012; Peiffer et al., 2013; Zhang et al., 2020). Likewise, secondary metabolites trigger varying responses in organisms. Flavonoids, for example, attract symbionts in nodule formation, stimulate mycorrhizal spore germination and hyphal branching, and influence quorum sensing in legumes (Philippot et al., 2013). By regulating the composition of root exudates, the microbial diversity in the plant ecosystem can be substantially altered.

Plant factors consist of the plant species, genotype, immune system, physiological age, nutritional status, and pathogen infection (Hawkes et al., 2007; van Overbeek and Elsas, 2008; Sharma and Verma, 2018; Zhalnina et al., 2018; Vives-Peris et al., 2020). Plant species strongly influences the structure of rhizosphere communities through differences in root morphology and exudation of different metabolites (Philippot et al., 2013). Colonization of different bacterial populations due to root exudates was observed in the rhizosphere of four plant species – wheat, maize, rape, and barrel clover (Haichar et al., 2008). Similarly, activity and dynamics of the indigenous Pseudomonas spp. In the rhizosphere were significantly influenced by host plant species (Bergsma-Vlami et al., 2005). Enrichment of antifungal microbial communities was reported in barley rhizosphere after the infection of Fusarium graminearum (Dudenhoffer et al., 2016). A high rate of nitrogen application increased the relative abundances of ammonia-oxidizing and denitrifying bacterial communities in maize rhizosphere (Zhu et al., 2016). It has also been reported that plant genotypes in A. thaliana (Micallef et al., 2009), Solanum tuberosum (Inceoglu et al., 2010), grapevine (Berlanas et al., 2019), and Zea mays (Aira et al., 2010) influence the production of root exudates thereby changing their microbial communities. Aira et al. reported that the rhizosphere microbial communities of two maize hybrids were strongly influenced by plant genotype (Aira et al., 2010). In contrast, a large-scale longitudinal study conducted in five fields with 27 maize inbred lines reported that plant age was the strongest factor shaping the rhizosphere microbial community followed by location and genotype (Walters et al., 2018). However, within a given field, plant genotype significantly influenced the richness of the microbiome (Peiffer et al., 2013). A study focused on the sugarcane microbiome under field conditions demonstrated that microbial communities were primarily influenced by the plant compartments followed by the growing region, the age and variety of the crop (Hamonts et al., 2018). The influence of plant factors on the composition of microbes is obvious under the same environmental conditions.

In addition to host-microbe associations, microbe-microbe interactions also affect the structure of microbial communities in the rhizosphere (Bulgarelli et al., 2015). There are a wide range of microbe-microbe interactions ranging from synergistic to antagonistic which could shape the composition of the plant microbiota (Hacquard et al., 2015; Terrazas et al., 2016). Soil microbes can also affect the root exudation process by consuming primary root exudates or releasing secondary compounds to stimulate specific metabolite production (Canarini et al., 2019). Specific microbial taxa on tomato rhizosphere were found to modify the chemical composition of root exudates, for example acylsucrose exudation was induced by Bacillus subtilis (Korenblum et al., 2020). Further, microbial interactions assist the host plant to mitigate several abiotic stresses through direct antagonization against pathogens or induction of systemic resistance by priming plants (Meena K. K. et al., 2017; Arif et al., 2020). Several microbes secret an enzyme, 1-aminocyclopropane-1-carboxylate (ACC) deaminase, which regulates the level of stress hormone ethylene in the plant. Strains of Arthrobacter spp., Bacillus spp., and Pseudomonas spp. Have been reported to enhance plant growth through the production of ACC deaminase (Compant et al., 2019). This indicates the bi-directional relationship between plants and their microbial communities.

Edaphic factors such as pH, soil type, indigenous microflora, oxygen, nutrient, and light availability (Hacquard et al., 2015; Kaul et al., 2018) exert considerable impact on the developmental stage and physiological status of the host plant (Hacquard et al., 2015). A recent plant phytometer study with six plant species, across diverse edaphic conditions and land use gradient, indicates that indigenous soil microflora were the direct drivers of active bacterial communities (Vieira et al., 2020). The composition of the rhizosphere microbiome was strongly dictated by soil texture, water content, and soil type instead of plant properties and root exudates (Vieira et al., 2020). Another phytometer study was conducted on clonal oak saplings (Quercus robur L., clone DF159) under different field sites with similar climatic conditions. This study revealed that the effect of environmental factors was greater than the plant effect in shaping soil microbial communities. Similar microbial compositions were observed in sites with comparable pH, soil organic carbon, and C/N ratios (Habiyaremye et al., 2020). In contrast, similar rhizosphere communities were reported in three different fields having distinct physiochemical properties (Peiffer et al., 2013). Thus, plant-soil-microbe interaction is highly complex and their effect on the composition of the microbial community is determined by the interaction between them rather than each factor alone.



Core Microbiomes and Their Application Potential

A core microbiome is comprised of microbes that are recruited by a plant regardless of the environment (Figure 2). These core microbiomes contain key microbial taxa carrying essential functional genes for the plant host (Bergsma-Vlami et al., 2005; Hacquard et al., 2015; Vandenkoornhuyse et al., 2015; Astudillo-García et al., 2017; Naylor et al., 2017; Toju et al., 2018; Berg et al., 2020; Trivedi et al., 2020). The functional redundancy of microbes i.e., the coexistence of multiple taxa performing a particular biochemical function, allows for environmental variation without comprising plant host fitness (Lemanceau et al., 2017b; Louca et al., 2018). In addition, the network of interactions between organisms provides a buffer against disturbance by recruiting different microbial combinations to fulfil specific functions (Konopka et al., 2015). A dynamic functional community can be formed by focusing on the core microbiome instead of the highly complex native microbiota for further studies (Ramirez-Villacis et al., 2020; Durán et al., 2021).




Figure 2 | Determination of a core microbiome. The same plants are grown in independent locations (A-C). The soil is then sampled, sequenced, and the bacterial population (colored circles) are determined and compared (Venn diagram). The intersection represents the plants core microbiome. This figure was created with Biorender.com.



Recent advances in high throughput sequencing and bioinformatic tools have enabled the discovery of the core microbiomes of different crops. Marker gene amplicon sequencing has been widely used to study microbial association with different plant parts over a range of environmental conditions (Hacquard et al., 2015; Durán et al., 2021). Through co-occurrence network analysis of the resulting genomic data, it is possible to identify a core microbiome. It also explores the positive or negative relationship between members based on their occurrence or abundance (Rodriguez et al., 2019; Berg et al., 2020; Xue et al., 2022). Further, the positions of microbes in the network can indicate their importance within the microbial community. Highly interactive members of the core microbiome, which are called “hub” microbes, have been shown to have a strong influence in shaping the microbial communities of plant hosts (Agler et al., 2016; Muller et al., 2018; Trivedi et al., 2020).

Several studies have reported the taxonomy of core microbiomes in different crops (Table 1). Walters et al. (2018) found that seven bacterial operational taxonomic units (OTUs) were observed consistently in the maize rhizosphere at different ages and field conditions. All seven OTUs were taxonomically assigned to the phylum Proteobacteria with differences at the genus level. Likewise, the core microbiome of the citrus rhizosphere was identified through an extensive study of soil samples from twenty-three locations in eight citrus-producing countries across six continents (Xu et al., 2018). These studies show that the core microbiome can select for key members of the microbial community that can be screened in vitro for microbe-microbe interactions and putative functions (Lebeis, 2014).


Table 1 | Studies related with core microbiome identification in agricultural crops.



Overall, there is general agreement in the literature that organisms do have strong associations with certain microbes. Many studies carry out their analysis at the genus level which does give a descriptive analysis of what organisms can be present. In some cases, more functional metatranscriptomic studies can provide more insight into which species are present as well as what genes are being expressed under a given set of conditions. Together these data are helping to develop hypotheses of how microbes might be affecting plant responses and are allowing work to be designed to ask key ecological questions regarding plant microbe interactions to be asked more directly.



Synthetic Community Approach in Sustainable Agriculture

Numerous studies have reported that beneficial microbes can be effectively used as inoculants for agricultural production since the 19th century (Bhattacharjee et al., 2008; Bhattacharyya et al., 2016; Mitter et al., 2016; Alori and Oluranti Babalola, 2018; Kaminsky et al., 2019; Qiu et al., 2019). Rhizobia-legume symbiosis and arbuscular mycorrhizal associations are examples of well-studied plant-microbe relationships that have been successfully used in agriculture (Bhattacharyya et al., 2016). Conventionally, beneficial microbes are selected based on in vitro screening for specific taxa with one or more PGP traits, such as nitrogen fixation, phosphorus solubilization, production of growth-regulating hormones, etc., with limited assessment under controlled environmental conditions (Glick, 2012; Choi et al., 2021).

Inconsistent production under field conditions is a major problem as inoculants often fail to compete with indigenous soil microbes under different climatic conditions, soil type and other environmental factors (Finkel et al., 2017; Baliyan et al., 2018; Qiu et al., 2019; de Souza et al., 2020). A successful inoculant must be able to compete with other microbes, efficiently colonize, and establish a stable association with plants throughout the growing season (Vessey, 2003; de Souza et al., 2020). Therefore, it is not surprising that current inoculants, which are formulated with pure isolates, can have problems with effectiveness. A SynCom could be a great alternative to overcome the problems associated with conventional inoculants as it can incorporate different microbial communities that can partly mimic the functional environment of those microorganisms (de Souza et al., 2019; Kaminsky et al., 2019).

The SynCom approach has become a promising technology as it integrates the concept of microbial ecology and genetics. A SynCom can be constructed using either a top-down approach or a bottom-up approach (Großkopf and Soyer, 2014). The top-down approach focuses on functional definition for a community to characterize its structure and dynamics in details. (Toju et al. 2020) applied the functional core microbiome concept to discover the best combinations of species/strains that potentially maximize functionality at the community/ecosystem level. This method produces communities with natural representation and high reproducibility while lowering the chances of missing important species. However, the effectiveness is dependent on the ability to accurately measure species diversity in a complex community. The bottom-up approach identifies common interaction patterns and processes among species. Paredes et al. (2018) used binary-association assays to design a SynCom for Arabidopsis thaliana that led to predictable plant phenotypes. Even though it facilitates establishing causality, it requires technological advances to manage high complex communities and increases the chances of missing important community members. Recently (Kehe et al. 2019) introduced a microfluidic droplet-based platform, the kChip, to automatically construct SynComs with all possible microbe combinations using a set of species. This has made the SynCom approach more efficient and viable for large scale studies but has limitations that may make it difficult to replicate for field trials

An effective SynCom can be produced by identifying functional communities through a top-down approach and then applying the bottom-up approach to study the interactions between the members of those communities. Genomic information and gene expression profiles could be used to select the microbes with beneficial functional traits or metabolic capability to design the best microbial combination for the microbial consortia (Toju et al., 2018; de Souza et al., 2020). Since multiple genes are responsible for important traits, such as colonization efficiency, and prevalence, genomic analysis for multiple markers may be key to identifying relevant microbes (de Souza et al., 2016; Cole et al., 2017; Levy et al., 2018; de Souza et al., 2019; de Souza et al., 2020). Computational tools can be used to screen for beneficial microbial candidates from existing genomic datasets, which would be less laborious than traditional methods (Finkel et al., 2017). Then, the SynCom could be constructed using a bottom-up approach by addition, elimination, or substitution at the strain level (Vorholt et al., 2017; Liu et al., 2019).

An extensive microbial culture collection is essential to building a SynCom since it is comprised of culturable microbes (Finkel et al., 2017; Vorholt et al., 2017; de Souza et al., 2020; Choi et al., 2021). The SynCom approach is initiated from the isolation of microbial cultures from the natural ecosystem and then formulated through manipulations of the selected microbiota to perform the desired functions for the host plants (de Souza et al., 2016). Since nearly 99% of bacteria are unculturable, novel approaches are necessary to generate extensive microbial collection. One approach is to use metagenomic analysis to identify appropriate media and culture conditions (Oberhardt et al., 2015). Also, high-throughput bacterial cultivation methods, such as the limiting dilution method (Zhang et al., 2019; Zhang et al., 2021), cell sorting (Bai et al., 2015), and colony picking (Armanhi et al., 2018) provide potential solutions for capturing diverse bacterial species on a large scale (Liu et al., 2019).

The effectiveness of SynComs can be quantitatively and qualitatively assessed with plant hosts under controlled environments using different axenic systems such as agar-based (highly artificial and uniformly controlled), clay-based (mimic soil), and FlowPot (autoclaved and washed soil) systems (Bai et al., 2015; Castrillo et al., 2017; Liu et al., 2018; Paredes et al., 2018; Finkel et al., 2019; Zhang et al., 2019). Axenic systems allow for detailed investigations of its components under controlled and reproducible conditions, which facilitate the establishment of causal links between genotypes and phenotypes. Changes can also be made at the functional level by removing or adding specific functions via gene expression (Liu et al., 2019). Further, the consequences of biotic or abiotic perturbations can be monitored at all levels (Liu et al., 2018; Liu et al., 2019; Melnyk et al., 2019).

Finally, an efficient SynCom could be tested under real field conditions to offset the limitations of the traditional approach. Assessment of a SynCom on plant phenotypic traits could be done through high-throughput phenotyping technologies as they offer multiple advantages such as automated, non-destructive and dynamic monitoring of morphological and physiological traits related to growth, yield, and performance throughout their entire lifecycle (Rouphael et al., 2018). This would facilitate an effective SynCom with more compatible, efficient, and adaptable microbes (Hart et al., 2018; Choi et al., 2021).



Current Approaches in SynCom Application

SynCom approaches have been used in experimental ecology and evolution studies to understand ecological interactions as well as ecological processes (Castrillo et al., 2017; Finkel et al., 2017; Cairns et al., 2018; Levy et al., 2018; Teixeira et al., 2021). The SynCom approach started being used to test evolutionary interactions in plant-microbe studies. Then, the focus has shifted towards the improvement of plant growth and production.

Several studies have been conducted in the model plant A. thaliana as well as agricultural crops – maize, soybean, sorghum, and tomato – to understand plant-microbe interactions using SynComs under controlled environments (Table 2). Bodenhausen et al. (2014) showed that host genotype influences the phyllosphere community composition and abundance using fifty-five A. thaliana plant mutants inoculated with a SynCom. Castrillo et al. (2017) studied the effect of plant Pi stress response on the A. thaliana immune system function and microbiome assembly a SynCom composed of thirty-five members. Niu et al. (2017) constructed a simplified seven-species SynCom from microbes associated with maize root to investigate the dynamics of root colonization, interspecies interactions, and the role of each member in the community. The SynCom approach has also been used to examine the role of specialized metabolites on the colonization of bacteria in the A. thaliana rhizosphere (Voges et al., 2019). In another SynCom study, it was reported that root colonization was regulated by microbe-associated molecular patterns (MAMPs) -triggered immunity (Teixeira et al., 2021). Thus, SynComs can effectively be used to explore plant-microbe interactions, which must be considered when using microbes in large-scale agricultural applications.


Table 2 | SynCom approaches used in different studies.



Pathogens are a major threat in agriculture as they can lead to complete yield loss. Several studies have reported that SynComs can be effectively used to suppress pathogenic organisms while improving the crop performance (Santhanam et al., 2015; De Vrieze et al., 2018; Santhanam et al., 2019; Ali et al., 2021; Li et al., 2021). Li et al. (2021) constructed two SynComs by adding both high and low abundance bacteria isolated from diseased plants. Results indicated that high abundance bacteria protected host through plant growth promotion and inhibition of the pathogenic fungus, while low abundance bacteria controlled diseases by enhancing plant induced systemic resistance. It is important to note that SynComs showed a superior effect on disease suppression and growth promotion compared to the mono-inoculated plants (Ali et al., 2021; Li et al., 2021). Synergistic interactions between the members of SynComs facilitate improved plant protection as well as growth.

Regardless of other benefits, crop productivity is always a prime concern. Inoculation with a SynCom constructed from sugarcane-associated microbes increased the biomass of maize plants compared to the uninoculated controls (Armanhi et al., 2018). The same SynCom also improved drought tolerance and reduced yield loss in maize (Armanhi et al., 2021). Another SynCom, composed of desiccation-tolerant bacteria, showed increased plant growth parameters such as dry weight of shoot and root, plant height, and plant diameter when compared with either non-inoculated control or mono-inoculated treatments (Molina-Romero et al., 2017). Further, Wang et al. (2021) reported that functionally assembled SynComs improved soybean yield up to 36% under field conditions. Thus, recent studies suggest that SynCom could be effectively incorporated in agriculture to enhance crop yield.

The above studies reiterate that the SynCom approach is an effective tool for exploring plant-microbe interaction and microbe-microbe interaction. Even though most of the SynCom experiments were conducted under controlled conditions, it gives a valuable information about the interaction between each member in the community assemblage and identifying keystone members. For example, Niu et al. (2017) reported that the removal of one species from the SynCom led to drastic changes in community composition. The simplicity of this approach allows repeated experiments to ensure reproducibility which could prevent the problems in the future large-scale application. Recently, the interest in the SynCom approach has been focused on improving crop yield by extending the research in the greenhouse to field conditions which is an important milestone of the SynCom application. Despite there being a long way to go, the current application of SynCom indicates the possibilities to be incorporated into the large-scale application in the near future.



Conclusions and Future Perspectives-Are Synthetic Microbial Communities a Way Forward?

Interest in rhizosphere research has continually grown exponentially since 1994 to the present day,with the term “plant microbiome” first being used as a key word in publications in 2011 (Oresnik et al., 2016). The application of microorganisms in agriculture has emerged as a promising, sustainable approach to improve crop production as the microbiome play an essential role in several plant processes and soil fertility. Poor performance of microbial inoculants is a challenge in developing stable inoculants for agriculture. However, recent advances in high-throughput sequencing technologies create an opportunity to identify the core microbes associated with plants and facilitate the formation of effective SynComs.

Although the SynCom approach is a promising technology, several challenges must be addressed before it can be used in large-scale applications. Designing SynComs with hundreds of microbes is not practical due to a lack of industrial technologies and difficulties in handling them. This issue can be addressed by constructing SynComs with microbes that have multiple beneficial traits and synergistic interactions. Nevertheless, keeping multiple species is challenging as medium composition plays a critical role in population dynamics. Stochastic events can also cause fluctuations of population in mixed communities. Therefore, it will be necessary to monitor the population dynamics of a SynCom to ensure all members are functioning and having enough viable cell counts.

Prediction of SynCom interaction with host plant and soil microbes in natural environment is challenging due to the influence of the native microbes. Thus, maintaining the long-term stability of SynCom is another task to be attained as introduced inoculants are exposed to an environment with competitive species. The SynCom may change over time due to genomic evolution and horizontal gene transfer. In addition, some microbes show differential expression with varying environmental conditions. Sustaining the community robustness and function over a timescale is a crucial aspect. Biosensors and marker gene technologies could be incorporated to trace the interaction and behaviors of introduced SynCom.

The ability to genetically modify or to engineer both host plants as well as microbes has increased dramatically over the last five years. Whereas in the past, there were relatively few microbial genetic model systems (Miller, 1991), the ability to sequence genomes as well as tools such as CRISPR/Cas9 have allowed the genetic modification of many diverse bacteria (Shelake et al., 2019; Rubin et al., 2021). With respect to the development of a SynCom, this can lead to modifying certain community member(s) to allow desired interactions with target crops. Recently it has been shown that endophytic bacteria could be engineered to contain inducible nitrogenase activity (Ryu et al., 2020), which in principle can be combined with plants which have been modified to produce signals for targeted regulation of bacterial genes (Geddes et al., 2019).

So far, most studies have been conducted in controlled systems which are opposite to diverse natural environments. Assessing their stability and plant performance under field conditions is the ultimate target. Production of the required amount of SynComs for large-scale application is also problematic as it would require additional technologies like bioreactors. Determining the effective method of application, whether it is liquid application or seed coating, is another hurdle to be overcome. Extensive field studies with a range of climatic conditions are required to ensure the activity of the applied inoculants.

The development of an effective SynCom is a novel opportunity to improve sustainable food production. It is clear from the literature that microbes are capable of positively affecting plant health and productivity. However, the complexity of dealing with multiple microorganisms that are interacting with field crops with real world climate is challenging. It has been previously pointed out that these types of technologies would have to be transformative to growers for them to be adopted (Oresnik et al., 2016). In the short term, the SynCom approach is an opportunity to delve into the intricacies of plant-microbe interactions as well as microbial ecology. These advances are crucial to better understand how microbes can be manipulated to deliver desired traits to plants. The complex SynComs constructed are clearly important for an academic understanding but are not a pragmatic agronomic solution. The lessons that will be learned from these approaches however can provide valuable information to either produce SynComs that contain fewer microbes, or to develop SynComs that can work synergistically with the native microbial communities already present in the field. The utilization of this technology will require a long-term multidisciplinary approach that includes microbiologists, plant biologists, agronomists, as well as fermentation specialists to facilitate the delivery of a working system. Even though the application of SynCom for crop production is in its infant stage, advances in technologies are occurring at a remarkable pace and it is an approach that has the potential to deliver a solution in our quest toward sustainable agricultural.
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The present investigation was carried out to isolate, identify, and characterize sulfur-oxidizing bacteria (SOB) from coal mines and to evaluate the efficient strains for their ability to influence plant growth and S uptake in pigeonpea. Thirteen bacterial isolates belonging to Stenotrophomonas maltophilia (2), Stenotrophomonas pavanii (2), Rhizobium pusense (5), Bacillus velezensis (2), and Paenibacillus massiliensis (2) were obtained. Among these, seven strains that could reduce the pH of thiosulfate broth were further characterized for sulfur oxidation, plant growth-promoting (PGP) attributes, and in planta studies. Among the seven strains characterized, maximum sulfate ion was recorded for S. maltophilia DRC-18-7A (311.43 mg L−1) closely followed by S. pavanii DRC-18-7B (273.44 mg L−1) and S. maltophilia DRC-18-10 (265.75 mg L−1) after 21 days of inoculation. Among the PGP attributes quantified, maximum P solubilization was recorded in case of S. maltophilia DRC-18-7A (24.39 μg ml−1), while highest siderophore production and IAA production were recorded in S. maltophilia DRC-18-10 (14.25%) and R. pusense DRC-18-25 (15.21 μg ml−1), respectively. S. maltophilia DRC-18-7A closely followed by S. pavanii DRC-18-7B outperformed others in enhancing seed germination (%) and vigour indices. Results clearly indicated that microbial inoculants colonized the plant roots and developed biofilm on the root surface. It was further observed that plants treated with microbial inoculants induce an early formation of secondary and tertiary roots in the pigeonpea compared to the untreated control which was further confirmed by assessing the root architecture using the root scanner. Inoculation of these two strains to pigeonpea significantly enhanced plant growth parameters, the activity of reactive oxygen scavenging (ROS) enzymes, and accumulation of flavonoids, carotenoids, and proline both under sterilized and non-sterilized growth medium (sand and soil in 1:3 ratio). The application of microbial inoculants significantly increased the uptake of nitrogen, phosphorus, potassium, and sulfur in plant shoots. Further, transcript level of phosphate, potassium, and sulfur transporter genes significantly increases upon microbial inoculation leading to increased uptake and translocation of P, K, and S in the pigeonpea. The results indicate that S. maltophilia DRC-18-7A and S. pavanii DRC-18-7B could be recommended as inoculants for pigeonpea to improve its growth and sulfur nutrition.
Keywords: sulfur-oxidizing bacteria, pigeonpea (Cajanus cajan), P solubilization, vigour indices, root colonization, nutrient transporters, nutrient uptake and translocation
INTRODUCTION
Sulfur (S) is an important plant nutrient that contributes to the growth and yield of different crops (Vidhyalaxmi and Sridar, 2007). Sulfur is involved in different metabolic and enzymatic activities in plants. The role of S in protein synthesis is important as they are the constituent of amino acids like methionine, cystine, and cysteine (Vidyalakshmi et al., 2009). The deficiency of sulfur in soils leads to stunting of plant growth and the typical symptom is the yellowing of young leaves (Natesan et al., 1985; Tandon, 1991a,b). In India, on an average, about 11.4, 29.4, and 17.8% of soils were acute deficient, deficient, and latent deficient with the mean concentrations of 27.0 ± 29.9 mg kg−1 for available S (Shukla et al., 2021). Large-scale deficiency of available sulfur in soils necessitates the management of this nutrient through chemical or biological means to support optimum growth and yield of plants. In comparison to cereal crops, pulse crops have a high requirement for sulfur. Application of 20–30 kg S ha−1 as gypsum or sometimes as ammonium sulfate gives a mean yield increase of 168–428 kg ha−1 for pulse crops (Rakesh et al., 2020). Inoculation of SOB along with elemental sulfur and gypsum has also been reported to enhance the growth, nodulation, and uptake of S in cowpea in sodic soils (Stamford et al., 2013). Inoculation of Proteus mirabilis, an SOB isolated from buffalo dung enhanced the growth and yield of Foeniculum vulgare (Dhiman et al., 2019).
Sulfur-containing minerals are the major source of sulfur in soils. Among them, gypsum, epsomite, anhydrite, iron pyrite, arsenopyrite, sphalerite, and galena are some of the important S-containing minerals in rocks and soils (Kumar et al., 2018; 2022). In the natural ecosystem, sulfur occurs in organic fractions, particularly in combination with carbon and nitrogen (Tabatabai, 1984). In general, plants take up sulfur in the form of sulfate ions. Microorganisms play a key role in the transformation of sulfate ions from organic and inorganic sulfur-containing compounds. They oxidize the elemental and other forms of sulfur to produce sulfate ions in soils (Sridar et al., 2013). In general, the majority of SOB utilize CO2 as their primary carbon source and sulfur as an electron donor (Brune, 1989; Friedrich et al., 2005). Among the diverse groups of soil bacteria, the sulfur-oxidizing bacteria (SOB) are metabolically and nutritionally diverse which include autotrophs, photoautotrophs, chemolithotrophs (obligate and facultative), heterotrophs, and mixotrophs. Photoautotrophs include green sulfur bacteria (such as Chlorobium) and purple sulfur bacteria (such as Allochromatium, Chromatium, and Thiocystis). Among obligate chemolithotrophs, species of Thiobacillus (T. thiooxidans, T. ferrooxidans, T. thioparus, T. denitirificans) and Thiomicrospira are well characterized and reported by several researchers (Vidyalakshmi et al., 2009; Kawai et al., 2019). The sulfur oxidation in soil is not restricted to obligate chemolithotrophs; it is observed that several species of heterotrophs and mixotrophs have the capability to oxidize sulfur in agricultural soils. They exhibit chemolithotrophic growth in presence of inorganic sulfur. The heterotrophs include species of Achromobacter, Arthrobacter, Brevibacterium, Flavobacterium, Klebsiella, Micrococcus, Mycobacterium, Paracoccus, Streptomyces, Thiosphaera, and Xanthobacter (Wainwight, 1984; Kuenen et al., 1992, Ito et al., 2004; Ryan et al., 2009; Sajjad et al., 2016; Chaudhary et al., 2017, 2021). However, mixotrophs including species of Stenotrophomonas, Bacillus, Pseudomonas, Paenibacillus, Micrococcus, Pseudoclavibacter, Diaphorobacter, Aeromonas, Alcaligenes, Citrobacter, Rhizobium, and Bordetella are the key bacterial species playing important roles in nutrient mineralization and promoting plant growth (Sultan and Faisal, 2016; Sanwani et al., 2022). Sulfur-oxidizing bacteria are isolated from different habitats including not only rhizosphere soils but also soil and water as sampled from coal mines; copper ore leaching; and sewage water, biogas slurry, tannery effluent, hydrothermal vents, and crude oil mine soils (Kodama and Watanabe, 2003; Anandham et al., 2005; Vidyalakshmi and Sridar, 2007; Marvi et al., 2016; Sultan and Faisal, 2016; Chaudhary et al., 2017; Meier et al., 2017). Apart from the S oxidation, some of the SOB isolated from different niches have been characterized for other plant growth-promoting attributes like production of IAA, siderophores, ACC deaminase, and antibiotics; solubilization of phosphorus, potassium, and zinc; and inhibition of fungal pathogens (Grayston and Germida, 1991; Veerender et al., 2014; Sajjad et al., 2016; Reddy et al., 2018; Dhiman et al., 2019; Yousef et al., 2019; Kumar et al., 2022). The strains with multiple plant-promoting attributes have been reported to enhance the growth and yield in many crop plants (Grayston and Germida, 1991; Dhiman et al., 2019). Application of rhizospheric and endophytic bacteria significantly enhances plant growth directly and/or indirectly in many crops. The direct mechanism includes production of phytohormones, elicitors, mineralization/solubilization of mineral nutrients, N fixation, etc., while indirect mechanisms include modulation of physio-biochemical pathways, gene expression, scavenging the reactive oxygen species, etc., (Singh et al., 2016a, Singh et al., 2016b; Singh et al., 2019, Singh et al., 2021a,b; Yadav et al., 2022).
These plant growth-promoting rhizobacteria employ their key mechanisms by colonizing the plant rhizosphere to combat environmental stresses, improve nutrient uptake, and translocation preventing subsequent yield penalties. Strategies adopted by these microbial inoculants include de novo synthesis of osmolytes for cellular osmotic adjustment, activation of reactive oxygen species scavenging defence systems of plants to cope with deleterious effects of oxidative stress, regulation of ionic transporters, and maintenance of homeostasis to reduce ill effects of mineral deficiency. On the other hand, they modulate the transport activity within and among plant organs. These transporters regulate nutrient uptake into root cells and subsequent translocation within the plant system. Scientific evidence specify that plants have evolved diverse transporters with distinct substrate specificities, transport affinities, cell type expression, and subcellular localization to ensure appropriate flux and compartmentalization of nutrients in the plant. These transporters are playing a key role in the initial uptake, vascular translocation of mineral nutrients, and further release of vacuolar sulfate to sustain proficient utilization of S-pools in the plant system (Yoshimoto et al., 2002; 2007). Pigeonpea is the most important rainy season pulse crop in India and faces the problem of S deficiency in different parts of the country. The package and practices for pigeonpea cultivation in different parts of India include inoculation with specific rhizobia to meet the nitrogen requirement. It will also be worthwhile to select sulfur-oxidizing bacteria that can perform well in the pigeonpea rhizosphere and fulfil the S requirement of the crop. The selection of efficient strains of SOB could further lead to the development of a consortium of rhizobia and SOB so that both N and S requirements of the crop can be met with no or minimal chemical inputs. Looking at the importance of sulfur in pulse production, the present study aimed to isolate, identify, and characterize SOB from coal mines and to evaluate the efficient strains for their ability to influence plant growth and S uptake in pigeonpea. The fossil fuel, coal mine drainage, and coal are the rich source of sulfur and sulfur-containing inorganic and organic compounds (Harrison, 1978; Williams and Cloete 2008). It was hypothesized that the microbial community harbouring in the niches for long has more potential to oxidize the sulfur as compared to the community present in the normal soil and plant rhizosphere (Harrison, 1978; Kumar et al., 2018). This was the main reason behind selecting the coal mine for isolation of SOB.
MATERIALS AND METHODS
Site Description and Sampling Procedure
The sediment, water, coal, and coal mixed soil samples (10 samples) were collected from three different open-cast coal mines (West Mudidih Colliery, Singhpur Opencast mine, and Sirka Opencast mine) from the state of Jharkhand, India (Figure 1). All these mines are the oldest coal mines in India surrounded by natural vegetation. A detailed description of the sites along with the key biogeochemical characteristics of the samples including pH, EC, and temperature are given in Table 1. Sampling was done in October 2018. Coal drainage water and coal mud from water bodies were collected in sterile polypropylene screw-capped bottles. However, coal and coal mixed soil samples were collected in zipper bags (polythene) and brought to the laboratory.
[image: Figure 1]FIGURE 1 | Sites for collection of soil, coal, and sediment samples for isolation of sulfur-oxidizing bacteria.
TABLE 1 | Geographical locations of different coal mines in Jharkhand province of India for collection of samples for isolation of sulfur-oxidizing bacteria.
[image: Table 1]Isolation of Sulfur-Oxidizing Bacteria
Coal and coal mixed soil samples were crushed and homogenized using pestle and mortar. Coal and coal mixed soil samples (1 g) were taken and inoculated into screw-capped glass tubes (Borosil, India) containing sterile thiosulfate, Starkey, and NCL broth separately and incubated at 28°C for 21 days. The composition of each medium is given in Supplementary Table S1. The pH of the media was recorded at 3 days intervals. After 12 days of inoculation, the colour of the thiosulfate broth started changing from purple to pale yellow which indicated a reduction in the pH. After 21 days of inoculation, the pH of thiosulfate broth was reduced from 8 to 2. However, no change in the pH was recorded in the Starkey and NCL broth amended with soil samples even after 21 days of inoculation (Starkey, 1934). Similar procedures were followed for water and mud samples collected from different sites. After 21 days of inoculation, thiosulfate broth that showed a reduction in pH from 8 to 2 was mixed, and 100 µl was spread plated on thiosulfate medium. The plates were incubated at 28°C for 10–15 days. After 7 days of inoculation, tiny pinhead growth was observed and each colony was purified by re-streaking on the thiosulfate medium and the pure cultures were maintained at 4°C until further use.
Characterization of Sulfur-Oxidizing Bacterial Isolates
The pH reduction test was carried out by inoculating pure cultures into thiosulfate broth, incubating for 21 days, and recording the pH at 3 days intervals. The bacterial isolates that showed a significant reduction in pH were further evaluated for the production of sulfate ions in the thiosulfate broth. The amount of sulfate ions (SO42-) produced was determined spectrophotometrically. Each bacterial isolate was inoculated into 10 ml of thiosulfate broth and the inoculated tubes were incubated at 28°C for 7 days. Following incubation, the broths were centrifuged at 10,000 rpm for 10 min, the supernatant was collected and mixed vigorously with an equal volume of barium chloride solution (10%, w/v) (Cha et al., 1999) with slight modifications (Roy and Roy, 2019). The white turbidity developed due to the formation of barium sulfate was measured at 450 nm. The amount of sulfate ions produced was derived by following comparison with the standard curve. The growth curve for each culture was developed using Growth Kinetic analyser (Bioscreen Pvt. Ltd., India). The intrinsic antibiotic resistance profile was developed using an antibiotic sensitivity disc (HiMedia, Mumbai, India) according to Khan et al. (2019). These strains were further characterized for plant growth-promoting traits such as IAA production (Brick et al., 1991), phosphate solubilization (Nautiyal, 1999), siderophore production (Schwyn and Neilands, 1987), and ammonia production (Dey et al., 2004). The H2O2 production, catalase, amylase, and starch hydrolysis tests were performed according to Whitman et al. (2012). Estimation of the activity of chitinase and protease was carried out following the protocols given by Boller and Mauch (1988).
Quantitative estimation of phosphate solubilization was done in NBRIP liquid medium according to Fernández et al. (2007). The available P fraction was estimated spectrophotometrically by the molybdenum blue method using a spectrophotometer at 880 nm and P concentrations were expressed as μg ml−1. The quantitative estimation of IAA was done spectrophotometrically at 535 nm (Barra et al., 2016). IAA concentration was expressed as μg ml−1. For quantitative estimation of siderophore, bacterial isolates were sub-cultured in thiosulfate broth for 5 days at 200 r min−1 and 28°C. An aliquot of 1.5 ml of each culture was centrifuged at 10,000 r min−1 for 10 min. The relative level of siderophore was estimated in a fixed volume of supernatant (10 µl) using the CAS assay method (Schywan and Neilands, 1987) with slight modifications (Abo-Zaid et al., 2020). Briefly, 0.5 ml CAS assay solution was added to 10 µl of culture supernatant and mixed properly. Thereafter, 10 µl of shuttle solution was added, mixed, and kept at ambient room temperature for a few minutes. The disappearance of the blue colour relates to the presence of siderophores. The absorbance was measured at 630 nm using the media as blank. The relative level of siderophores (%) was calculated by using the formula given below:
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Ar refers to the absorption of CAS solution plus media plus shuttle solution, whereas As refers to the absorption of CAS solution plus culture supernatant plus shuttle solution.
Identification of Sulfur-Oxidizing Bacterial Isolates
DNA was extracted from pure cultures using Nucleo-pore® gDNA Fungal Bacterial Mini kit (Cat. No. NP-7006D, Genetics Biotech Asia Pvt. Ltd., India) following the manufacturer’s protocol. The 16S rRNA gene was amplified using universal primers pair 27F: AGA​GTT​TGA​TCC​TGG​CTC​AG and 1492R: AAG​GAG​GTG​ATC​CAG​CCG​CA (Edward et al., 1989), and sequenced by using amplicon sequencing technology (Eurofins Pvt. Ltd., India) and the sequence similarity was matched using EzBiocloud database for correct identification. 16S rRNA gene sequences were submitted to NCBI GenBank and accession numbers were obtained. Phylogenetic analysis was carried out using the Molecular Evolutionary Genetics Analysis (MEGA X) tools.
IN PLANTA ASSAY
Experimental Set-Up
In planta assay was carried out in earthen pots using sterile or non-sterile sand:soil mixture (1:3 ratio). The experiment was laid out in a Completely Randomized Design (CRD) under glasshouse conditions. The experiment was conducted with eight different treatments: T1—Stenotrophomonas maltophilia DRC-18-7A, T2—S. Maltophilia DRC-18-10, T3—S. Pavanii DRC-18-7B, T4—S. pavanii DRC-18-11, T5—Rhizobium pusense DRC-18-25, T6—R. pusense DSC-18-5, T7—R. pusense DJC-18-21, and T8—untreated control (no inoculation). Each treatment was replicated 10 times. The pots containing sterile growth medium were irrigated with sterile water, while pots with non-sterile soil were irrigated with non-sterile water on alternate days to maintain the moisture content at field capacity level.
Soil Collection, Preparation, and Analyses
Experimental soil was collected from the Research farm, ICAR-Indian Institute of Seed Sciences, Kushmaur, Uttar Pradesh (India), sieved (2 mm), and dried. The soil was analysed for its physico-biochemical properties (Supplementary Table S2). The soil was mixed with sand in a ratio of 3:1, amended with nitrogen, phosphorous, potash, and sulfur at 120, 60, 40, and 20 kg ha−1, respectively, and autoclaved twice at 121°C (15 psi) for 30 min at 12 h interval.
Planting Material and Growth Conditions
Pigeonpea seeds (cv. Malviya Chamatkar or MAL-13) were obtained from the Department of Genetics and Plant Breeding, Banaras Hindu University, Varanasi (India). Five seeds were sown in each pot containing sterile or non-sterile sand:soil mixture (1:3 ratio). One ml of broth culture (2 × 108 colony-forming unit ml−1) of selected strains was inoculated over seeds in each pot. The uninoculated pots were maintained as control. The average mean temperature and relative humidity during the experimentation were 27°C and 85%, respectively.
Effect of Inoculation on Seed Germination
An experiment was conducted to see the effects of seed inoculation on seed germination in the pigeonpea grown in pots at 15 days of sowing following the International Seed Testing Association (ISTA, 2003) protocols (Singh et al., 2016b). Seeds were surface sterilized with mercuric chloride (0.1%) for 3 min followed by ethanol (70%) for 30 s. The surface-sterilized seeds were washed thoroughly with sterile distilled water (consequently three times). Surface-sterilized seeds were treated with respective bacterial cultures and sown in the pots containing sterilized sand–soil mixture (1:3 ratio) under glasshouse conditions. For the seed germination test, 400 seeds were taken and sown in pots (20 seeds pot−1). The germinated seeds were recorded after 15 days of sowing and seed germination (%) was calculated using the formula given below:
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Effect of Inoculation on Vigour Indices
Five replicates of each treatment were harvested after 30 days to record the effects of seed inoculation on vigour indices (vigour index I and II). Observations were recorded on root and shoot length and root and shoot dry weight. Vigour indices were calculated according to the International Seed Testing Association protocols (ISTA, 2003) using the formulae given below:
Vigour Index I = (mean root length + mean shoot length) × germination (%).
Vigour Index II = (mean dry wt. of root + mean dry wt. of shoot) × germination (%).
Root Colonization
The root colonization potential was studied using Scanning Electron Microscope (Hitachi S-3400N, United States) following the methods described by Singh S. et al. (2021). Briefly, the treated seeds were sown in small pots containing a sterile sand-soil mixture (1:3 ratio, 1 kg) under glasshouse conditions. Plants were uprooted gently after 15 days of sowing and washed in running tap water. Thereafter, root samples were fixed in a mixture of formaldehyde (37%) and glutaraldehyde (2.5%) (1:1 ratio) for 24 h at 4°C. The second fixation was done using osmium tetraoxide solution (HiMedia, Mumbai, India) for 12 h at ambient room temperature. The pre-fixed root samples were dehydrated using a gradient of ethyl alcohol (30, 50, 70, 90, and 100%) for 30 min each and dried under vacuum. After proper drying, the samples were coated with gold (20 nm) and visualized under Scanning Electron Microscope.
Effects of Inoculation on Root Architecture
To see the effect of microbial inoculation on root architecture and root development, plants were uprooted carefully and brought to the laboratory after 30 days of sowing. Root samples were washed in gentle running tap water. Thereafter, root scanning was done and clean roots were scanned using a root scanner (Regent Instrument, Canada). The scanned images were analysed using image analysis software “WinRhizo Pro 2017” (Client# IN1803202) to study the different parameters of root architecture.
Effect of Inoculation on Plant Growth Attributes
After 30 and 60 days of sowing, the plants from five replications of each treatment were uprooted. Plant growth parameters like root and shoot length and fresh and dry root and shoot biomass were recorded.
Effect of Inoculation on the Accumulation of Biomolecules and Antioxidative Enzymes
The total chlorophyll, carotene, total soluble sugar, total protein, proline, and phenolic content in the plant leaves were estimated spectrophotometrically by following the methods/protocols described by Sadasivam and Manickem (1996) at 30 DAS. Total flavonoid content and activity of antioxidative enzymes such as phenylalanine ammonia lyase (PAL), peroxidase (Pox), ascorbate peroxidase (Apx), catalase (CAT), and superoxide dismutase (SOD) were estimated quantitatively as per methods described by Thimmaiah (2012) at 30 DAS.
Expression Analyses of P, K, and S Transporters
To see the effects of microbial inoculation on up- and down-regulation of P, K, and S transporters in pigeonpea grown under sterilized sand–soil mixture, gene expression analyses were performed by using quantitative real-time PCR (qRT-PCR) at 30 and 60 DAS. Plant roots were sampled from each treatment, washed in running tap water, and brought to the laboratory. Thereafter, samples were quick frozen in liquid nitrogen. Total RNA was isolated using the Total RNA Isolation kit (Bangalore GeNi, Bengaluru, India) according to the manufacturer’s protocols/instructions (Singh S. et al., 2021). The qualitative and quantitative assessments of these RNA samples were conducted using Bio-analyzer (Agilent 2100, Agilent Technologies, Mumbai, India). RNA samples with RNA integrity (RIN) value ≥ 8 were taken for the synthesis of cDNA using iScript cDNA Synthesis kit (BioRAD, India) following the manufacturer’s protocols/instructions. The quality and concentration of cDNA were determined using Nanodrop 2000c (Thermo Scientific, United States). There were three biological replicates for each treatment. The qRT-PCR was performed using the SYBR Green master mix (Thermo Scientific, United States) on the BioRAD Real-Time PCR System (MJ MiniOpticon, BioRAD, India). The housekeeping gene actin was used as an endogenous standard to normalize the quantitative expression data. The expression of key transporters (P, K, and S Transporters) genes was analysed using gene-specific primers. The primers used in the expression study are listed in Supplementary Table S3. Their specificity was confirmed by analysis of the melting curves. The 2–△△CT method (Livak and Schmittgen, 2001) was used to quantify the value of every sample using Actin as an internal reference.
Effect of Inoculation on N, P, K, and S Content
To see the effects of microbial inoculation on N, P, K, and S content, plant samples were harvested at 60 DAS and brought to the laboratory. The nitrogen content in the plant leaves was estimated by using Kjeldahl method following the procedure described by Bilbao et al. (1999). For estimation of phosphorous content in the plant leaves, samples were digested in the tri-acid mixture (HClO4 + H2SO4 + HNO3; 3:1:10). The 5 ml extract was taken in a 50-ml volumetric flask, added 5 ml 5N HNO3 and 5 ml ammonium metavanadate solution (0.25%), and mixed thoroughly. Thereafter, 5 ml ammonium molybdate (5%) was added and absorbance was recorded at 470 nm wavelength using UV–Vis spectrophotometer (Jackson, 1973). However, potassium content was estimated quantitatively by using a flame photometer (Jackson, 1973). The total sulfur in plant samples was estimated by using the barium sulfate turbidimetry method (Lachicaa Garrido, 1964). Sulfur present in the plant tissue is converted into sulfate ions and precipitated as barium sulfate after treatment with barium chloride. The observance was recorded at 420 nm using UV–Vis spectrophotometer and S content (%) in the plant tissue was calculated.
Statistical Analyses
Glasshouse experiments were laid out in Completely Randomized Design (CRD) with 10 replications. Data were analysed using Statistical Package for Social Science (SPSS), Version 18.0. Graphs were made using statistical software, OriginPro 9.0.
RESULTS
Bacterial Strains
During the course of isolation, 13 bacterial isolates were obtained from different samples collected from Open Cast Projects of Jharkhand (India). These isolates were nominated as DRC-18-7A, DRC-18-10, DRC-18-7B, DRC-18-11, DSC-18-101, DRC-18-25, DSC-18-5, DJC-18-21, DRC-18-15, DSC-18-501, DJC-18-02J, DRC-18-101A, and DSC-18-77D (Table 1). Molecular identification of 13 isolates was carried out based on 16S rRNA gene sequences and identification was done based on per cent similarity (EzBiocloud, a public database of type strains) by BLAST homology. These sequences were submitted to NCBI GenBank and accession numbers were obtained. Based on BLAST homology results, DRC-18-7A and DRC-18-10 were identified as Stenotrophomonas maltophilia, while DRC-18-7B and DRC-18-11 showed maximum BLAST homology with Stenotrophomonas pavanii. Further, isolates DSC-18-101, DRC-18-25, DSC-18-5, DJC-18-21, and DRC-18-15 were identified as Rhizobium pusense. Two isolates, DSC-18-501 and DJC-18-02J were identified as Bacillus velezensis, whereas DRC-18-101A and DSC-18-77D were identified as Paenibacillus massiliensis (Figure 2, Supplementary Table S4).
[image: Figure 2]FIGURE 2 | Neighbour joining tree derived by CLUSTAL W and MEGA X using analysis of 16S rRNA gene sequences of bacterial strains isolated from coal mines. The numbers at nodes indicate bootstrap support values, as calculated by MEGA X.
Characterization of Bacterial Strains
All these strains were further characterized for pH reduction using thiosulfate broth. Among the 13 bacterial strains tested, 6 strains (Rhizobium pusense DRC-18-15 and DSC-18-101; Bacillus velezensis DSC-18-501 and DJC-18-02J; and Paenibacillus massiliensis DRC-18-101A and DSC-18-77D) could not reduce the pH of thiosulfate broth after 21 days of incubation, and hence were not included for further studies (Figure 3A). Among the seven strains characterized, maximum sulfate ion was recorded for S. maltophilia DRC-18-7A (311.43 mg L−1) closely followed by S. pavanii DRC-18-7B (273.44 mg L−1) and S. maltophilia DRC-18-10 (265.75 mg L−1) after 21 days of inoculation (Figure 3B). Growth kinetic studies revealed that maximum growth was achieved by S. pavanii DRC-18-7B (3.13 × 106) followed by S. maltophilia DRC-18-7A (2.92 × 106) and S. pavanii DRC-18-11 (2.22 × 106) after 21 days of inoculation (Figure 3C).
[image: Figure 3]FIGURE 3 | Characterization of sulfur-oxidizing bacterial isolates for (A) pH reduction, (B) sulfate ion production, and (C) growth kinetics under controlled laboratory conditions.
All the seven strains selected were further screened for antibiotic sensitivity and PGP traits. Results indicated that these strains showed different reactions to antibiotics tested under controlled laboratory conditions (Supplementary Table S5). Similarly, most of the strains tested were found positive for different PGP traits analysed. Specifically, strain S. maltophilia DRC-18-7A showed a positive reaction for all the PGP attributes tested except for H2O2 and chitinase activity. Strains S. maltophilia DRC-18-10 and S. pavanii DRC-18-7B showed negative responses for H2O2 production, catalase, and chitinase (Supplementary Table S6). The quantitative estimation indicated that maximum P solubilization was recorded for S. maltophilia DRC-18-7A (24.39 μg ml−1) after 10 days of inoculation (Supplementary Table S7). However, maximum siderophore production was achieved in broth inoculated with S. maltophilia DRC-18-10, whereas maximum IAA production was achieved for R. pusense DRC-18-25 (15.25 μg ml−1) (Supplementary Table S7).
Effect of Inoculation on Germination and Vigour Indices
Glasshouse experiments were conducted to see the effect of inoculation on seed germination (%) and vigour indices in sterilized and non-sterilized soils. Results revealed a significant increase in the seed germination (90.20%) (being maximum) upon inoculation of S. maltophilia DRC-18-7A, followed by S. pavanii DRC-18-7B (87.10%) and S. maltophilia DRC-18-10 (85.25%), respectively, in the sterilized soil. The least germination was recorded in the untreated control (75.90%). A more or less similar pattern was recorded in the case with non-sterilized soil (Table 2).
TABLE 2 | Effect of seed inoculation of SOB on germination (%) and vigour indices of pigeonpea grown in pots after 15 and 30 days of sowing, respectively.
[image: Table 2]In the case of vigour indices, significantly higher vigour index I and vigour index II were recorded in the plants inoculated with S. maltophilia DRC-18-7A (3146.25 and 149.25, respectively), followed by S. pavanii DRC-18-7B (3025.20 and 145.50, respectively). However, the least value of vigour indices was recorded in untreated control plants (vigour index I: 3146.25 and vigour index II: 149.25) in sterilized soil after 30 days of sowing (Table 2). A similar trend was recorded in the non-sterilized soil. However, the values were slightly higher than those in sterilized soil (Table 2).
Root Colonization
Scanning electron microscopic photographs clearly indicated that selected strains exhibited the differential potential to colonize the pigeonpea root at 15 days of sowing (Figure 4). S. Maltophilia DRC-18-7A colonized pigeonpea roots at a very high population density which is clearly visible in scanning electron microphotographs. The cells were anchored to the root surfaces and themselves by a network of fibrillar material, the exo-polysaccharide produced by them on the root surface (Figure 4). S. maltophilia DRC-18-7A produced primarily microaggregates and later on converted into macroaggregates on the root surface after 15 days of inoculation (Figure 4). In contrast, the other strains yielded mainly single cells embedded in the root epidermis and rarely formed microaggregates (Figure 4).
[image: Figure 4]FIGURE 4 | Scanning electron microphotographs showing root colonization of selected strains of SOB at 15 days of sowing.
Effect of Inoculation on Root Architecture
Seed inoculation with sulfur-oxidizing bacterial strains significantly impacts root architecture and the development of secondary and tertiary roots. A significant increase was seen in the root surface area (67.50 cm2), average diameter (0.66 mm), total root volume (3.45), root length (196.25 cm), and the number of tops (346.25), forks (745.25), crossings (805.15), and links (1215.66) in the plant inoculated with S. Maltophilia DRC-18-7A followed by those inoculated with S. pavanii DRC-18-7B [root surface area (52.47 cm2), average diameter (0.54 mm), total root volume (2.96), root length (179.70 cm), and the number of tops (310.66) and forks (675.24)] as compared to other treatments and untreated control plants after 30 days of sowing (Table 3; Figure 5).
TABLE 3 | Effect of microbial inoculation on root development and attributes in pigeonpea grown in pots at 30 days of sowing.
[image: Table 3][image: Figure 5]FIGURE 5 | Effects of seed inoculation of SOB on root architecture in the pigeonpea leaves at 30 days of sowing.
Effect of Inoculation on the Accumulation of Biomolecules and Antioxidative Enzymes
Seed inoculation with sulfur-oxidizing bacterial strains tends to overproduce total chlorophyll, antioxidative enzymes, and biomolecules in the pigeonpea grown in sterilized soil. Results of glasshouse experiments clearly showed that maximum synthesis and accumulation of total chlorophyll (10.25 mg g−1 fresh wt.), total carotenoids (0.36 mg g−1 fresh wt.), total soluble sugar (19.67 mg g−1 dry wt.), and total protein content (16.26 mg g−1 dry wt.) were recorded in the leaves of plant inoculated with S. maltophilia DRC-18-7A followed by S. pavanii DRC-18-7B. These values were significantly higher than untreated control plants at 30 days of sowing (Figure 6). Similarly, the maximum accumulation of total phenolics (18.26 μmol g−1 fresh wt.), flavonoids (1.10 μmol g−1 fresh wt.), and proline (3.79 mg g−1 dry wt.) was recorded in the plants treated with S. maltophilia DRC-18-7A followed by S. pavanii DRC-18-7B (Figure 6).
[image: Figure 6]FIGURE 6 | Effects of seed inoculation of SOB on accumulation of total chlorophyll, total carotenoids, total soluble sugar, total protein, flavonoids, and proline in the pigeonpea leaves at 30 days of sowing. Treatments were as follows: T1—Stenotrophomonas maltophilia DRC-18-7A, T2—S. maltophilia DRC-18-10, T3—S. pavanii DRC-18-7B, T4—S. pavanii DRC-18-11, T5—R. pusense DRC-18-25, T6—R. pusense DSC-18-5, T7—R. pusense DJC-18-21, and T8—Untreated control (No inoculation). Data are mean (n = 5) and vertical bar represents the standard deviation. Data with different letters show significant difference in column data in randomized block design test at p < 0.05 under Duncan’s multiple-range test.
The data presented in the current study reveal significant differences in the activity of PAL, POx, APx, CAT, and SOD in the leaves of pigeonpea plants inoculated with either of the strains as compared to control plants. Significantly higher activities of PAL (16.25 mM trans-cinnamic acid h−1 g−1 fresh wt.), POx (8.50 unit g−1 fresh wt.), APx (12.75 unit g−1 fresh wt.), CAT (19.25 unit g−1 fresh wt.), and SOD (15.39 unit g−1 fresh wt.) were recorded in the leaves of pigeonpea inoculated with S. maltophilia DRC-18-7A followed by the plants inoculated with S. pavanii DRC-18-7B at 30 DAS under glasshouse conditions (Figure 7). However, the least value for the activities of PAL (4.50 mM trans-cinnamic acid h−1 g−1 fresh wt.), POx (2.50 unit g−1 fresh wt.), APx (5.29 unit g−1 fresh wt.), CAT (8.50 unit g−1 fresh wt.), and SOD (6.50 unit g−1 fresh wt.) was recorded in the leaves of untreated control plants at 30 DAS (Figure 7).
[image: Figure 7]FIGURE 7 | Effects of seed inoculation of SOB on accumulation of total phenolics and activities of PAL, peroxidase, ascorbate peroxidase, catalase, and SOD in the pigeonpea leaves at 30 days of sowing. Treatments were as follows: T1—Stenotrophomonas maltophilia DRC-18-7A, T2—S. maltophilia DRC-18-10, T3—S. pavanii DRC-18-7B, T4—S. pavanii DRC-18-11, T5—R. pusense DRC-18-25, T6—R. pusense DSC-18-5, T7—R. pusense DJC-18-21, and T8—Untreated control (No inoculation). Data are mean (n = 5) and vertical bar represents the standard deviation. Data with different letters show significant difference in column data in randomized block design test at p < 0.05 under Duncan’s multiple-range test.
Effect of Inoculation on Plant Growth Attributes
Seed inoculation with sulfur-oxidizing bacterial strains significantly enhances the plant growth attributes in pigeonpea grown in sterilized and non-sterilized soil under glasshouse conditions at 30 and 60 days of sowing (Tables 4, 5). Results of the present investigation revealed maximum shoot length, root length, and fresh and dry weight of shoot and root in the plants inoculated with S. maltophilia DRC-18-7A followed by those inoculated with S. pavanii DRC-18-7B at 30 and 60 DAS in the sterilized soil as compared to other treatments under glasshouse conditions (Table 4 and 5, respectively). A similar trend was recorded in the plants grown in non-sterilized soil at 30 and 60 DAS. However, the values were significantly higher than the plant grown in sterilized soil (Tables 4, 5, respectively).
TABLE 4 | Effect of seed inoculation on plant growth parameters of pigeonpea grown in pots after 30 days of sowing.
[image: Table 4]TABLE 5 | Effect of seed inoculation on plant growth parameters of pigeonpea grown in pots after 60 days of sowing.
[image: Table 5]Effect of Inoculation on the Expression of P, K, and S Transporters
To see the effects of inoculation on the expression profile of phosphorous, potassium, and sulfur transporters, qPCR analyses were conducted. We selected a few key transporters that have been reported from each subfamily. As shown in Figure 8, Cajanus cajan-probable inorganic phosphate transporter 1-3 (CcPh(i)T 1-3) and Cajanus cajan phosphate transporter PHO1 homolog 9 (CcPhT PHO1-9) were highly expressed in the root as compared to other transporters, viz., Cajanus cajan phosphate transporter PHO1 homolog 3 (CcPhT PHO1-3), Cajanus cajan phosphate transporter (CcPhT PHO1), and Cajanus cajan inorganic phosphate transporters 1–4 (CcPh(i)T 1-4), at 30 DAS. In general, significantly higher expression was reported in the plant roots inoculated with S. maltophilia DRC-18-7A followed by S. pavanii DRC-18-7B. However, the least expression was recorded in untreated control plants (Figure 8).
[image: Figure 8]FIGURE 8 | Effects of seed inoculation of SOB on expression of phosphate transporters in the pigeonpea leaves at (A) 30 and (B) 60 days of sowing. Treatments were as follows: T1—Stenotrophomonas maltophilia DRC-18-7A, T2—S. maltophilia DRC-18-10, T3—S. pavanii DRC-18-7B, T4—S. pavanii DRC-18-11, T5—R. pusense DRC-18-25, T6—R. pusense DSC-18-5, T7—R. pusense DJC-18-21, and T8—Untreated control (No inoculation). Data are mean (n = 5) and vertical bar represents the standard deviation. Data with different letters show significant difference in column data in randomized block design test at p < 0.05 under Duncan’s multiple-range test.
In contrast, CcPh(i)T 1-3 and CcPh(i)T 1-4 transporters were found to be highly expressed in the roots of pigeonpea at 60 DAS across the treatments. Significantly higher expression was recorded in the roots of pigeonpea inoculated with S. maltophilia DRC-18-7A followed by S. pavanii DRC-18-7B in general. However, results indicated that P transporters genes had differential expressions in root tissues. As indicated in the Figure 8, maximum expression of CcPhT PHO1-3 was recorded in the plants inoculated with S. pavanii DRC-18-7B (4.29-fold) followed by S. pavanii DRC-18-11 (4.05-fold) and S. maltophilia DRC-18-7A (3.66-fold) at 60 DAS (Figure 8). This suggested that CcPh(i)T 1-3 and CcPhT PHO1-9 genes may play a key role in transporting P at the early stage of plant growth, while CcPh(i)T 1-4, CcPh(i)T 1-3, and CcPhT PHO1-3 play role at the advance stage of plant growth.
Similar to P transporters, K transporters were also expressed differently at 30 and 60 days after sowing. Results indicated that maximum expression of Cajanus cajan-probable potassium transporter 17 (CcPoT 17) was recorded at 30 DAS across the treatments (Figure 9). However, Cajanus cajan potassium transporter 3 (CcPoT 3) and Cajanus cajan-putative potassium transporter 12 (CcPoT 12) expressed highly at 60 DAS (Figure 9). Among different treatments, maximum expression of CcPoT 3, CcPoT 6, CcPoT 12, and CcPoT 17 was reported in the plants inoculated with S. maltophilia DRC-18-7A (2.50-, 2.25-, 1.25-, and 3.50-fold, respectively) at 30 DAS (Figure 9). In contrast, CcPoT 3 and CcPoT 17 were expressed highly in the plants inoculated with S. pavanii DRC-18-7B while CcPoT 6 and CcPoT 12 were found to be expressed highly in the plants inoculated with S. maltophilia DRC-18-7A at 60 DAS (Figure 9).
[image: Figure 9]FIGURE 9 | Effects of seed inoculation of SOB on expression of potassium transporters in the pigeonpea leaves at (A) 30 and (B) 60 days of sowing. Treatments were as follows: T1—Stenotrophomonas maltophilia DRC-18-7A, T2—S. maltophilia DRC-18-10, T3—S. pavanii DRC-18-7B, T4—S. pavanii DRC-18-11, T5—R. pusense DRC-18-25, T6—R. pusense DSC-18-5, T7—R. pusense DJC-18-21, and T8—Untreated control (No inoculation). Data are mean (n = 5) and vertical bar represents the standard deviation. Data with different letters show significant difference in column data in randomized block design test at p < 0.05 under Duncan’s multiple-range test.
In the present investigation, six key sulfate transporters, viz., Cajanus cajan sulfate transporter 1.1 (CcSULTR1;1), Cajanus cajan sulfate transporter 1.2 (CcSULTR1;2), Cajanus cajan high affinity sulfate transporter 2.1 (CcSULTR2;1), Cajanus cajan-probable sulfate transporter 3.4 (CcSULTR3;4), Cajanus cajan sulfate transporter 4.1 (CcSULTR4;1), and Cajanus cajan sulfate transporter 4.2 (CcSULTR4;2) were taken. Results indicated that all these genes were highly expressed in the plant root inoculated with the S. maltophilia DRC-18-7A followed by S. pavanii DRC-18-7B at 30 DAS. Among different S transporters, CcSULTR4; 2, CcSULTR3;4, and CcSULTR4;1, were found to be expressed highly across the treatments at 30 DAS (Figure 10). In contrast, CcSULTR3;4 was the highly expressed S transporter at 60 DAS followed by CcSULTR2;1 gene. Among different treatments, a more or less similar trend was observed as recorded in the case of 30 DAS (Figure 10).
[image: Figure 10]FIGURE 10 | Effects of seed inoculation of SOB on expression of sulfur transporters in the pigeonpea leaves at (A) 30 and (B) 60 days of sowing. Treatments were as follows: T1—Stenotrophomonas maltophilia DRC-18-7A, T2—S. maltophilia DRC-18-10, T3—S. pavanii DRC-18-7B, T4—S. pavanii DRC-18-11, T5—R. pusense DRC-18-25, T6—R. pusense DSC-18-5, T7—R. pusense DJC-18-21, and T8—Untreated control (No inoculation). Data are mean (n = 5) and vertical bar represents the standard deviation. Data with different letters show significant difference in column data in randomized block design test at p < 0.05 under Duncan’s multiple-range test.
Effect of Inoculation on N, P, K, and S Content
To see the effects of seed inoculation on the N, P, K, and S content in pigeonpea, plant samples from different treatments were digested and analysed to estimate the N, P, K, and S content in pigeonpea grown in the sterilized and non-sterilized soil at 60 DAS. Under glasshouse conditions, N content in the leaves of pigeonpea was significantly higher in the plants treated with S. maltophilia DRC-18-7A (2.54%) followed by the plants inoculated with S. pavanii DRC-18-7B (2.37%) grown in sterilized soil as compared to other treatments (Table 6). However, in non-sterilized soil, N content in the leaves of pigeonpea was significantly higher in the plants treated with S. pavanii DRC-18-7B (2.91%) followed by the plants inoculated with S. maltophilia DRC-18-7A (2.80%). In contrast, significantly higher P and K contents were recorded in the plants grown in sterile soil treated with S. pavanii DRC-18-7B (0.46 and 0.55%, respectively) as compared to plants treated with S. maltophilia DRC-18-7A (0.33 and 0.48%, respectively) and other inoculants (Table 6). Similar to N content, maximum S content was recorded in the plants grown in non-sterilized soil and treated with S. maltophilia DRC-18-7A (0.62%) followed by S. pavanii DRC-18-7B (0.60%). The least N, P, K, and S contents were recorded in untreated control plants grown in sterilized and non-sterilized soil (Table 6).
TABLE 6 | Effect of seed inoculation of SOB on nitrogen, phosphorous, potassium, and sulfur content in the leaves of pigeonpea after 60 days of sowing.
[image: Table 6]DISCUSSION
In general, sulfur is one of the essential and indispensable nutrients for the plant growth and metabolism. Naturally, sulfur is oxidized into the soil by sulfur-oxidizing bacteria promoting S uptake and plant health (Grayston and Germida, 1991; Banerjee and Yesmin, 2004; Anandham et al., 2014). The aim of the present investigation was to isolate, identify, and characterize SOB from coal mines and to evaluate the efficient strains for their ability to influence plant growth and S uptake in pigeonpea. In the earlier studies, several attempts had been made to isolate SOB from the rhizosphere of mustard, paddy, black gram, and sesame (Vidyalakshmi and Sridar, 2007; Anandham et al., 2010; Chaudhary et al., 2017), as well as black shale and acid mine drainage (Sajjad et al., 2016). Anandam et al. (2005) isolated chemolithotrophic SOB using enrichment technique from different niches. Vidyalakshmi and Sridar (2007) also published a report on the isolation of SOB from biogas slurry. To the best of our knowledge and literature available so far, no significant investigations have been made on the isolation of SOB from coal mines and their effects on sulfur uptake and translocation in pigeonpea. In the present study, 13 bacterial isolates were obtained from different samples collected from Open Cast Coal Mines Projects (West Mudidih Colliery, Singhpur Opencast mine, and Sirka Opencast mine, Jharkhand, India). Coal, petroleum, and natural gas contain a high level of organic and inorganic sulfur and are supposed to be a rich source of SOB by and large (Sultan and Faisal, 2016). Several heterotrophic, mixotrophic, chemolithotrophic, and chemoorganotrophic microorganisms are associated with coal and accelerate the bioleaching of different metals. Harrison (1978) suggested that organic sulfur present in coal may first be attacked by heterotrophs and the sulfur released may undergo further oxidation by Thiobacillus, particularly T. ferrooxidans. Further, acidophilic pyrite-oxidizing bacteria metabolize both sulfur and pyrite in coal and utilize the energy released to support their growth (Sultan and Faisal, 2016). Based on 16S rRNA sequencing, these isolates were identified as Stenotrophomonas maltophilia (2), Stenotrophomonas pavanii (2), Rhizobium pusense (5), Bacillus velezensis (2), and Paenibacillus massiliensis (2). SOB isolated from acid mine drainage and black shale were identified as Stenotrophomonas, Alcaligenes, Bordetella spp., and Pseudomonas (Sajjad et al., 2016). Sulfur-oxidizing Pseudomonas spp. have also been isolated from soil of Bhitarakanika, Odisha, India (Thatoi et al., 2012). El-Tarabily et al. (2006) published the first report on sulfur-oxidizing Rhizobium sp. from calcareous soils of the United Arab Emirates. Vidyalakshmi and Sridar (2007) reported isolation of only Thiobacillus sp. from soil, sewage, biogas slurry, mine, soil, and tannery effluent. Although chemoautotrophs are considered to be chiefly responsible for microbial oxidation of reduced sulfur compounds, in the present study all the SOB isolates identified were mixotrophs. These findings are in line of other researchers (Lopez-Aguirre et al., 1999; El-Tarabily et al., 2006; Veerender et al., 2014; Sajjad et al., 2016; Reddy et al., 2018; Yousef et al., 2019). It has been documented that the population densities of mixotrophic sulfur oxidizers are high in agricultural soils and they play an important role in the oxidation of reduced sulfur to sulfate and make it available to the plants (Lawerence and Germida, 1991a; Lawerence and Germida, 1991b; Lawerence and Germida, 1991c; Grayston and Germida, 1991; Germida and Janzen, 1993; Sajjad et al., 2016).
Among the 13 strains obtained in the present study, 6 (Rhizobium pusense DRC-18-15 and DSC-18-101; Bacillus velezensis DSC-18-501 and DJC-18-02J; and Paenibacillus massiliensis DRC-18-101A and DSC-18-77D) could not reduce the pH of the growth medium, and hence were not included for further characterization. The selected seven strains efficiently oxidized sulfur and sulfide into sulfate ions and resulted in a reduction in pH of thiosulfate broth medium up to 2.0 from the initial pH 8 after 21 days of incubation. Various researchers in their reports have already discussed pH reduction due to the oxidation of sulfur and subsequent production of acid in the medium by sulfur-oxidizing bacteria (Khalid et al., 1993; Donati et al., 1996; Vidyalakshmi and Sridar, 2007). The strains could produce sulfate ions in the range 160–311.43 mg L−1, the maximum being recorded for S. maltophilia DRC-18-7A. Vimala and Sridar (2009) recorded 32.7 mg of sulfate per 100 ml of the broth, by MSA2C4 isolate. Anandham et al. (2006) reported the production of sulfate ions in growth medium ranging from 31.7 mg 100 ml−1 to 118.0 mg 100 ml−1 by SOB. The concentration of sulfate ions produced by different SOB was estimated in the range 179–272 mg L−1 (Sajjad et al., 2016). Sulfate–sulfur over the range 100–200 μg ml−1 was obtained on the oxidation of elemental sulfur by Thiobacillus thiooxidans (Vogler and Umbreit, 1941). Proteus mirabilis BUFF14 could release sulfate ions in the range 80 mg ml−1–130.50 mg ml−1 till 40 days of incubation (Dhiman et al., 2019). The SOB were further characterized for different plant growth-promoting attributes so as to select potent inoculants for pigeonpea that could improve plant growth besides providing sulfur nutrition to the plants. Plant growth-promoting microorganisms support nutrient uptake through solubilization of phosphorus and production of auxins and siderophore. Four strains belonging to S. maltophilia and S. pavanii were positive for solubilization of phosphorus and production of siderophore. Auxin production was not exhibited by S. pavanii DRC-18-11. None of the three strains belonging to R. pusense could solubilize phosphorus. R. pusense DSC-18-5 and DRC-18-25 were positive for the production of siderophore and auxin. R. pusense DJC-18-21 failed to solubilize P and produce siderophore and auxins. S. maltophilia and S. pavanii have been reported to possess different PGP attributes and have also been implicated to alleviate biotic and abiotic stresses (Stamford et al., 2002; Singh and Jha, 2017; Alexander et al., 2019; Singh S. et al., 2020; Roy Chowdhury, 2020). The potential of R. pusense as PGPR has also been reported by different workers (Sukweenadhi et al., 2019; Chaudhary et al., 2021; Mir et al., 2021). Since the bioinoculants performed well upon seed inoculation, it represents high degree of rhizosphere competence which is the first and foremost requirement for developing a successful microbial inoculant (Singh DP. et al., 2020, Singh et al., 2021a, b, Yadav et al., 2022). Results of the present investigation indicated that SOB colonized the pigeonpea roots and develop biofilm on the root surface (Figure 4).
The seven characterized strains were initially evaluated for their ability to enhance seed germination and vigour. Seed biopriming with all the seven SOB characterized in the present study led to enhanced seed germination and vigour as compared to the untreated control. S. maltophilia DRC-18-7A closely followed by S. pavanii DRC-18-7B outperformed, however, others in enhancing seed germination and vigour indices. There are many reports showing an increase in seed viability and vigour due to inoculation of PGPR in different crops like rice, maize, cocoa, etc., (Kade and Jusoff, 2013; Hanapi et al., 2014; Elekhtyar, 2015; Sutariati et al., 2021). Sulfur-oxidizing bacteria with additional PGP traits have been reported to enhance the growth of different crops like canola (Grayston and Germida, 1991) and maize (Anandham et al., 2014) as it is a constituent of amino acids like cysteine, cystine, and methionine. It is also involved in the regulation of activities of various reactive oxygen scavenging (ROS) enzymes like phenylalanine ammonia lyase (PAL), peroxidase (POx), ascorbate peroxidase (APx), catalase (CAT), and superoxide dismutase (SOD). In the present study, inoculation of SOB, particularly S. maltophilia DRC-18-7A and S. pavanii DRC-18-7B with multiple PGP traits enhanced the plant growth parameters of pigeonpea after 30 days of sowing both under sterilized and non-sterilized conditions. These increases are concomitant with the uptake of nitrogen, phosphorus, potassium, and sulfur in higher concentrations. In addition, inoculation of SOB enhanced the activity of reactive oxygen species (ROS)-scavenging enzymes like phenylalanine ammonia lyase (PAL), peroxidase (POx), ascorbate peroxidase (APx), catalase (CAT), and superoxide dismutase (SOD). In addition to the activity of ROS-scavenging enzymes, there was a significant increase in the accumulation of flavonoids, carotenoids, and proline due to inoculation of SOB. Further, the accumulation of proteins, soluble sugars, and chlorophyll was significantly influenced due to seed priming with SOB resulting in higher biomass accumulation. It has been reported that deficiency of sulfur can lead to chlorosis with lower plant growth and yield (Saha et al., 2018). In field studies, inoculation of Thiobacillus and amendment of different levels of sulfur to inter-cropped sesame and mung bean resulted in enhancement of chlorophyll a, chlorophyll b, total chlorophyll, plant growth parameters, and yield (Gilani et al., 2021).
The plants have developed an efficient antioxidant system for their survival and optimum growth even under any kind of biotic and/or abiotic stresses. These antioxidant systems have both enzymatic and non-enzymatic components. The enzymatic component includes POx, APx, CAT, GR, and SOD. The non-enzymatic antioxidants include ascorbic acid (AA), reduced glutathione (GSH), α-tocopherol, carotenoids, flavonoids, and the osmolyte proline (Das and Roychaudhary, 2014). Increased plant height, nitrogen uptake, and grain yield were recorded for maize due to inoculation of Thiobacillus sp. (Pourbabaee et al., 2020). Inoculation of chemoautotrophic (Thiobacillus ferrooxidans) and heterotrophic sulfur-oxidizing bacteria (M2 and A12) along with pyrite amendment to canola and wheat enhanced the nitrogen uptake as well as and straw and grain yields (Joseph et al., 2014). Besides grain yield, inoculation of Thiobacillus thiooxidans along with different levels of sulfur to sunflower enhanced the oil yield (Pujar et al., 2014; Singh R. K. et al., 2020). The significant increase in plant growth parameters of pigeonpea in non-sterilized growth medium indicates that inoculated strains were able to compete with the native population and could colonize the rhizosphere efficiently. The root colonization studies with SOB confirm the same.
Nitrogen, phosphorus, potassium, and sulfur (N P K S) are the limiting nutrient factors for plant growth and play a crucial role in the physiological processes of the plant (Mmbaga et al., 2014). They are the main components for building a plant cell including proteins, genes, and chromosomes (Mmbaga et al., 2014). Although significantly higher concentrations of these elements are present in the atmosphere (nitrogen 78%) and soil (P 0.05%, K 0.03%; and S 0.0029%), plants are unable to utilize them directly as nutrients and they remain in bind/fixed form or complexes (Singh et al., 2021a,b). The soil-dwelling beneficial microbes play a significant role in the circulation of plant nutrients, which ultimately minimizes the use of chemical fertilizers. Further, plants have evolved sophisticated and complex signalling mechanisms/response pathways resulting in adaptive responses through genetical and physio-biochemical changes (Malviya et al., 2020; Singh S. et al., 2021). In the past few years, several transporters for phosphorous, potassium, sulfur, zinc, irons, etc. were identified in a large number of plant species (Yoshimoto et al., 2002, 2003; Howarth et al., 2003; Zeng et al., 2017). The presence and site of action may vary in different plant species. Some of them are responsible for the acquisition of minerals and nutrients from soil solutes, while others play important role in the transport of minerals from root hairs to sieve tubes and xylem bundles and subsequent transport to shoots. In plants, some of the key phosphate transporters are phosphate transporter PHO1 homolog 3, phosphate transporter PHO, inorganic phosphate transporters 1–4, probable inorganic phosphate transporters 1–3, and phosphate transporter PHO1 homolog 9 (Kulcheski et al., 2015; Suleman et al., 2018; Pattnaik et al., 2021). Several reports indicated the role of potassium transporters in the acquisition and transport of potassium from soil to plant roots and then shoot. However, potassium can be easily acquired by roots via Na+/K+ flux and other ion channels (Kulcheski et al., 2015; Pattnaik et al., 2021). Similarly, in the recent past, a number of sulfate transporters were identified in a large number of plant species. In Arabidopsis alone, 12 sulfate transporters belonging to 4 different groups (SULTR1, SULTR2, SULTR3, and SULTR4) were identified and characterized based on the similarity in their protein sequences (Smith et al., 1997; Bolchi et al., 1999; Takahashi et al., 2000; Vidmar et al., 2000; Shibagaki et al., 2002; Yoshimoto et al., 2002, 2003; Howarth et al., 2003). However, the role of these transporters and exact mechanisms of P, K, and S uptake and transport in pigeonpea via these transporters are not well established. Further, the role of microbial inoculants in the regulation of these transporters is not documented yet. To the best of my knowledge, this may be the first report on the microbe-mediated, especially via SOB regulation, P, K, and S transport in pigeonpea.
In the present investigation, results indicated that inoculation of SOB up-regulates these transporters in the root of pigeonpea, which is clearly evidenced from transcript accumulation of these transporters in the plants inoculated with SOB as compared to uninoculated control plants. The sulfate transporters SULTR1;1 and SULTR1;2 are highly expressed in the epidermis and cortical tissues of the root and transcripts accumulated under sulfate deprivation, indicating that these transporters have a specialized function to import and facilitate the initial uptake of sulfate from the soil to the roots (Takahashi et al., 2000; Shibagaki et al., 2002; Yoshimoto et al., 2002). The results of the present investigation are in line with that. In legumes, inoculation of SOB has shown significant influence on nodulation, nitrogen fixation, sulfur uptake, enhanced plant growth, and yield (Vidyalakshmi et al., 2009). In pigeonpea, increased uptake of N, P, and K have been reported due to sulfur nutrition (Umarani et al., 1994). Interaction in the rhizosphere between microbes and plant roots not only influences the growth of roots but also influences the soil nutrient transformation, mobilization, and their efficient use by plants Shen et al. (2013). Microbial inoculants have the capability to improve nutrient uptake, increase nutrient availability, or stimulate plant growth (Harman et al., 2004). A large number of studies have reported that PGPRs have the potential to mineralize organic compounds, solubilize mineral nutrients, and fix the atmospheric nitrogen (Mia et al., 2013; Mmbaga et al., 2014). It is clearly evidenced that selected SOB, Stenotrophomonas spp., and R. pusense do not produce nodules in pigeonpea. However, the application of SOB enhances the N, P, K, and S contents in the pigeonpea as compared to untreated control plants. They might increase the N mineralization in the rhizosphere and thereby increase the nitrogen use efficiency of plants along with soil fertility which is reflected in the form of increased N content in the plants. On the other hand, co-inoculation of SOB and specific root nodule bacteria in cowpea along with amendments significantly enhanced the dry biomass and uptake of different minerals (S, K, N, P, Fe, Mn, Zn, and Cu) (Mohamed and Gomaa, 2005). Bhagwan (2017) reported that uptake of N, P, and K for pigeonpea was significantly influenced by the application of graded levels of sulfur and SOB. The combined application of SOB and Rhizobium enhanced the pod yield of groundnut (Hanif and Krishnamoorthi, 2016).
Some studies showed that the application of sulfur significantly increases the yield and nutrient uptake in pigeonpea as compared to absolute control (Palsaniya and Ahlawat, 2009; Jat and Ahlawat, 2010; Kumar et al., 2012). Similarly, Deshbhratar et al. (2010) reported significant increment in grain yield (14.81 q ha−1) and straw yield (41.26 q ha−1) of pigeonpea incorporated with 20 kg S ha−1 and 50 kg P2O5 ha−1 along with a recommended dose of N (30 kg ha−1) as compare to control. In the present investigation also seed inoculation by different strains of Stenotrophomonas spp. and R. pusense significantly increased the shoot and root length, as well as fresh and dry biomass in the pigeonpea at 30 and 60 days of sowing. Moreover, sulfur oxidation is an important biogeochemical reaction that improves the sulfur availability in the rhizosphere and cannot be overlooked. However, sulfur oxidation by PGPR is not a new approach, but none of the studies have yet reported the potential of SOB for their use as biofertilizers to overcome sulfur deficiency in pigeonpea crops. Further in-depth investigations are needed to verify the exact role of these sulfur-oxidizing microbial inoculants along with other putative mechanisms participating in microbe-mediated expression of S transporters and regulation of physiological and metabolic pathways in pigeonpea. It would be interesting to explore how the overexpression of S transporters, and other antioxidant pathways could be used to enhance tolerance level under sulfur-deficient conditions and improve crop growth in pigeonpea, similar to achievements made in A. thaliana and other model plants.
CONCLUSION
In the present investigation, 13 strains were isolated from coal mines and identified as S. maltophilia, S. pavanii, R. pusense, B. velezensis, and P. massiliensis on the basis of 16S rRNA gene sequences. Out of 13 strains, 7 strains were found to reduce the pH and produce sulfate ions and were taken in the present study. Based on the results obtained, S. maltophilia DRC-18-7A and S. pavanii DRC-18-7B colonized the plant roots profusely and were found to be promising SOB which could increase the seed germination, vigour indices, and root architecture in pigeonpea at the early stage of plant growth under sterilized and non-sterilized conditions. Further, these strains up-regulated the P, K, and S transporters in pigeonpea and this is going to be a first report where S. maltophilia, S. pavanii, and R. pusense could regulate the P, K, and S transporters. These results are substantiated with the data obtained on P, K, and S content. Based on the results, it was confirmed that selected strains of SOB could performed well under sterilized and non-sterilized sand–soil mixture. The study has led to the identification of two potential SOB (S. maltophilia DRC-18-7A and S. pavanii DRC-18-7B) that could be used as inoculants for pigeonpea to enhance its growth and yield. Furthermore, SOB-mediated sulfur uptake and translocation, and molecular mechanisms/insights behind the plant growth and development with special reference to pigeonpea need to be explored in future courses of research. In order to achieve maximum benefit, the work is in progress to arrive at compatible combinations with pigeonpea-specific rhizobia and to develop consortium formulations that can be recommended in a package of practices.
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Due to the introduction of zero-till wheat in the Indo-Gangetic plains (IGP) in India, irrigation and fertilizer nitrogen (N) management needs to be modified from that followed under conventionally tilled fields. A field experiment was conducted to study the effect of irrigation and N levels on yield and N uptake by zero-till wheat, fertilizer N-use efficiency, and distribution of nitrate-N (NO3-N) in a soil profile under zero-till conditions in an acidic alluvial soil of the eastern IGP. The experiment was laid out in a split-plot design with four levels of irrigation as main plots (I0-no irrigation, rain-fed, I1-122 mm in one irrigation at 21 days after sowing (DAS), I2-263 mm in two irrigations at 21 and 42 DAS, and I3-386 mm in three irrigations at 21, 42, and 84 DAS) and 4 N levels [0 (N0), 60 (N1), 120 (N2), and 150 (N3) kg N ha−1] as subplots. Grain and straw yields were significantly higher at the irrigation level-I2 and 120 kg N ha−1-N2 over the control (I0 and N0) and were at par with the highest applied levels of irrigation and N (I3 and N3). The nitrogen uptake by wheat followed a trend similar to yield for irrigation levels; however, it increased significantly up to 150 kg N ha−1. After the harvest of wheat crop, more NO3-N was observed in the 60–90 cm subsurface soil layer than in the surface 0–15 cm and/or 15–30 cm and 30–60 cm subsurface soil layers. The highest NO3-N concentration was recorded in the treatment I2N2. Accumulation of NO3-N in the soil increased up to irrigation levels I2 and with increasing doses of fertilizer N application. Combined applications of irrigation and N had a positive and significant influence on agronomic efficiency (AE) and apparent N recovery (ANR) but had no significant effect on physiological efficiency (PE). This study suggests that an appropriate combination of irrigation and N levels in zero-till wheat can lead to not only high-yield levels and N-use efficiency but also adequately control NO3-N leaching under acidic alluvial soils in the eastern IGP.
Keywords: irrigation, nitrogen rates, nitrogen-use efficiency, wheat yield, soil moisture, soil profile
INTRODUCTION
The Indo-Gangetic alluvial plains (IGP) of India with an area of more than 28 million hectares are an environmentally sensitive region where rice and wheat grown in an annual rotation constitute the dominant cropping system. The landscape, hydrology, and fertility status in the region are affected by climate change and population pressure (Saini, 2008). The IGP is divided into three parts: western, middle, and eastern; but for wheat, the eastern part is the least productive region due to a low soil fertility status and uneven distribution of rainfall coupled with lack of adequate irrigation which lead to low cropping intensity and farm productivity (Sekar and Pal, 2012; Bhatt et al., 2016). Wheat productivity in the eastern IGP can be improved if farmers agree to plant wheat just after harvesting the main rice crop and optimally use the residual soil moisture. Traditionally, farmers in the region cultivate either wheat or potato after harvesting rice but with conventional tillage, which results in the loss of soil moisture and low crop productivity. The use of zero tillage in wheat could conserve more soil residual moisture and thus support better wheat growth (Ding et al., 2021). Adoption of zero tillage in wheat cultivation could also save input cost, fuel consumption, and irrigation. The water-use compared to conventional cultivation is well documented (Yadav et al., 2002; Yadav et al., 2005). In western IGP, under zero tillage wheat sowing, both yield and net returns were 12% and 25% greater than conventional cultivation, respectively (Prem et al., 2018).
Water is the main limiting factor in wheat production. The irrigation scheduling and frequency are key factors to help farmers in increasing wheat yield and saving water, especially in light-textured soils (Awaad and Deshesh, 2019). Nitrogen (N) is one of the most important plant nutrients which directly affects wheat production and also contributes most to environmental degradation. It is optimally required for wheat throughout the growing season for supporting both vegetative and reproductive growth stages (Jat et al., 2014). Significant synergistic effects between N application and irrigation have also been observed in wheat (Geesing et al., 2014). Water utilization improves with an optimal supply of N resulting in higher N-use efficiency (NUE) in wheat (Luis et al., 2005; Sepaskhah et al., 2006; Rasmussen et al., 2015). Both NUE and extent of losses of N from the soil–plant system are important issues in any region. In general, nitrate is lost through leaching and may even pollute groundwater bodies with excessive N application to cereals like wheat (Bijay-Singh and Craswell, 2021). The magnitude of N leaching depends on several factors which include soil types, cropping sequence, fertilizer and irrigation regimes, and the prevalent weather of the region (Marković et al., 2021).
The Terai region in eastern IGP is known for high productivity of rice in the Kharif (May–November) season and low productivity of wheat in the Rabi (December–April) season. Delayed land preparation for planting wheat, due to a high soil-moisture level after the harvest of rice, and poor soil fertility are the two major factors leading to low productivity of wheat in the region. Due to very low rainfall during the wheat season, efficient management of irrigation water in combination with application of adequate amount of fertilizer N can ensure high productivity of wheat. The present investigation has been carried out to understand the role of irrigation and fertilizer N management in governing wheat yield, NUE, and leaching losses of N in an acidic alluvial soil in the eastern IGP. The objectives of the study were to determine wheat grain yield and NUE under combinations of different irrigation regimes and fertilizer N levels and to assess NO3-N accumulation and distribution in the soil profile under zero-till wheat.
MATERIALS AND METHODS
Site description
Field experiments were conducted in the research farm of Uttar Banga Krishi Vishwavidyalaya in Pundibari (26o23′N, 89o23′E; 41 m above msl), Cooch Behar, West Bengal, India, for two consecutive wheat-growing seasons in 2015–16 and 2016–17 (Figure 1). The climate of the region is sub-tropical and per-humid. The area receives monsoonal rainfall between June and October with a mean annual rainfall of 312.5 cm. Temperature is moderate in the summer season, whereas winters are cold. The average minimum air temperature during 2001–2016 was 18.9°C, and the average maximum air temperature was 29.7°C. The annual rainfall and air temperature recorded during the study period (Figure 2) showed minor differences as compared to the corresponding long-term data.
[image: Figure 1]FIGURE 1 | Location map of the study area.
[image: Figure 2]FIGURE 2 | Weather data during the growth period of wheat crop for 2 years of study.
Soil characteristics
The soils are coarse-textured (sandy loam) belonging to Aquic Ustifluvents (Biswas, 2016) with an acidic reaction. Based on soil fertility classification, soils are characterized by low to moderate in fertility (Sinha, 2013). The soil physicochemical properties in the experimental field of the present study are listed in Table 1.
TABLE 1 | Physicochemical properties of the experimental field at the start of the experiment during the first year of the study.
[image: Table 1]Treatments
The experiment was laid in a split-plot design with four levels of irrigation water in the main plots and 4 N levels in the sub-plots, with three replications. The four levels of irrigation were: rain-fed (I0), 122 mm in one irrigation at 21 days after sowing (DAS) (I1), 263 mm in two irrigations at 21 and 42 DAS (I2), and 386 mm in three irrigations at 21, 42, and 84 DAS (I3). The total water supply (irrigation and rainfall) during the growth of wheat in 2015–16 and 2016–17 seasons are shown in Table 2. The 4 N levels were: 0 kg ha−1 (N0), 60 kg ha−1 (N1), 120 kg ha−1 (N2), and 150 kg ha−1 (N3). The application of fertilizer N in split doses at different growth stages of wheat crop is shown in Table 2. The size of the sub-plots in the experiments in both the years was maintained as 10 m × 11 m with 15 cm tyne-to-tyne spacing in the zero-till machine.
TABLE 2 | Total water supplya (cm) and nitrogen application during the growth period of wheat crop for 2 years of the study.
[image: Table 2]Crop management practice
In both the years, the wheat variety HD-2967 was sown with a seed rate of 100 kg ha−1 in the last week of November and harvested in the last week of April. The seeds were treated with chloropyriphos (20 EC, 400 ml per 100 kg seeds mixed in 5 L of water) to control termite attacks. After the preceding rice crop, the application of glyphosate at 2.0 kg a.i. ha−1 was carried out 7 days before sowing. A pre-emergence application of pendimethalin at 0.50 kg a.i. ha−1 was carried out. Sowing of wheat was performed using the zero-till seed-cum-fertilizer drill. Fifty per cent of the total amount of N, full doses of P and K, and half of the total amount of fertilizer N were applied in different treatments at the time of sowing. At 21 DAS, 25% of the total amount of N was applied as the first top dressing. Remaining 25% of the total amount of N was applied as a second top dressing at 42 DAS followed by irrigation. A complex fertilizer (NPK 10:26:26) was used as the source of N, P, and K at the time of sowing through the zero-till machine, and to compensate the required amount of N and K, the difference was supplemented with urea and muriate of potash, respectively. The top dressings for N were carried out through urea.
The application of 2, 4-D at 0.50 kg a.i. ha−1 was performed after 35 DAS to kill the broad-leaved weeds. Application of boron was also performed after 35 and 55 days of sowing as borax (20% boron) at 1 g L−1 in all the plots. The four levels of irrigation applied were no irrigation water (I0), one irrigation water at 21 DAS (I1), two irrigations at 21 and 42 DAS (I2), and three irrigations at 21, 42, and 84 DAS (I3) as per specified treatment plots. The irrigation was applied through the pipe from a point source to every individual plot, and the amount of irrigation was measured using a flow meter installed at the end of the pipe. At 80% maturity, plants were harvested manually from each treatment plot.
Collection of soil and plant samples
Composite soil samples were collected from individual treatment plots from the experiment at 0–15, 15–30, 30–60, and 60–90 cm depths, both before sowing and immediately after the harvest of wheat crop in both the years. Sub-samples drawn from five cores for each depth of the individual treatment plots were pooled together as one composite soil sample for each treatment. Soil samples were air-dried at room temperature, ground in a wooden mortar, sieved through a 2-mm sieve, and preserved with care in air-tight polythene containers until the analysis was carried out. Data in the figures of the soil depth have been represented for 0–15, 15–30, 30–60, and 60–90 cm as 15, 30, 60, and 90 cm, respectively.
At maturity, wheat plants were harvested at the ground level from three locations each of 1 m2 area in the individual treatment plots. The harvested plants were separated into grain and straw after threshing, and yields were recorded. After thoroughly mixing, grain and straw samples, each of about 100 g by weight, were first washed with tap water repeatedly followed by washing with the distilled water and 0.1 N HCl and finally with distilled water. After air-drying, the samples were oven-dried at 60°C until a constant weight was obtained. The oven-dried samples were ground using a Willey Mill grinder and stored properly in a plastic container until the analysis was carried out. The grain yield was expressed as a 12% moisture level, while the straw yield at maturity as well as the biomass yield at growth stages was expressed on an oven-dry basis.
Soil analysis
The pH of the soil suspension (1:2) was measured potentiometrically by using a glass electrode-pH meter (Jackson, 1973). The bulk density was determined using a steel core of 100 cm3 (5 cm diameter and 5 cm height of small rings) following the procedure described by Blake. (1965).
The particle size analysis was determined by following the international pipette method (Piper, 1966). The rapid titration method of Walkely and Black, (1934) was used for the determination of oxidizable organic carbon of the soil samples. Mineral nitrogen (min-N) of the soil was estimated following the method of Keeney and Bremner, (1966). Nitrate-nitrogen (NO3-N) of soil samples was estimated following the procedure of Cataldo et al. (1975). The total N content in soil and plant samples was determined by the digestion and distillation procedure described by Kenny and Bremner, (1966).
Computations
• Soil water storage (Liu W. et al., 2018)
[image: image]
where soil water storage is expressed in cm, gravimetric water content in g g−1, bulk density in g cm−3, and soil depth in cm.
• Soil nitrate-nitrogen (NO3-N) accumulation (Liu W. et al., 2018)
[image: image]
where soil nitrate-N accumulation is expressed in kg ha−1, soil nitrate-N content in mg kg−1, bulk density in Mg m−3, and soil depth in m.
• Agronomic efficiency (AE)
[image: image]
where GYi = grain yield at the Ni level of N fertilizer (i = 0, 60, 120, 150 kg ha−1); GY0 = grain yield at the N0 level of N fertilizer.
• Physiological efficiency (PE)
[image: image]
where NUPi = plant N uptake (grain + straw) at the Ni level of nitrogen; NUP0 = plant N uptake (grain + straw) at the N0 level of nitrogen.
• Apparent N recovery (%)
[image: image]
where Nf = N uptake from a fertilized plot (kg ha−1), Nc = N uptake from control (kg ha−1), and F = total amount of fertilizer N applied (kg ha−1).
• Nutrient uptake: the uptake of N by grain or straw was computed using the grain or straw yield and concentrations of N.
Statistical analysis
The data generated from the study were analyzed for ANOVA for the split-plot design. The significance level was estimated using DMRT at p < 0.05 using Genstat software. The analyzed data were represented through graphs and tables. The interaction effects (irrigation levels and N levels) were shown at the 5% probability level.
RESULTS
Grain and straw yield
The application of two or three irrigations to wheat (I2 and I3) resulted in the production of significantly higher grain yield of wheat than when only one irrigation was applied (I1) or the crop was grown under rain-fed conditions (Figure 3). In fact, the increase in the wheat yield was proportionate to the amount of irrigation water applied; the yield increase in treatments I3, I2, and I1 over I0 was 31.5%, 21%, and 12.6%, respectively (Figure 3). The wheat grain yield was found significantly greater at 120 and 150 kg N ha−1 (N2 and N3) than when either no N was applied (N0) or at 60 kg N ha−1 (N1) (Figure 3). The wheat grain increases were 177% and 171% over N0 when N3 (150 kg N ha−1) and N2 (120 kg N ha−1) were applied. An interaction effect of irrigation and N was also found to be significant at p < 0.05 (Figure 3). The highest grain yield was recorded in I3N2 treatment and the lowest in I0N0 treatment. The treatment I2N2 was statistically at par with I0N0.
[image: Figure 3]FIGURE 3 | Effect of irrigation and nitrogen levels on the grain yield under zero-tilled wheat crop of the Terai agro-ecological zone in eastern India (pooled analysis) (means of similar lowercase letters are not significant at p < 0.05 based on DMRT).
Like the grain yield, the straw yield of wheat was significantly affected by both irrigation and N levels. The straw yield was significantly higher at I2 and I3 irrigation levels than the rain-fed conditions (no irrigation or I0). The straw yield was at par with I2 and I3 irrigation levels (Figure 4). The maximum straw yield was obtained in the treatment I3. The highest straw yield increase was at the tune of 28% in I3 treatment followed by 18% in I2 and 6.4% in I1 over I0 (Figure 4). Among N levels, the straw yield was found significantly higher at 120 and 150 kg N ha−1 (N2 and N3) than no N application (N0) or 60 kg N ha−1 (N1) (Figure 4). The wheat straw increases were 131% and 130% over N0 when N3 (150 kg N ha−1) and N2 (120 kg N ha−1) were applied (Figure 4). The interaction effect of irrigation and N was not significant at p < 0.05 (Figure 4).
[image: Figure 4]FIGURE 4 | Effect of irrigation and nitrogen levels on the straw yield under zero-tilled wheat crop of the Terai agro-ecological zone in eastern India (pooled analysis) (means of similar lowercase letters are not significant at p < 0.05 based on DMRT).
Nitrogen uptake by wheat crop
The trend of N uptake was similar to that of the grain yield and was significantly affected by irrigation and N levels. Among the irrigation levels, N uptake was significantly higher at I2 and I3 levels than I0 (Figure 5). The N uptake varied significantly among the N treatments, and this variation followed a descending trend; the highest N uptake was observed in N3 which was significantly higher than the other levels followed by I2> I1>I0 (Figure 5). The interaction effects of irrigation and N was found significant at p < 0.05 (Figure 5). The response of wheat to fertilizer N application followed the quadratic equation at all the irrigation levels (Figure 6).
[image: Figure 5]FIGURE 5 | Effect of irrigation and nitrogen levels and total nitrogen uptake under zero-tilled wheat crop of the Terai agro-ecological zone in eastern India (pooled analysis) (means of similar lowercase letters are not significant at p < 0.05 based on DMRT).
[image: Figure 6]FIGURE 6 | Grain yield as affected by nitrogen rates under four irrigation regimes after 2 years of pooled analysis.
Distribution of soil moisture in soil profiles
Soil moisture storage before sowing of wheat and after harvesting of wheat was studied up to 90 cm depth in the soil profile. Before sowing of wheat, the soil moisture content did not vary up to 60 cm depth. A small reduction in the soil moisture content was observed in the 60–90 cm soil layer. Although soil moisture in the soil profile kept on changing during the wheat season in response to different irrigation treatments, the soil moisture content at different layers after the harvest of wheat reflected the overall effect of growing the crop. The maximum soil moisture content after the harvest of wheat was recorded in the 0–15 cm soil layer; the minimum was observed in a soil depth of 15–30 cm. In the soil depth of 60–90 cm, the soil moisture content was more or less similar to that observed before sowing of wheat (Figure 7).
[image: Figure 7]FIGURE 7 | Soil moisture (%) in the soil profile before sowing and after the harvest of wheat crop.
The soil water storage carried out at different crop growth durations (at sowing, 42 DAS, 84 DAS, and at maturity) under various irrigation regimes is shown in Figures 8A–D. There was not much variation among the irrigation regimes at sowing with increasing soil layers. However, at 42 DAS, 84 DAS, and at maturity, the variability was increased with increasing soil depths and irrigation regimes. Soil water storage was higher in the subsurface layers (30–90 cm) than the surface layer (0–15 cm) and subsurface layer (15–30 cm). At 42 DAS, among the irrigation regimes, the highest soil water storage was recorded in I3 followed by I2 and I1, and the lowest at I0. Among the soil depths, the highest soil water storage was observed at 60 cm followed by 90 cm, 15 cm, and then 30 cm. A similar trend was noted at 84 DAS and at maturity except at 84 DAS, the highest soil water storage was observed at 90 cm.
[image: Figure 8]FIGURE 8 | (A–D) Effect of irrigation and nitrogen regimes on soil water storage at different times and depths of sampling during the second year of study (mean ± standard error).
Distribution of nitrate-nitrogen (NO3-N) in the soil profile
The data pertaining to the distribution of NO3-N in the soil profile after the harvest of wheat crop are shown in Figures 9, 10. There was a decreasing trend in NO3-N accumulation up to 30 cm. After an increase up to 60 cm, a decrease in NO3-N was observed with an increasing soil depth up to 90 cm. A higher amount of NO3-N was accumulated in the 30–90 cm subsurface layer than in the 0–15 and 15–30 cm soil layers. The nitrate-N concentration before sowing of wheat was 4.6, 4.2, 4.0, and 3.3 mg kg−1 in the soil depths 0–15, 15–30, 30–60, and 60–90 cm, respectively (Table 1). After harvesting of the wheat crop, the concentration of NO3-N was greater under higher irrigation regimes and N levels than at sowing or at lower levels of irrigation (I0 and I1) and fertilizer N levels (N0 and N1). Among the irrigation regimes and N levels, I3 and N3 had the highest NO3-N concentrations (Figures 9A,B). An interactive effect of irrigation regimes and N levels showed a similar trend (Figures 10A–D). Among all the treatment combinations, the maximum NO3-N concentration was recorded in the treatment I2N2 (7.89 mg kg−1).
[image: Figure 9]FIGURE 9 | (A,B) Effect of different irrigation regimes and nitrogen levels on the nitrate-nitrogen concentration in the soil profile (0–90 cm) after the harvest of wheat crops (mean ± standard error).
[image: Figure 10]FIGURE 10 | (A–D) Effect of different irrigation regimes and nitrogen levels on the nitrate-nitrogen concentration in the soil profile (0–90 cm) after the harvest of wheat crops (mean ± standard error).
Accumulation of nitrate-nitrogen (NO3-N) in the soil profile
The amount of NO3-N in the composite soil sample before sowing of wheat crop in the first year was 49.14 kg N ha−1 in the soil profile (0–90 cm). After harvesting of the crop, the accumulation of NO3-N to the application of different irrigation levels showed that the NO3-N content was significantly increased up to I2 and further declined at I3 over the control (I0); however, the treatments I2 and I3 were at par (Figure 11). The application of fertilizer N also significantly increased the accumulation of NO3-N.
[image: Figure 11]FIGURE 11 | Effect of different irrigation regimes and nitrogen levels on the nitrate-nitrogen accumulation in the soil profile (0–90 cm) after the harvest of wheat crops (pooled analysis) (means of similar lowercase letters are not significant at p < 0.05 based on DMRT).
Nitrogen-use efficiencies
The data pertaining to NUE in wheat as influenced by irrigation and fertilizer N application are presented in Table 3. Application of the increasing amount of irrigation did not significantly affect AE and PE; however, increasing the level of irrigation from I1 to I2 reduced the ANR significantly but a further increase in irrigation levels did not affect ANR. The maximum ANR was recorded in the treatment I1 (0.45). Increasing the level of N increased the NUE (Table 4). Increasing the doses of N decreased AE. The maximum AE was obtained in the treatment N1 followed by N2 and N3. A similar trend was observed in ANR. However, PE reached maximum at N1 but at par with N2 and minimum in the treatment N3 (Table 4). The combined applications of irrigation and N had a positive and significant influence on AE and ANR but had no significant effect on PE (Table 3).
TABLE 3 | Agronomic efficiency (AE), physiological efficiency (AE), and apparent nitrogen recovery (ANR) in wheat crops (pooled analysis).
[image: Table 3]TABLE 4 | Pearson correlations from the studied parameters in this experiment.
[image: Table 4]Relationship between parameters
Increasing the irrigation supply to wheat had a positive and significant relationship with grain yield, straw yield, total N uptake, and NO3-N accumulation (Table 4). The grain yield as influenced by the irrigation levels was correlated with total N uptake in a positive and highly significant (p < 0.01) manner. The grain yield was also significantly correlated with NO3-N accumulation as influenced by irrigation levels at p < 0.05. The grain yield as influenced by N levels was positively and significantly correlated with total N uptake as influenced by N application; however, it was negatively and significantly correlated with a total water reserve at p < 0.05 (Table 4).
DISCUSSION
Yield and nitrogen uptake
Nitrogen is one of the indispensable plant nutrients that affect productivity and water-use efficiency (Wang et al., 2015). Large yield increases in N-fertilized plots in comparison to no-N plot were due to the sandy loam texture along with a low fertility status of the soils which showed a positive response to increasing fertilizer N application (Sun et al., 2020).
In the IGP, wheat is grown in the winter (Rabi season) just after harvesting of rice. The residual soil moisture after rice harvest is limited/deficit to meet the water demand during the complete life cycle of the wheat crop. Supplemental irrigation is required to sustain crop growth and maximize the wheat yield. An optimal N supply along with suitable irrigation is essential to achieve high-yield levels of wheat (Pandey et al., 2001; Jat et al., 2014; Rathore et al., 2021). At any given level of irrigation or water supply, the yield of wheat increases with the increasing fertilizer N level only up to a point (Jat et al., 2014). However, with an increasing irrigation level, N uptake in response to application of fertilizer N increased up to a higher fertilizer N level. Prihar et al. (1981) and Gajri et al. (1993) observed highly positive interactions among the total water supply (stored water, seasonal rainfall, and irrigation) to wheat and N supply. It was found that an increase in the yield with the simultaneous increase in irrigation supply and fertilizer N was almost twice the sum of the increase in irrigation and N alone. A reduced extraction of water from deep soil layers by wheat receiving adequate N fertilizers and increased evapotranspiration in irrigated wheat (Gajri et al., 1993) supports that the positive interaction effects between irrigation and N fertilizers are mediated through effects of N and/or water supply on root and shoot growth of wheat. In the present study, the combined applications of irrigation and N resulted in the highest grain yield in the I2N2 treatment (two irrigations and 120 kg N ha−1). Likewise, grain yield, straw yield, and total N uptake were significantly increased from 10.11 Mg ha−1 to 12.09 Mg ha−1 and 89.51 kg ha−1 to 137.57 kg ha−1, respectively, with an increasing N rate from 60 to 150 kg ha−1. Fertilizer N had a significant role in the straw yield and total N uptake of wheat crop and followed the same trend with the irrigation levels. Due to the irrigation application (I3), there was an increase in the biomass yield (28%) which also resulted in a higher N uptake (47%) than the control. The increase in straw and N uptake due to the increasing N level resulted from the improvement in N availability in the soil and increased leaf photosynthesis (Echarte et al., 2008). Similar results were obtained by Sepaskhah and Hosseini (2008) and Astaoui et al. (2021) on wheat crops. According to them, N application has a direct influence on grain and straw yields of wheat by increasing the level of N in the soil.
Accumulation of nitrate-nitrogen in the soil profile
Accumulation of NO3-N in the soil profile was found to be greatly influenced by N and irrigation regimes. Unwarranted N application and irrigation increased residual soil NO3-N once wheat was harvested (Wang et al., 2015). In this study across the levels of irrigation, accumulation of NO3-N was the highest in the second level of irrigation (I2) and further decreased on a higher level of irrigation level (I3) in the acidic alluvial soil. A higher amount of NO3-N was obtained in the soil at the I2 level of irrigation and N3 level of fertilizer N (120 kg N ha−1). The medium irrigation level had higher values of NO3-N accumulation than high irrigation, and this observation was similar to Wang et al. (2010) and Liu et al. (2018a). The NO3-N accumulation gradually decreased with higher levels of irrigation as well as N. The combined application of irrigation water and N rates significantly influenced the NO3-N concentration after the harvest of wheat crops. The highest concentration (7.89 mg kg−1) of NO3-N was observed due to the treatment I2N2 after the harvest of wheat crops. The lowest concentration was observed in the I0N0 treatment. Similar results were observed by Jalali (2005), Fan et al. (2010), and Liu et al. (2018b) in wheat crops, and they found a positive relationship between N levels and NO3-N concentration and accumulation in the different soil layers. They also reported low NO3-N leaching in N < 150 kg N ha−1. However, the accumulation of NO3-N increased with heavy doses of N (>225 kg ha−1). An excessive supply of irrigation increases the risk of leaching NO3-N and deposition in the soil (Casey et al., 2002; Mahmud et al., 2021). Therefore, N applied at an optimum rate can help minimize leaching losses of NO3-N. The maximum concentration and accumulation of NO3-N were recorded in the subsurface soil layer at 60 cm.
Nitrogen-use efficiency
High NUE in a crop can be achieved by applying optimum levels of N and by maintaining soil moisture leading to an increase in N uptake by the crop (Giller et al., 2004; Ding et al., 2018). In the present investigation, NUE varied among the treatments, but different levels of irrigation did not affect the use efficiencies significantly; however, AE and PE were higher in the I1 treatment than other treatments. Ballester et al. (2021) observed that N uptake efficiency and N accumulation in grains with no irrigation were lower than those in the irrigation treatments, and resulted in a lower grain yield, but the NUE values were higher in the no-irrigation treatment. Among all levels of N, AE and PE were the highest at a lower dose of N (N1) and decreased with the increasing N levels. Excessive N application under sufficient irrigation could cause N leaching and reduced NUE (Li et al., 2019). Majeeed et al. (2015) reported that reduced N losses and consequent higher NUE in wheat were observed due to a lower N level. A significant interaction between irrigation and N management in the study revealed that better AE and PE were observed under the treatment of N1I3 followed by N1I2. Therefore, the application of water improved the utilization of N by the wheat crop in the present scenario. An analysis for the ANR showed significant variations among the N treatments at all levels of irrigation. The significant differences of ANR were observed between N levels. Pradhan et al. (2013) reported similar results about ANR in wheat and found that at the N1 level ANR was higher than all other treatments because there was no leaching below the root zone. Lenka et al. (2013) reported a reduction in ANR in wheat crop with an increase in the fertilizer dose. A similar finding was also reported by Yang et al. (2019) who observed that the N application significantly increased the grain yield, whereas there was a significant decrease in ANR in response to an increase in the N application rate. Moreover, the sandy loam texture of soil influenced the water and N effect on other treatments. The reduction in ANR with an increasing dose may be attributed to more leaching and volatilization losses of N with the application of N being more than what the crop needs. The increase in ANR with three splits of N could be readily explained by more uptakes and less leaching losses of N (Lopez-Bellido et al., 2006). In the present study, ANR of wheat at 60 kg N ha−1 was significantly higher than at 120 kg N ha−1 and 150 kg N ha−1. This is mainly attributed to the losses of N at higher levels of N application and also due to the fact that the yield of wheat did not increase in the same proportion as that of N application. Similar results have been reported by many workers (Gajri et al., 1993; Bandyopadhyay et al., 2009; Chakrabarty et al., 2010; Pradhan et al., 2013; Pradhan et al., 2014). The highest ANR efficiency of 78% was recorded for 122 mm irrigation at an N rate of 60 kg ha−1 in the pooled data which was statistically at par with that of 263 and 386 mm irrigations at the same N level, while the lowest ANR (22%) was recorded from 263 mm irrigation at an N rate of 150 kg ha−1 which was statistically at par with that of 122 and 386 mm irrigations with the same N rate. Generally, ANR values ranging between 30%–50% and 50%–80% indicate a well-managed system (Gauer et al., 1992). Lu et al. (2021) reported that deficit irrigation with N fertilization is required for achieving higher grain yield, NUE, and reducing the risk of soil nitrate-N leaching in the winter wheat–summer maize rotation system. Therefore, only an appropriate dose of N supplemented with irrigation can affect the wheat productivity as well as NUE in the acidic alluvial soils in the eastern IGP.
CONCLUSION
In acidic alluvial soils in the eastern IGP of India, high-yield levels of wheat grown after the harvest of rice crops can be achieved by applying an appropriate rate and the right time of fertilizer N along with adequate irrigation. The right combination of fertilizer N and irrigation levels will also reduce the N leaching losses from the soil. The present investigation has revealed that by applying 120 kg N ha−1 in three split doses at sowing (50%), crown root initiation (25%), and tillering (25%) stages, along with irrigations at 21 and 42 DAS produced a high wheat yield with high NUE which also led to minimal losses of nitrate-N from the soil profile. The application of three irrigations and/or 150 kg N ha−1 will lead to low NUE, more losses of N via leaching, and no further significant increase in the yield.
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A field experiment (2017–2019) was undertaken to study the short-term effects of tillage [zero tillage (ZT), conventional tillage (CT), and alternate tillage (AT)] and sources of organic and mineral fertilizer N [NS0—control, NS1—recommended doses of fertilizer (160:50:100), NS2—recommended level of fertilizer and crop residue (6 Mg·ha−1), NS3—75% of recommended N as fertilizer (120 kg·ha⁻1) and 25% N (40 kg·ha⁻1) as farm yard manure (FYM), and NS4—75% of recommended N as fertilizer and 25% N as vermicompost] on yield and soil quality under a maize–rice rotation system. Among N sources, NS4 produced the highest maize grain yield (10 Mg·ha⁻1). Residual effects of N sources on mean rice grain yield were evident only in crop residue (NS2)- and vermicompost (NS4)-treated plots. After the harvest of two complete maize–rice crop cycles, higher content of dehydrogenase activity (DHA) and urease activity (UR) were observed in the soil under AT as compared to ZT and CT at 0–10 cm (p < 0.05). Similarly, microbial biomass carbon (MBC) and microbial biomass nitrogen (MBN) also recorded positive changes at 0–10 cm soil depth, especially in NS2 and NS4 treatments. AT resulted in the highest total soil carbon (TOC) (8.10 g·kg−1), followed by CT (6.73 g·kg−1) and ZT (5.98 g·kg−1). Fertilizer N treatments, however, influenced the NO3-N accumulation beyond the root zone, where crop residue-based (NS2) fertilizer N treatment resulted in the highest NO3-N (32.52 kg·ha−1), and the lowest NO3-N (14.48 kg·ha−1) was observed in the FYM-based (NS3) treatment. Therefore, the practice of alternate tillage and integration of vermicompost (40 kg·N·ha−1) and chemical fertilizer (total 120 kg·ha−1) sources should be mostly recommended to farmers in the Terai region of India.
Keywords: alternate tillage, conventional tillage, microbial biomass carbon, microbial biomass nitrogen, zero tillage
INTRODUCTION
Long-term conventional tillage (CT) degrades soil quality through the decomposition of organic matter, thus affecting soil physical, chemical, and biological properties (Liu et al., 2006). Intensive land management results in exposure of soil organic matter (SOM) to high temperature, causing oxidation of profile SOC (Srinivasarao et al., 2020). Furthermore, agriculture associated with improper nutrient management under conventional practices degrades the status of SOC (Rakesh et al., 2021a). To overcome the adverse effects of CT, conservation agriculture (CA) practices like zero tillage (ZT) and alternate tillage (AT) have been important recommended strategies to improve SOC, crop yield, soil quality, and ultimately agricultural sustainability (Omara et al., 2019; Krauss et al., 2020). Crop residue management under the ZT system has a great impact on soil physicochemical and biological properties (Rakesh et al., 2021b). Potential benefits of CA through retention of crop residues on the soil surface have been reported by many researchers throughout the globe including the Indo-Gangetic plains of India (Gathala et al., 2011; Islam et al., 2019; Mitra et al., 2020). However, sustainable tillage systems such as AT and ZT are soil- and crop-specific, and their successful adoption is governed by both bio-physical and socio-economic factors (Prager and Posthums, 2010). Benefits of AT and ZT over CT are significant, especially under long-term cropping practices (Krauss et al., 2020). Rashidi and Keshavarzpour (2007) reported that CT results in loose and finer soil structure as compared to no-tillage and conservation tillage systems and causes decreased water movement into the soil profile, thereby decreasing nitrate leaching.
Continuous over-application of chemical fertilizers with minimum or no use of organic matter for several decades has resulted declined fertility and productivity of soil (Pernes-Debuyser and Tessier, 2004; Dong et al., 2012; Meena et al., 2017), increase in ground water pollution (Chandini et al., 2019; Cooke, 1982), and eutrophication (Feigin and Halevy, 1989). Moreover, intensive agricultural practice without adherence to scientific principles and ecological aspects has led to the loss of soil quality, depletion of freshwater resources, and agrobiodiversity (Kesavan and Swaminathan, 2008). Implementation of suitable fertilizer application programs, which would reduce the chemical fertilizer requirement, with appropriate tillage practices in a sustainable way can enhance soil quality, optimize crop yields, and control the negative impacts on the environment. Reports confirm that integrated fertilizer use which combines organic and inorganic nutrient sources can maintain the soil nutrient status for extended periods toward achieving sustained crop yields across cropping systems and soil types (Srinivasarao et al., 2020). Organic amendments not only increase TOC and its different pools but also accelerate the soil microbial activity and thereby increase the microbial biomass carbon (MBC), microbial biomass nitrogen (MBN), soil enzymatic activities, and in turn soil quality (Melero et al., 2008; Sharma et al., 2020). In deep vertisols of central India, application of cattle dung at 11.2 t·ha−1 on N-equivalent basis to maize crop resulted in increased biological activity of the dehydrogenase enzyme of soil (116.8 μg triphenyl formazan g soil−1 24 h−1) as compared to chemical fertilizers at 100:50:30 kg·ha−1 of N, P2O5, and K2O, respectively (83.2 μg TPF g soil−1 24 h−1) (Ramesh et al., 2008). In a long-term experiment with different nutrient management practices in a maize–onion cropping system, enzymatic activities (dehydrogenase, acid phosphatase, and alkaline phosphatase) in soil were higher with organic nutrient management compared to the chemical fertilizer program (Sridevi et al., 2011).
A study on integrated nutrient management of maize in the Terai region of West Bengal revealed that application of 75% NPK (of the recommended dose) through chemical fertilizers + FYM at 2 t·ha−1 resulted in greater plant height (219.0 cm), leaf area index (3.35 at 45 days after sowing), and dry matter accumulation (872.40 gm−2) at harvest and produced higher crop yield (Haque et al., 2012). Nyamangara et al. (2003) reported that nitrogen fertilizer, especially the high rate (120 kg·N·ha−1), and manure plus N fertilizer combinations resulted in high nitrate concentrations (up to 37 mg·N·L−1) and nitrate losses (up to 56 kg·N·ha−1·yr−1), leading to environmental and economic concerns in tropical sandy soil nitrate leaching from only manure treatments was relatively low (average less than 23 kg·N·ha−1·yr−1). The low-manure (12.5 t·ha−1) plus 60 kg·N·ha−1 fertilizer treatment was the best treatment to maintain dry matter yield and minimize N leaching losses.
Adverse effects of long-term intensive tillage along with non-judicious application of chemical fertilizers on depletion of SOC, microbial activity, and nutrient use efficiency have been reported from tropical and sub-tropical environments (Kai and Tamaki, 2020; Bhatt et al., 2019; Chandini et al., 2019). A study in the subtropical region suggested that ZT along with crop residue significantly enhanced the C sequestration rates (Pathak et al., 2017) and improved the microaggregate-associated C content (Bhattacharya et al., 2020), thus resulting in better conservation of SOM and reducing nutrient loss.
However, research on the impacts of tillage and nitrogen (N) rates on maize (Zea mays L.)–rice (Oryza sativa L.) crop productivity, soil fertility, and nitrate accumulation in soil profile specifically in the Terai zones is limited. Agriculture in Cooch Behar district, located in the northern part of West Bengal and in the foothills of the Himalaya, which comprise the Terai zone, differs from other regions in north-eastern India in terms of soil and climate. The climate of the region is sub-tropical and per humid in nature. Based on soil fertility classification, soils are characterized by low- to moderate-fertility status. It represents rice-based cropping system with high-volume application of inorganic fertilizer. Within this agro-climate, there are dearth of experiments that have compared the ZT and AT in conjugation with sustainable alternatives for fertilizer sources (Blanco-Canqui and Wortmann, 2020), which restrains current knowledge from recommending improvements over the existing management practices.
In the current study, our goal was to evaluate whether the short-term application of organic manures and mineral fertilizers along with ZT and AT could improve the soil quality such as enzyme activity (dehydrogenase, phosphatase, and urease), MBC, MBN, soil chemical properties (TOC and TN), NO3-N accumulation in the soil profile, as well as the yield of maize and rice grown in rotation.
MATERIALS AND METHODS
Rationale to select the experiment
The soil of north Bengal that represents the Terai zone is sandy loam in texture, which is the key reason for leaching losses of soil nutrients. Maize (Zea mays L.) and rice (Oryza sativa L.) are the dominant staple food crops of this region, grown in rotation. Each crop is highly responsive to fertilizer N input. However, due to the leaching of N, plants suffer from low N use efficiency, often leading to N deficiencies and low productivity. Continuous tillage systems are also one of the major factors that cause losses in nitrogen.
Experimental site
A 2-year field experiment from 2017 to 2019 was conducted at the research farm of Uttar Banga Krishi Viswavidyalaya, Pundibari, Cooch Behar, West Bengal, India (26⁰19′ N, 89⁰23′E; 41 m above msl). The experimental site is located within the Terai agro-ecological region of West Bengal, India, which is characterized by a sub-tropical per-humid climate (Figure 1). The area receives an annual rainfall of 3,261 mm, of which 80% or more is received during June to December. The mean maximum and minimum (monthly average) air temperatures were recorded as 30.1 and 19.7°C, respectively (average of 30 years: 1989–2019). Atmospheric temperature recorded during the study period showed minor differences from the corresponding long-term data (Figure 2). The soil of the Terai region is formed from deposition of alluvial sediments transported by the river Tista and are commonly referred as Tista alluvial. Physiographically, this is one of the sub-divided forms of the extensive stretch of the Indo-Gangetic alluvial plains (Debnath et al., 2016).
[image: Figure 1]FIGURE 1 | Location of experimental site.
[image: Figure 2]FIGURE 2 | Monthly average rainfall (bar) and maximum and minimum temperatures (line) in 2017–18, 2018–19, and 30-year average.
This study site was characterized by a 25-year history of continuous cropping (cereals, pulses, and oilseeds) under CT with exclusively mineral-based fertilizer use. Soils are moderate- to low-fertility (Table 1), recent alluvial soil type (NBSS and LUP Classification, 2001) and physicochemical soil properties of the experimental field at the start of the study are presented in Table 1. The following crop rotation was used in the area: maize in rabi season and rice in kharif season.
TABLE 1 | Initial status of soil physicochemical and biological properties at the experimental site and characterization of organic amendments used in the experimental plot.
[image: Table 1]Experimental design and treatments
The experiment was established in November 2017, in a split-plot design with three replications, with a plot size of 56 m2 (8 m × 7 m). The main plots were three tillage practices [ZT = zero tillage (without soil disturbance; maize seed sown by using zero-till seed-cum-fertilizer drill and rice transplanted by rice transplanter), CT = conventional tillage; three passes by tractor fitted with cultivator, two passes of power tiller, and two passes by rotavator for final land preparation, AT = alternate tillage (alternate tillage in this field experiment implied as the cultivation of first crop (maize) in zero tillage (ZT) condition and of succeeding crop (rice) in conventional tillage (CT) practice]. The sub-plot treatments consisted of 5 N sources–N control (NS0: N0P50K100), full recommended rate of NPK fertilizer (NS1: N160P50K100), full recommended rate of NPK fertilizer along with crop residue (CR) application (NS2: NS1 + CR@ 6 Mg·ha−1), 75% of fertilizer N along with farmyard manure (FYM: N-0.67%) at 25% N (NS3: N120 P50K100 + FYM at40 kg·N·ha−1), and 75% of fertilizer N plus 25% with vermicompost (VM: N-1.26%) (NS4: N120 P50K100 + VM at 40 kg·N·ha−1).
Crop management
In CT plots, chemical and organic fertilizers were incorporated at the time of tillage operation, while in ZT and AT plots, the fertilizers were spread on the surface. Maize (Var.-DKC 9081) was sown in both the years on 25th November and harvested on 28th April. Three irrigation events were performed in all the treatment plots including control plot at the 7th leaf stage (35 days after sowing), 12th leaf stage (75 days after sowing), and reproductive stages (115 days after sowing) of the maize crop. At 80% maturity, plants were harvested manually from each plot to estimate the grain and straw yield. To assess the residual effects of organic amendments in the succeeding rice crop, a uniform application of NPK (80:40:40) was applied to all plots, except to the control plot. The rice variety “Swarna sub-1” was sown in ZT, CT, and AT plots in both the years on 12th June and harvested on 2nd November. Rice seedlings were sown by a rice transplanter in ZT plots under flooded condition (no soil disturbance). Rice transplanting was done by a rice transplanter in CT and AT plots. Three rounds of irrigation (35, 90, and 125 days after sowing) were given to all treatments including the control plot in rice.
Soil sampling and analysis
After one full rotation of maize–rice crops, soil samples were collected from rhizosphere using 5 × 10 cm core augur from 0–10 and 10–20 cm soil depths from three locations in each plot and made it into one composite sample. After removing all stubble, residues, and root biomass, a composite soil sample of approx. 500 g was obtained. These samples were then air-dried, ground using a wooden mortar and pestle, then sieved through a 2-mm sieve, and preserved in air-tight polythene containers for further analysis. The pH of the soil suspension (1:2) was measured potentiometrically by using a glass electrode-pH meter (Jackson, 1973). Bulk density (BD) was determined for 0–5, 5–10, and 10–20 cm of soil using a steel core of 100 cm3 following the standard method (Blake, 1965). Maximum water holding capacity (WHC) was estimated by the Keen box method (Anderson and Ingram, 1989). Field capacity moisture content was estimated after the soil has drained for 2–3 days following saturation (Anderson and Ingram, 1989). Soil particle size distribution was determined by hydrometer method (Bouyoucos, 1927).
For biological analyses such as microbial biomass carbon (MBC), microbial biomass nitrogen (MBN), dehydrogenase activity (DHA), acid phosphatase activity (APA), and urease activity (UA), soil samples were collected from 0–10 and 10–20 cm soil depths from each plot at the start (0 days after sowing) and end (145 days after sowing for rice and 170 days after sowing for maize) of the experiment. Field-moist soil samples were passed through a 2-mm mesh sieve and stored at 4°C for further analysis. Soil total organic carbon (TOC) was measured by the TOC analyzer (Vario EL, Elementar Analyse Systeme GmBH, Hanau, Germany). The MBC was estimated by chloroform fumigation method (Jenkinson, 1988). Soil MBN was evaluated by the method (Anderson and Ingram, 1993). Dehydrogenase activity was estimated using the procedure outlined by Casida et al. (1964). For determination of acid–phosphatase activity, 1 g (oven-dry equivalent) soil incubated with p-nitrophenyl phosphate, toluene, and modified universal buffer (MUB)-pH-6.5 for 1 h at 37°C. The yellow color intensity was measured at 440 nm wavelength in a visible spectrophotometer (HALO VIS-10; Company Dynamica) (Tabatabai and Bremner, 1969). Urease activity (mg ammonium (NH4+) kg−1 h−1) was measured using the procedure described by Tabatabai and Bremner (1972). NO3-N was determined using the H2SO4–salicylic acid method by a visible spectrophotometer at 410 nm wavelength (Cataldo et al., 1975). Mineral N was estimated by the summation of NH₄⁺-N and NO₃‾-N, where mineral N = (NH₄⁺)-N + (NO₃‾)-N. The NH4+-N was determined from the soil extracts by Indophenol Blue method (Brown, 1973).
Statistical analysis
All the data were checked for normality using the Shapiro–Wilk test in SPSS (SPSS Inc. Released 2007. SPSS for Windows, Version 16.0. Chicago, United States). As in the heterogeneity of the variance test, there were no significant effects of year on the treatments; data of 2 years were pooled and used as replications in subsequent analyses. Analysis of variance (ANOVA) for each parameter was performed using SPSS (Version-16.0) package. Comparison of treatment means was performed by either LSD or Duncan’s multiple range test (DMRT), as indicated, at α = 0.05. For NO3-N accumulation at five depths, linear regression analysis was performed following ANOVA for rate of accumulation through 120 cm as a function of tillage and N-source treatments using the REG procedure in SAS software (SAS, Cary, NC).
RESULTS AND DISCUSSION
Effects of tillage and nitrogen sources on grain and stover yield of maize crop
The yield of maize was more in the first year and lower in the second year, though the treatment-wise trend followed the same pattern. The lower yield in the second year might be due to low rainfall received during the crop growth season (Figure 2). Two-year pooled (2017–18 and 2018–19) data on grain yield (GY) and stover yield (SY) of maize (Table 2) indicated that tillage had a significant effect on GY. A yield advantage of 4.4% was found both under CT (8.26 Mg·ha−1) and AT (8.25 Mg·ha−1) over ZT (7.91 Mg·ha−1). Higher GY under CT and AT might be due to the temporary improvements in soil aeration, water infiltration, and nutrient uptake necessary for plant growth (Mando et al., 2005).
TABLE 2 | Effects of tillage practices and N sources on the yield of maize and rice crop.
[image: Table 2]Maize GY was affected by N sources in a pooled data of two seasons (Table 2 and Figure 3). Fertilizer N treatments with organic matter (crop residue, FYM or vermicompost) produced higher GY than the application of chemical N fertilizer alone. The highest grain yield (10 Mg·ha−1) was recorded under NS4, and was 67.23% higher than the control (NS0; without N). No significant difference in GY was observed between NS1 and NS3 treatments. However, crop residue-amended fertilizer N (NS2) treatment resulted in the second highest GY (9.57 Mg·ha−1). The finding was in agreement with Banik and Sharma (2008), who reported that soil surface covered by residue mulching improves crop yields through soil water conservation, weed control, and increased population of micro-flora which facilitate the decomposition and release of nutrients. Vermicompost with fertilizer N (NS4) treatment under either CT or AT proved to be superior with respect to GY. Similar findings were reported by Ali et al. (2011) who observed that maize grain yields were significantly higher (4.8 Mg·ha−1) under inorganic fertilizers combined with organic N sources. The growth and yield of maize under FYM (N4) combined with N fertilizer treatment was higher by 1.1 Mg·ha−1 than under fertilizer N recommended solely as chemical source (NS1) (Table 2). This could be attributed to greater soil water content, higher nutrient availability due to slow release of nutrients, and reduced nutrient leaching compared to the control (Chiroma et al., 2006).
[image: Figure 3]FIGURE 3 | Mean yields for maize grain and stover & rice grain and straw over a 2-year cropping sequence. Same letters above the bars indicate no significant difference across the treatment combinations as tested by Fisher’s LSD comparison of means (α = 0.05). ZT, zero tillage; CT, conventional tillage; AT, alternate tillage (maize: zero and rice: conventional tillage), NS0 = no nitrogen (control, 0:50:100), NS1 = recommended dose of NPK fertilizer (N160P50K100), NS2 = NS1+ crop residue at 6 Mg/ha, NS3 = 75% of recommended N as fertilizer along with 25% N as FYM (N120 P50K100 + FYM at 40 kg·N/ha), NS4 = 75% of recommended N as fertilizer along with at 25% N as vermicompost (N120 P50K100 + VM at 40 kg·N/ha).
The SY results followed a similar trend to that of GY under the influence of tillage and N sources in both the seasons (Table 2). The average data of two seasons showed that AT produced higher SY (11.41 Mg·ha−1) as compared to CT and ZT. No-till (NT) reduces soil disturbance, increases soil organic matter accumulation (Rakesh et al., 2020), and also reduces crop yields (Dai et al., 2021). Among N sources, NS4 resulted in higher mean SY (13.37 Mg·ha−1) followed by NS2 (12.67 Mg·ha−1) in both the seasons (Table 3). Like GY, SY obtained from the combined applications of organic and inorganic N sources was greater than that obtained by the solo application of inorganic fertilizer (12.10 Mg·ha−1). From the pooled average of two seasons, the highest SY was achieved under NS4 combined with any of the tillage practices. However, SY also responded well to ZT combined with the NS2 treatment, and it was statistically similar to the ZTNS4 treatment (Table 2). Similarly, ZT with crop residue and inorganic fertilizer application (NS2) had a positive effect on SY of maize crop. Greater SY and GY in NS4 regardless of tillage methods indicated that the N treatment included with vermicompost had a positive effect on crop yields. Inclusion of vermicompost along with inorganic nitrogenous fertilizers enhanced the crop yields (Rathod et al., 2013).
TABLE 3 | Effects of tillage practices and N sources on the total carbon (SOC; g·kg−1), total N (TN; g·kg−1), and the C:N ratio in soil at the end of the experiment.
[image: Table 3]Effects of tillage and nitrogen sources on grain and straw yield of rice crops
The mean rice GY over two seasons under ZT was significantly lower (3.90 Mg·ha−1) compared to CT (4.87 Mg·ha−1) and AT (4.83 Mg·ha−1). Karki et al. (2005) observed an average GY of 3.66 Mg·ha−1 under ZT, and it was statistically significant over CT (2.88 Mg·ha−1) which was in contrast with the findings of our study. In both the seasons, the performance of ZT was poor as compared to those of CT and AT for both rice GY and SY. The rice crop performs well under deep tillage which improves the root length, root proliferation, grain yield, and nitrogen recovery efficiency (NRE) (Motavalli et al., 2003).
Plots under crop residue as organic amendment in the previous maize crop showed a clear residual effect on rice GY. An increase of 10.39 and 5.14% GY over FYM- and vermicompost-based fertilizer N treatments were observed, respectively (Table 2). Budhar et al. (1991) reported that higher rice yield was obtained with organic manures indicating a residual effect of manures on crop yield in the rice–wheat rotation. These findings are in line with those of Ramamurthy and Shivashankar (1996) who reported that organic and inorganic fertilizers applied to preceding crops had a measurable residual effect on yield and yield-contributing components of the succeeding crop. While it is reasonable that all organic materials included in N treatments had some residual impact on rice GY due to continued decomposition and release of nutrients, particularly N. The residual effect of crop residues (over FYM and vermicompost) was likely due to a prolonged release of N (Ramamurthy and Shivashankar, 1996). Crop residues have a greater C:N ratio than manures and composts, resulting in a delay of N release to crops due to microbial immobilization (Power et al., 1998; Marzi et al., 2020). The CT and AT each when combined with crop residue treatment (CTNS2 and ATNS2) had a direct impact on increased rice yield, and it was significantly higher than the sole application of fertilizer N-treated plots in the corresponding tillage practices. The ZT practice showed relatively low response than the rest of two tillage methods. Deep tillage improved the root length, root proliferation, grain yield, and nitrogen recovery efficiency (NRE), that is, lower NRE was recorded in no-till soil treatment than the compacted in sub-soiling treatments (Motavalli et al., 2003) of TOC.
Regardless of the tillage treatments, soil TOC was found to decrease with soil depth after two cycles of maize–rice crops (Table 3). In the soil layer (0–10 cm), plots under AT were found to maintain the maximum amount of TOC (8.10 g·kg−1) compared to CT (6.73 g·kg−1) and ZT (5.98 g·kg−1). Similarly, plots under AT also resulted in higher TOC in the lower soil depth (10–20 cm). Increases in TOC under AT were equivalent to 47.27% and 12.69% at 0–10 and 10–20 cm soil depth, respectively, at the end of the 2nd year in comparison to the initial status. The findings of the present study were in agreement with Cassity-Duffey et al. (2020) who found that the crop residue-treated plots showed consistently higher amounts of TOC at all soil depths than plots where no crop residue was added, though the effect was not significant. Ghimire and Craven (2011) reported no significant change in TOC under short-term practice of NT and also suggested that organic carbon accumulation in soil is considered as a slow process wherein many years might be required to accumulate significant amounts of organic matter in the soil.
TOC varied significantly among different N sources. In our study, both vermicompost-based fertilizer N(NS4) and sole application of fertilizer N (NS1) treatments had similar effects on accumulation of TOC in the uppermost layer (0–10 cm) at the end of the experiment. Malhi et al. (2006) reported a higher content of TOC under organic fertilization as compared to conventional fertilization in silty-loam soil. No such variation was observed between FYM-based and crop residue-based fertilizer N treatment. Application of rice straw in combination with 100% NPK resulted in significant build-up of TOC over control plots after 2 years.
Tillage× N sources had significant implications on the accumulation of TOC in both the soil layers (0–10 cm and 10–20 cm). Results revealed that positive and negative changes occurred due to the influence of treatment combinations and succeeding cropping systems (Table 3). In most of the cases, positive changes occurred in surface (0–10 cm) soil layer and negative changes, in the subsurface one (10–20 cm). The ATNS4 treatment had a profound increasing effect on the accumulation of TOC in the uppermost layer (0–10 cm), followed by CTNS1, ATNS3, and ATNS1 treatment combinations. The AT treatment combined with sole application of fertilizer N- and FYM-based treatment had a residual effect on the accumulation of TOC in lower layer (10–20 cm) at the end of the experiment. Minute positive and negative changes in both the soil layers were noticed because TOC did not appear to be very responsive to differences in management in the short-term period, but its concentration was significantly higher than the sole application of chemical N source due to integrated use. Bhattacharyya et al. (2012) reported that ZT may be a more desirable practice than CT combined with organic-based inorganic N treatment under an irrigated rice–wheat system in the Indian Himalayas from the view point of TOC retention.
Total nitrogen
ZT significantly decreased TN by 16.98% at the 0–10 cm soil depth, while an increase of 8.06% was obtained under CT practice for the corresponding soil depth at the end of two maize–rice crop cycles (Table 3). Non-significant variation in the total N content between CT and AT was noticed in both the soil layers. These findings were in contrast with Melero et al. (2006) who found that N concentration of minimum tillage (MT) was significantly higher than the CT system. Numerous studies also showed higher soil TN under reduced tillage compared to the CT systems (Melero et al., 2006; Perez-Brandán et al., 2012).
Total N content significantly varied among different N sources. In the uppermost soil layer (0–10 cm), higher total N content was observed due to the sole application of chemical N fertilizer and crop residue-based N treatment as compared to organic amendment-based fertilizer N treatments. Plots under 100% NPK treatment significantly increased total N over unfertilized control (NS0). Positive changes of total N were recorded in the 0–10 cm soil layer under NS1, NS2, and NS3 treatments only. In the 10–20 cm depth, negative changes (−0.14 to −0.07 g·kg-1) in total soil N occurred under all N treatments. Crop residue-based N treatment and sole application of fertilizer N improved the soil TN as compared to vermicompost- and FYM-based N treatment at uppermost (0–10 cm) soil layer at the end of maize–rice crop growing seasons. Results revealed that the crop residue-based fertilizer N application had significant effect on soil TN at the uppermost soil layer (0–10 cm). Interaction effect between tillage and N sources was found to be significant in the case of both the soil depths (Table 3). The ZTNS1 and CTNS1 treatment combinations produced similar results with ATNS3 in terms of total N content at 0–10 cm at the end of the experiment.
C/N ratio
Carbon-to-nitrogen ratios (C/N ratio) of 14.4 and 17.8 for the 0–10 and 10–20 cm soil depths, respectively, were obtained in the plots under AT treatment. These were higher than both ZT and CT after completion of two crop cycles (maize-rice). The highest C/N ratios in this study were observed under AT, while several other studies showed higher soil C/N ratios under NT than that of CT (Alijani et al., 2012; Naderi et al., 2016). Blanco-Canqui and Lal (2008) reported that the soil C/N ratio under plough tillage (PT) was greater than that under NT in 0–5 cm depth (p < 0.05), while no significant difference was observed for 5–20 cm soil depth. This difference in results might be due to differences in climate, soil type, residue inputs, and farming management that could affect the C/N ratio (Bhattacharya et al., 2020).
Significant variation in the C/N ratio was observed among different N sources, where vermicompost-based fertilizer N-treated plot and sole application of fertilizer N-treated plot produced the highest C/N ratio at 0–10 cm at the end of the experiment. An increase in the C/N ratio was observed 0–10 cm following all N treatments. DeSa et al. (2001) also reported a similar trend of reduction of the soil C/N ratio with depth (Nascente et al., 2013). This might be attributed to high C/N and leaching of highly soluble organic compounds (e.g., organic acids) into deeper soil layers (Puget and Lal, 2005). In the current study, interaction between tillage and N sources was non-significant for the C/N ratio in the uppermost surface (0–10 cm). However, it was significant in the lower depth (10–20 cm).
Microbial biomass carbon
The highest amount of MBC was obtained under ZT, followed by CT and AT in 0–10 and 10–20 cm soil depths at the end of the 2 years of the experiment. The MBC under ZT was 373.78 mg·kg−1 and 223.19 mg·kg−1 at 0–10 cm and 10–20 cm, respectively. The MBC were 40.03 and 16.08% greater than those of CT plots for the corresponding depths. Negative changes in MBC were recorded in both the layers under AT practice at the end of the experiment.
Among different N sources, the highest MBC was found in the FYM-based fertilizer NS3-treated plots (385.43 mg·kg−1) for 0–10 cm soil depth. The MBC concentration at 10–20 cm was statistically at par with NS1 and NS2 treatments followed by NS4 (Table 4). Increase of 44.39 and 7.6% were observed in 0–10 cm and 10–20 cm soil layers, respectively, in the FYM-based fertilizer N-treated plots. Interestingly, both the control (NS0) and vermicompost-based fertilizer N (NS4)-treated plots showed negative changes in MBC at both soil depths. The sole application of fertilizer N (NS1) and combined application of crop residue with fertilizer N (NS2), resulted in positive changes of MBC in both the soil layers.
TABLE 4 | Effects of tillage practices and N sources on the status of MBC (mg·kg−1) and MBN (mg·kg−1) in soil at the end of the experiment.
[image: Table 4]Microbial biomass increases with increasing rate of application of FYM in treatments receiving mineral N along with FYM DeSa et al. (2001).
Interaction between tillage and N sources on MBC was found to be significant (Table 4). Although the MBC concentration did not follow any uniform pattern among the treatment combinations, ZT combined with the FYM-based fertilizer N-treated plots accorded the highest value (497.48 mg·kg−1) at 0–10 cm compared to all other treatments. In all the treatments, the 0–10 cm soil layer found to have more MBC than the 10–20 cm soil layer. The present study demonstrated that the interactive effect of tillage and N sources on rhizosphere conditions induced by plant growth played a major role in the improvement of MBC to a greater extent at the end of crop growing seasons. These findings were similar with those reported by Kukreja et al. (1991) who stated that use of organic amendments and reduced tillage can play an important role in increasing SOC and MBC compared to CT without affecting crop yield (Diekow et al., 2005) and microbial biomass nitrogen (MBN).
The CT and AT practices were statistically at par in MBN changes for both 0–10 and 10–20 cm depths (Table 4). In CT, MBN content for 0–10 and 10–20 cm soil depths were 22.71 and 19.52 mg·kg−1, while in AT, MBN were 23.39 and 1.97 mg·kg−1, respectively. The lowest MBN of 21.40 and 16.15 mg·kg−1 was observed in 0–10 cm and 10–20 cm soil depths under ZT. At the 0–10 cm depth, ZT, CT, and AT resulted in increase of 29, 37, and 41%, respectively, as compared to the initial MBN (16.58 mg·kg−1). At 10–20 cm depth, the increase in MBN for ZT, CT, and AT were 29, 55, and 59%, respectively. Lower values of MBC and MBN in lower soil depth could be due to the presence of higher amount of soil organic matter in the upper layer of soil (Kukreja et al., 1991).
The increase of MBN under all tillage practices is in contrast with the negative impacts of CT on MBC and MBN as reported by others (Banerjee et al., 2006; Meena and Biswas, 2014).
Integrated use of organic manures and chemical fertilizer significantly increased the MBN by 37.39, 46.20, 44.14, and 49.57% under NS1, NS2, NS3, and NS4, respectively, over control in the 0–10 cm soil depth. Soil amended with organic manures immediately increases SOC which stimulates microbial growth and activity (Spedding et al., 2004). The plots amended with integrated manures and 75% NPK fertilizers maintained higher MBN than 100% NPK fertilizer alone because manure provided accessible substrate C and N to promote the growth of microorganisms in soil (Gajda et al., 2013). Furthermore, when AT was combined with either vermicompost (NS4)-, or FYM (NS3)- and crop residue-based (NS2) fertilizer N treatments, MBN increase was more in both the soil depths.
Dehydrogenase activity
The DHA content in the initial soil was 14.25 mg TPF kg−1 24 h−1 at 0–10 cm and 8.84 mg TPF kg−1 24 h−1 at 10–20 cm (Table 5). The AT showed higher DHA (34.85%) and the least of 8.98% recorded in ZT plots. The effect of tillage on DHA was mainly confined to the upper (0–10 cm) soil depth. Greater DHA was observed at 0–10 cm than at 10–20 cm by the end of the experiment, which might be due to the greater availability of organic carbon and nutrients closer to the surface, as DHA in soil depends on soluble organic carbon (Kanchikerimath and Singh, 2001). Zaman et al. (2002) observed that DHA activity reduced in the sub-surface soil at all stages of crop growth due to decreased microbial activity with depth.
TABLE 5 | Effects of tillage practices and N sources on the status of enzymatic activity (viz. dehydrogenase activity, mg TPF kg−1·day−1; acid-phosphatase, mg PNP kg−1·h−1; urease, mg NH4-N kg−1·h−1) in soil at the end of the experiment.
[image: Table 5]Significant variations of DHA were measured among the different N treatments (Table 5). At 0–10 cm, the vermicompost-based NS4 (15.21 mg TPF kg−1·day−1) and crop residue-based NS2 (15.80 mg TPF kg−1 24 h−1) treatments resulted in similar changes in DHA followed by FYM-based treatment (11.77 mg TPF kg−1 24 h−1). The chemical fertilizer NS1 treatment also resulted in positive but relatively lower changes (7.44 and 3.48 mg TPF kg−1 24 h−1) over the control (NS0;1.41 and 2.88 mg TPF kg−1 24 h−1) at both the 0–10 cm and 10–20 cm depths. At both depths, all integrated N treatment plots resulted in positive changes of DHA over chemical fertilizer N. Typically, composts comprise more stable carbon compounds than those found in manures and crop residues, which would require greater DHA for heterotrophic microorganisms to access C and N (Jat et al., 2020; Furczak and Joniec, 2007; Tremblay et al., 2010). The dehydrogenase activity was found to be low in treatment receiving 100% recommended dose of nitrogenous fertilizer (150 kg·N·ha−1) compared to integrated combinations of organics and fertilizers. The increased enzymatic activity with increase in manure level may be ascribed to the increased population of microbes due to increased availability of substrate (OC) (Parthasarathi et al., 2008). In a recent review on interpretation of microbiological indices of soil function, it was suggested that increased presence of a particular enzyme (e.g., DHA) is an indicator that a particular nutrient or substrate targeted by the enzyme is limiting (Verma and Mathur, 2009).
Acid phosphatase activity
Acid phosphatase activity ranged from 129.94 to 139.70 mg PNP kg−1 soil h−1 at 0–10 cm and 55.00–57.55 mg PNP kg−1 soil h−1 at 10–20 cm depth (Table 5). At 10–20 cm, however, the magnitude of APA from the lowest to highest was ZT (55.30 mg PNP kg−1 soil h−1), AT (56.60 mg PNP kg−1 soil h−1), and CT (59.43 mg PNP kg−1 soil h−1). The greatest mean value amongst N source treatments for APA was reported in the NS4 treatment at 0–10 cm. In the 10–20 cm soil depth, NS2 resulted in the greatest APA value, followed by NS1. Fierer et al. (2021) found that greater APA (722 mg PNP kg−1 soil h−1) was obtained by the incorporation of crop residue from cereal rye and compost (744 mg PNP kg−1 soil h−1). Takeda et al. (2009) reported reduced activity of APA following direct application of animal manures.
In both soil depths, organic integrated N sources increased the APA compared to the sole application of N fertilizer. Like DHA, APA was also greater in surface soil than sub-surface soil. The greater APA in the surface soil could be attributed to the greater demand for P from soil by the crops for its growth and symbiotic functioning (Antonious et al., 2020). Enzymes (acid and alkaline phosphatases) are housed within the root cells of plants and of soil (Mitran et al., 2018). Dakora and Phillips (2002) observed that phosphatase’s activities decreased with increasing soil depth. Both the density of roots and population of microorganisms also decrease with depth, necessarily decreasing the activity of an enzyme that is not released into the extracellular soil solution. Most enzyme activities in the surface soil were higher than those in deep soil. This may be due to the higher population of soil microorganism and plant residues in the surface soil, which were the main parts of soil enzymes.
Results of interaction of tillage × N sources on APA revealed generally positive changes in APA at 0–10 cm over the course of the experiment in most of the treatment combinations. These interactions imply that the use of vermicompost stimulates APA more than other organic amendments used in this study. It is suggested here that the principle put forth by Chaitanya et al. (2011) and presented in the previous section’s discussion on DHA is also applicable to APA. When soil phosphorus is limiting or present only forms that are biologically unavailable, APA is increased at the expense of energy in order to increase microbial access to phosphorus (Chaitanya et al., 2011).
Urease activity
Soil UA activity at 0–10 was the greatest under AT (34.53 mg NH4-N kg−1·h−1), followed by CT (33.16 mg NH4-N kg−1·h−1), and then ZT (30.96 mg NH4-N kg−1·h−1) (Table 5). At 10–20 cm, the same order of tillage treatments was repeated. Positive changes in UA were recorded in both the soil layers under AT practice only. Significant variations in UA due to N source was observed in both soil layers. The NS4 treatment at 0–10 cm resulted in the greatest UA (38.11 mg NH4-N kg−1·h−1) results, whereas the least UA was observed under NS0 at 10–20 cm (12.28 mg NH4-N kg−1·h−1). Positive change in UA over the course of the 2-year study was observed in the NS4 treatment in both soil depths. Organic integrated N sources all resulted in greater UA values than NS0 or NS1 at 0–10 cm. Only NS3 and NS4 resulted in greater UA values than N1 at 10–20 cm. The control treatment NS0 resulted in the lowest UA values at both depths. Meena and Biswas (2014) reported greater urease activity due to the addition of manure in the maize–wheat–cowpea cropping system. Similarly, high urease activity was also reported by Deng and Tabatabai (1997) in no tillage soil under a maize crop. Addition of organic manure was found to improve the microbial activities which in turn preferred the synthesis of various enzymes in soil (Bhattacharya et al., 2020). Significant interactions between different tillage practices and N sources on the status of UA in soil was observed (Table 5). The combined influence of AT with the vermicompost-based fertilizer N treatment had better response and recorded higher UR content followed by the FYM-based fertilizer treatment combined with AT practice in both the soil layers (0–10 cm and 10–20 cm). While negative changes were recorded in the control treatment (NS0) regardless of tillage practices in both the soil layers at the end of the experiment. AT combined with vermicompost-based fertilizer N was shown to increase 53.90% UR in the uppermost layer (0–10 cm) and 32.96% in the lower one (10–20 cm) over the respective initial levels in the corresponding soil layers. Unlike APA and DHA, UA is a function of “accumulated urease” released extracellularly by a wide variety of microorganisms belonging to many taxa (Roscoe et al., 2000). There are many molecular types of urease enzymes found in soil, and their stability is generally very high compared with other enzymes (Dinesh et al., 2000). Therefore, aligned with the outcomes of this study, it is reasonable to associate increased UA with conditions that promote the greatest number of microorganisms.
Accumulation of nitrate nitrogen in soil profile
The NO3-N accumulation ranged from 2.34 to 35.83 kg·ha−1 (Table 6). Tillage practice (p = 0.0437) and soil depths (p < 0.0001) had significant effects on NO3-N results. Though N source was not found to be significant (p = 0.1873), the interaction between tillage and N source was (p = 0.0173) not followed by any uniform pattern all along the depths (Table 6 and Figure 4). Among tillage treatments, CT and AT featured greater NO3-N concentrations than ZT throughout all the soil depths. Regression analysis for accumulated NO3-N for depth up to 120 cm included significant quadratic terms for each tillage treatment as follows: CT (1.74 + 0.1970*depth − 0.0008*depth2), ZT (1.13 + 0.1739*depth − 0.0007*depth2), and AT (NO3-N = 2.03 + 0.1594*depth − 0.0006*depth2). Linear terms decreased in the order CT > ZT > AT, indicating that reduced tillage can reduce downward migration of NO3-N. The maximum amount of NO3-N measured at 80–120 cm was 31.51 kg·ha−1 under ATNS2 and the least amount measured under ZTNS0 (9.61 kg·ha−1). Reduced tillage can therefore be recommended as a potential measure to mitigate N leaching losses (Catt et al., 2000).
[image: Figure 4]FIGURE 4 | Effect of tillage (A) and N sources (B) on accumulation of nitrate nitrogen (kg·ha−1) in different soil depths at the end of experiment. ZT, zero tillage; CT, conventional tillage; AT, alternate tillage (maize: zero and rice: conventional tillage), NS0 = no nitrogen (control, 0:50:100), NS1 = recommended dose of NPK fertilizer (N160P50K100), NS2 = NS1+ crop residue at 6 Mg/ha, NS3 = 75% of recommended N as fertilizer along with 25% N as FYM (N120 P50K100 + FYM at 40 kg·N/ha), NS4 = 75% of recommended N as fertilizer along with at 25% N as vermicompost (N120 P50K100 + VM at 40 kg·N/ha).
TABLE 6 | Combined effects of tillage practices and N sources on nitrate nitrogen (NO3-N) accumulation (kg·ha−1) in different soil depths at the end of the experiment.
[image: Table 6]CONCLUSION
In a 2-year maize–rice double-crop sequence, maize GY was found to be influenced by tillage practices. Of these, AT and CT were responsible for greater maize yield than ZT. Among the N sources, integrated use of vermicompost (40 kg·N·ha−1) and chemical fertilizer N (total 120 kg·ha−1) resulted in the greatest maize GY and 12.6% more than the sole application of recommended fertilizer N (160 kg·ha−1). Positive effects on rice GY were observed only with the integrated use of crop residue or vermicompost with fertilizer N. At the end of two maize–rice cycles, AT showed significant positive changes in soil enzyme activity as well as MBC and MBN compared with CT and ZT, but these effects were confined to 0–10 cm soil depth. Increase in TOC was greatest under the AT treatment. Crop residue- and FYM-based fertilizer N treatment, however, resulted in a depletion of TOC as compared to the sole application of recommended fertilizer N. Accumulation of NO3−-N in soil with depth was affected by tillage but not by N source. All treatments were characterized by increasing NO3−-N with depth, though CT promoted more leaching to 80–120 cm than AT and ZT. In this study, maintenance of soil carbon and nitrogen, and soil microbiological activity were found to be enhanced mostly under ATNS2 and ATNS4 treatments. Therefore, the practice of alternate tillage and integration of organic and chemical fertilizer sources should be recommended to farmers in the Terai region of India.
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Values within a column followed by the different letters are significantly different at HSD (p < 0.05). Values in parentheses indicate standard deviation. NRRI: National Rice Research
Institute, Cuttack, Oclisha; MS: Bakkhali Sundarban, West Bengal; MB: Dangamal, Bhitarkanika, Odisha; MBC: Microbial biomass carbon (g MBC g™of soil; DHA: Dehydrogenase (ug
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Study area NRRI (+8D) MS (£8D) MB (£SD)
Location 20°25'N,85"55'E  21°33'N,88°15'E  20°75'N 86"
85'E
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AK (kg ha™) 223+ 1.28° 323 x 2.63° 1845 + 293°

Values within a row followed by the different letters are significantly different at HSD (ps
0.05); SD, Standard deviation; NRR, National Rice Research Institute, Cuttack, Odisha;
MS, Bakkhali, Sundarban, West Bengal; MB, Dangamal, Bhitarkanika, Odisha; EC,
electrical conductivty; SOC, soil organic carbon; TN, total nitrogen; AP, avaiable
phosphorous; AK, available potassium.
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Treatments.

T1: 80 gm of soil (Control)

T2: 830 gm of soil + 1 % glucose
(uninoculated control 1)

Ts: 30 gm of soil + 2 % glucose
(uninoculated control 2)

Ta: 30 gm of soil + Bacillus safensis
+1 % glucose

Ts: 30 gm of soi + Bacillus safensis
+2 % glucose

Te: 30 gm of soil + Pseudomonas
stutzeri + 1 % glucose

T7: 30 gm of soil + Pseudomonas
stutzeri + 2 % glucose

To: 30 gm of soil + Staphylococcus
xylosus + 1 % glucose

To: 30 gm of soi + Staphylococcus
xylosus + 2 % glucose
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S.No. Characteristics Isolate name

cPB23 cPB24 CPB25 cPB27 CPB31
1 IMVIC test + + + + +
2 Catalase test + + + + +
3 Oxidase test + + + + +
4 Starch hydrolysis + + + + +
5 P-solublization (mm) 13.00 21,00 2.00 16.00 10.00
6 Kesolubiization (mm) 3.00 18.00 3.00 8.00 13.00
7 Zn-solubilization (mm) 7.00 5.00 - 14.00 22.00
8 IAA-production (ug/m) 1059 17.93 1032 7.19 14.44
9 HON production o o+ R -+ o+
10 Siderophore ++ o+ ++ o+ o+
11 AGC deaminase (a-ketobutyrate mM/mg/h) 032 0.40 028 0.18 0.26
12 EPS production (mg/mi) 068 0.99 0.70 0.77 0.82
13 ODeo®-1.25 Mpa 0.13 0.17 o.11 0.14 0.15

14 168 rRNA identification Pseudomonas stutzeri Acinetobacter sp. Bacillus mojavensis Pseudomonas chiororaphis, Enterobacter asburiae
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Treatments.

Ti: Control
Ta: Control + 80%
PEG-6000

Ta: Pseudomonas stutzeri
+30% PEG-6000

Ta: Acinetobacter sp. +
30% PEG-6000

Ts: Bacillus mojavensis +
30% PEG-6000

To: Pseudormonas
chiororaphis + 80%
PEG-6000

T7: Enterobacter asburiae
+ 30% PEG-6000

Tg: Consortium of all
isolates + 30% PEG-6000

SE (£m)
CD (0.01)

N (kg/ha)

116.3 +3.44
1128+ 4.17

167.3 £6.01

224.0 +5.50

126.3 +£2.69

1743 +£7.54

2145 +5.04

189.4 £3.73

4.991
16.091

P05 (kg/ha)

416+1.10
27.9+£1.03

49.8 +1.96

99.8 +2.02

476041

543+1.13

91.7+£0.31

789+0.33

1.219
3.685

K20 (kg/ha)

2748 + 16.32
401.8 + 12.08

389.4 £ 9.50

547.3+5.08

3642+ 1.18

390.7 £ 122

456.2 + 10.66

401.8 + 12.08

9.74
29.45
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Treatments Fresh weights (g/plant)

30 DAS

Ty: Control 1984006

To: Control + 143005
30% PEG-6000

Ta: 2334001
Pseudomonas

stutzeri +30%

PEG-6000

Ta: 464047
Acinetobacter

sp. +30%

PEG-6000

Ts: Bacillus 224013
mojavensis +

30% PEG-6000

To: 2874005
Pseudomonas

chiororaphis +

30% PEG-6000

T 3874009
Enterobacter

asburize +

30% PEG-6000

Ta: Consortium ~ 2.54  0.05
of allisolates +

30% PEG-6000
SE (£m) 0039
€D (0.01) 0122

60 DAS

362005
3.42:£006

42002

756029

462004

556+ 003

596+ 008

52002

0.052
0.153

90 DAS

7424006
66£0.11

823002

1136 £005

7.76£004

924005

9.9+004

8.76+0.01

0.168
0524

Dry weight (g/plant)

30 DAS

03001
022001

0.42.+001

096+ 002

039+ 002

0684001

0.82+001

053001

0.009
0.021

60 DAS

1.22£001
108002

1344001

19:£002

1.43 £ 001

1642001

1.78 +0.006

1.52 £ 0.009

0.033
0.117

90 DAS

2.41£001
2294001

272002

3.93+002

263£02

3.07 £002

3.26+ 001

2884006

0.081
0255

Total bacterial population (soil

30DAS

213004
1.96£0.02

2284003

465 £0.07

247 £003

375 +002

405 +0.03

34£001

0.082
0.261

60 DAS

31008
216002

37004

57004

34001

44001

53002

4.25£002

0.088
0292

90 DAS

279£002
203+004

32002

52£003

3.05+002

4007

465003

38001

0.085
0276

Total bacterial Population (Leaf)

30DAS

157 £0.04
1.1£001

2.08:+003

475 £002

184002

315£002

435003

37002

0074
0225

60 DAS

213001
194+003

375002

6254001

35001

4354003

57001

480038

0.083
0.268

90 DAS

1794003
161002

32010

56£003

247 £001

3954003

4.95+004

3.75+ 003

0.078
0242

Boll weight
(@

436£0.03

37037

4.83£0.19

5.36 £ 003

453001

493+002

5.14£003

5.08+0038

012
044

Seed cotton
yield
plant" (g)

36.26+08
2866405

4186408

55.5+ 056

414£028

4494063

478£051

45.83 4054

068
202

Seed cotton
yield (Kg
)

727.01 £14.7
53074 £ 115

77518 £65

1027.77 £ 83

766,66 + 12.4

83148 +2.55

88518+ 4.7

848.7 £3.1

19.86
744

Efficient phyllosphere bacteria positively influenced the bacterial population in soil and leaves.
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Altitudes

(m)

3,000

3,250

3,500

3,750

4,000

Different letters in the same column indicate significant differences (p < 0.05).

Latitude/
Longitude

33°28'19'N/
102°20'37'E

33°33'08"N/
102°14'42'E

33°47'26'N/
101°53'02"E

33°56'49"N/
101°48'37'E

34°05'28'N/
101°24'33'E

Slope (°)

27 +£0.05¢

31+001d

28+0.12a

27 +0.02d

30+ 0.08b

Plant

biomass/(g-m?)

34.48 £ 1.74c

34.73 + 0.97¢

46.63 % 2.292

39.01 +2.21b

34.02 £ 1.35d

Richness

37.82 £ 1.17d

35.92 + 2.13a

39.51 & 2.06b

38.11 +0.87¢

35.02 £2.01c

Dominant species (Important
value > 0.1)

P, fruticosa, Festuca ovina, Anemone
rivularis, Koeleria cristata, Ligularia
virgaurea

P, fruticosa, Kobresia myosuroides,
Gentiana macrophylla, Koeleria
cristata

P, fruticosa, Kobresia myosuroides,
Gentiana macrophyla, Festuca ovina,
Anemone coelestina, Koeleria cristata
P, fruticosa, Ligularia virgaurea,
Gentiana macrophyla, Koeleria
cristata

P fruticosa, Koeleria cristata,
Oxytropis kansuensis
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Position  Altitude (m)

Rhi. 3,000
3,250
3,500
3,750
4,000
Non-rhi. 3,000
3,250
3,500
3,750
4,000

Bacteria x 10

309 +1.19a
20.77 +1.230
14.24 + 0.18c
12.73 + 0.52d
12.49 + 0.25d
23.57 + 1.55a
17.81 + 0.24e
14.14 +0.17b
12.33 + 0.33¢
9.47 + 0.08d

Amount of microorganisms cfu/g

Fungi x 105

2.09 + 0.14b
1.53 4+ 0.01c
1.93 + 0.05b
206 +0.11b
2.39+0.19a
1.12 4+ 0.08¢
1.01 4 0.02c
17240470
1.97 + 0.21a
208 +0.13a

Actinomycetes x 10¢

1.81 4+ 0.06a
1.71+0.14b
123+ 0.21c
1.08 + 0.09d
0.58 + 0.02e
252 +0.34a
2.01 4+ 0.05b
1.18 +031c
1.09 + 0.01c
0.79 + 0.13d

Total x 10°

3292 +1.62a
22,63 +2.13b
15.66 + 0.89c
14.02 + 1.84d
13.31 + 1.08¢
26.2 +1.55a
19.92 + 0.79d
16.49 + 0.74b
13.62 + 0.55¢
10.47 +091d

Rhi., rhizosphere; Non-rhi., non- rhizosphere; Different letters indicate significant differences (o < 0.05), the same below.

Azotobacter x 10°

16.9 + 0.66b
20.45 + 1.02a
2117 + 0.51a
9.37 + 043¢
3.75 4+ 0.27d
1256 + 1.61c
16.08 + 1.17b
18.17 +1.55a

8.8 +0.89d
3.08 + 0.25¢

Amount of functional groups cfu/g

Ammonifier x 108

15.77 + 1.07b
24.08 + 1.25a
2547 +1.18a
12.55 + 0.18¢c
3.01+0.22d
14.01 + 1.01c
16.14 4 0.54b
17.37 + 1.39a
10.17 + 0.72d
295+ 0.27e

Nitrifier x 10%

16.52 + 1.35¢
2329 + 1.8%
28.16 + 0.09a
7.73 +1.39d
2.41 4 0.16e
15.61 + 0.83¢c
19.25 + 1.96b
21.54 +1.63a
4.35 +1.15¢
2.08 +0.33d

Total x 10°

19.11 4 0.43¢
28.45 + 0.26b
304 +1.82a
14.26 +0.77d
3.63 + 0.82¢
16.83 + 1.11c
18.57 + 1.46b
21.34 + 1.38a
11.49 +0.51d
3.46 + 0.09%¢
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Integrated nutrient management (INM) vs. without fertilization (Control)

Class Paired datasets (n) % mean effect % effect size interval
Minimum Maximum
Rice 190 80.5" 72.0 95.2
Wheat 95 91.1* 86.1 111.2
Loamy 228 80.4" 80.3 99.8
Clayey 57 84.2" 721 1121

Integrated nutrient management (INM) vs. recommended dose of fertizers through
chemicals only (NPK)

Class Paired datasets (n) % mean effect % effect size interval
Minimum  Maximum
Rice 186 14 0.3 29
Wheat 77 49" 14 6.1
Loamy 206 28" 1.2 39
Clayey 57 1.0 0.4 24

(indicates significant at p <0.05)
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Soil parameters

Soil pH

Bulk density (BD)

Soi organic carbon (SOC)

Available nitrogen (av. N)

Available phosphorus (av. P)

Available potassium (av. K)

Microbial biomass carbon (MBC)

Soi organic carbon stocks (SOC stocks, sl depth: 015 cm)

Unit of
measurement

lo (soil: water- 1:2 or 1:2.5)

Mg m

%

kgha!

kgha!

kgha!

mg kg™

Mg ha™!

Minimum
Maximum
Average

Minimum
Maximum
Average

Minimum
Maximum
Average

Minimum
Maximum
Average

Minimum
Maximum
Average

Minimum
Maimum
Average

Minimum
Maximum
Average

Minimum
Maimum
Average

Without NPK

6.00
8.66
7.70

1.19
1.82
1.56

0.26
0.98
0.55

106.50
242.40
145.75

725
20.30
16.04

84.74
318.00
160.32

303
149

46
268
128

100% NPK

5.70
8.72
7.78

1.19
1.77
151

0.40
104
066

172.36
288.60
22864

10.76
40.54
247

82.88
325.00
178.68

101
330
181

71
276
15.0

INM

6.06
8.72
7.78

1.08
174
1.45

0.49
157
0.80

160.10
330.62
209.15

8.63
50.70
2290

119.68
328.00
184.86

130
503
223

79
410
17.3
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Class

Crops

Texture groups

Crops

Texture groups

Mean values are given with 95% Cf in parenthesss; “Indicates significant at p < 0.05.

Nutrient management practices

Rice
Wheat
Loamy
Clayey

Rice
Wheat
Loamy
Clayey

INM vs no NPK

365 (27.1-46.3)"
512 (36.9-70.6)"
515 (40.9-63.3)
25.1 (16.5-34.6)

466 (33.5-61.4)"
388 (37.1-41.6)
54.8 (50.9-58.4)"

57.0 (52.59-61.45)"

INM vs 100% NPK

SOC stocks (Mg ha™)

238 (17.0-30.6)"
15.1 (5.7-24.3)"
253 (17.6-32.5)"
14.4 (8.9-20.1)"

Microbial quotient (%)

265 (21.5-32.3)"
14.6 (12.3-17.3

23.47 (20.8-27.1)"
14.4 (8.5-205)"
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Season 1 Season 2

Height Leaf no Shoot DW(g) Height Leaf no Shoot DW (g)
Tharaka Nithi 65.21:+ 1.80° 25.08 +0.73° 32,51 £ 1.40° 52.46 % 1.12° 24.08+0.77 974+ 0.40°
Embu 74.75 £ 1.82° 30.49 £ 1.31° 15.75 £ 0.65° 51.57 £0.82° 18.58 % 0.53° 9.81+0.36°
Kitui 45.00 £ 0.71° 2115+ 0.60° 8.18.+0.20° 38.86 + 0.67° 6,01 +0.20° 201 0.14°
Genotype
K-80 60.46 + 1.68° 27.05+0.83* 18.71 % 1212 46.45 + 0,89 17,56 0.82° 7.01 £0.412
M-66 6261+ 184° 25.11 £ 1.28° 19.26 % 1.22° 47.35 % 1.02° 14.38 + 0710 691 :£0.40°
KU 27-1 62,61+ 1.84° 2511+ 1.28° 18.48 £ 1.11° 49.00 + 1.09* 1674 0.85 7.63+0.46"
Inoculant
Native 61.38 + 2,05 25.71 £ 0.90° 19.82 & 1.48° 4834 £ 1.30° 15.55 £ 0.89° 8.29.+053
Consortium 6073 1.86° 26.16£0.77° 20.14 4 152° 46.97 4105 16.28 + 0.90° 7.66+0.48°
Biofix 64.87 + 2,15 27.46 + 1,69 19.45 £ 1.35% 47.59 £1.25% 16.87 & 1.85 7.20 +0.48°
Control 59.76 + 2,19 23.96 +0.87° 15.84 £ 108 47.63 £1.08* 16.25 % 0.85° 5.60 % 0.43°

in factors and their inter: 1S

Genotype 05931 0.1465 08148 0.1080 0.0002 02021
Inoculant 0.1838 0.1452 0.0099 08318 05559 <0.0001
site <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Genotype x inoculant 0.1198 06994 05564 08529 0.9981 09978
Site x genotype 06374 0.7966 0.9057 09472 03808 03624
Site x inoculant 02361 07097 0.0011 0.4092 03913 <0.0001
Site x genotype x inoculant 03103 08064 0.1208 02711 05332 09839

Key: Nod NO, nodule number; Nod DW, nodle dry weight; Leaf NO, leaf number; shoot DW, shoot dry weight; g, grams.
Values followed by the same letters within the columns are not statistically different [Tukey's honest significant difference (HSD)] at P < 0.05.
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Season 1 Season 2

Yield (kgha™') 100 seed weight ~ Stoverweight(g) ~ Yield (kgha=') 100 seed weight  Stover weight ()

Tharaka Nithi 1,294.35 £ 40.19* 11.91 £0.14% 12,53 £ 0.39° 1,338.34 £ 53.712 1227 £0.112 18.89 £ 0.78°
Embu 56,62 + 7.23° 4.94 +0.30° 2221 £0.65 781.28 + 62.65° 1189 £0.27% 39.39 £ 1.37%
Kitui 1,228.94 + 50.56% 11.91£0.13 14.08 £ 0.51° 17.27 +2.49° 2.63 +0.28° 0.33 £ 0.04°

K-80 834.43 + 67.40* 8.81+0.35¢ 16.51 + 0.63* 771.46 +61.28% 8.16 +0.38° 21.21 % 1.65a
M-66 854.43 + 53.41* 9.63+0.28b 16.19 + 0.60% 663.79 + 54.84° 891 % 0.40% 17.33 + 1.33b
KU 27-1 890.06 + 59.17* 10.32 + 0.32a 16.13 £0.612 761.63 + 70.29° 952 +£0.43° 20.08 + 1.56ab
Native 940.90 + 71.88* 9.77 £0.38% 16.86 + 0.69° 800.62 + 79.75% 8.88 +£0.46° 21.56 £ 1.90*
Consortium 904.85 & 64.79% 9.58 +0.38% 16.50 + 0.69* 716.83 £ 68.77% 8.85 +0.46* 20.69 £ 1.87%
Biofix 826.20 & 62.17% 9.97 £0.36° 16.94 £0.77% 709.22 + 76.94> 9.02 +£0.46% 19.10 # 1.69%

Control 9.04 +0.368° 15.81 + 0.69* 622.51 & 61.36° 8.71+£0.48* 16.82 &+ 1.34°

Genotype 05531 <0.0001 0.8604 0.3491 0.0002 0.0046

Inoculant 0.0168 0.0286 0.5089 0.1557 0.8734 0.0044
Site <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Genotype x inoculant 0.9440 0.7429 0.8096 0.8362 0.7941 0.4990
Site x genotype 0.4348 0.0176 0.8060 0.5254 0.0314 0.0461
Site x inoculant <0.0001 0.0042 0.5948 0.0212 0.9684 <0.0001
Site x genotype x inoculant 0.4965 0.8654 0.6848 0.9527 0.9444 0.6005

Key: Yiela/He, cowpea yields achieved in 1 ha.
Values followed by the same letters within the column are not statistically different [Tukey's honest significant difference (HSD)] at P < 0.05.
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Isolate characteristics
Isolate  Transparency ~ Texture  Shape  Size  Color  Margin

(mm)
Is1 TO SG R 4 MW sC
Is2 T sM [} 3 Mw S
Is3 TO SG [} 6 cw sC
Is4 TO FiG R 2 cw sC
Is5 T SG R 4 cw S
Is6 Lo sM C 2 W S
1s7 TO sG R 3 cw sC
1s8 T FIG C 6 MW S
19 T SG | 6 MW sC
Is10 T SG [} 4 w S
111 o SG c 1 cw s
Is12 TO SG C 4 cw S
113 TO SG c 5 cw sc
Is14 o SG R 4 cw S
Is16 T sG [} 3 w S
Is16 T SG R 4 Mw S
Is17 o SG R 2 w sC
Is18 TO SG [} 4 w sC
Is19 o FG R 3 cw S
1s20 TO SG R 4 cw S

Gram
stain

Growth

mnomMooo T MAMM AT MMM T AT T

BTB
reaction

<< << << << << << << << <<

Congo red
absorption

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

Elevation

ODIDIDOOODODODITMDOOODOO

% Isolates

55
37
46
28
18
37
37
55
18
83
18
09
09
6.4
09
46
55
55
165
16.6

Key: TO, translucent with opaque center; T, translucent; O, opaque; SG, soft gummy; SM, soft mucoid; FIG, flowing gummy; FG, firm gummy; R, rod shaped; C, circular; I, iregular;
MW, milky white; CW, cream white; W, white; SC, smooth clear; S, smooth; F, fast growing; S, slow growing; Y, yellow; NA, Congo red non-absorbance; C, convex; R, raised; F, fiat.
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1s10
Is12
1s13
Is14
Is15
516
1517
Isls19
1520
Biofix
+KNO3
Control
Pvalues

Nod No

28.25 + 4.13%¢
20.76 + 11.72%°
39.50  4.25%
926 +5.26%°
25,00 & 1012
18.765 + 7.97%%
29.25 & 5.04%
5000 8.15°
17.00 £ 11.36%°
0.75 £ 0.48°
22.75 + 4.94%
31+£3.64%°
26.25 £ 2.78%
28,00 + 3.24°%¢
34,00 4 3.54%
0
0
<0.0001

Nod DW (g)

0.03 £ 0.00%
0.06 £ 0.02%
0.11£001%®
0.00  0.00°
0.07 £ 0.02%
0.02 +0.00°
0.08 + 0.00%
0.13:£001®
0.05 £ 0.03%
0.00  0.00°
0.01 £0.00°
0.04 £ 0.00%
0.08 £ 0.00%
0.06 # 0.00®
0.17 £0.10°

0

0

0.0006

Shoot DW (g)

0.84  0,0720cd
1.06 £ 0.05%
0,85 0,047%¢%
0.41+0.06%"
1204014
0.53 008"
0.45 £ 0.049"
057 0,079/
0.95 £ 0.10%°
0.67 £ 0.08°%9
0.89  0,073bcde
0.79 0,03t
0.97 0,04
0.07 4 0.00°4%
0.91 £ 0.05%
1.03 £ 0.09%
0.20 +0.03"
<0.0001

Root DW (g)

0.41 £ 0.09%°
0.42 £ 0.06%°
0.33 0075
0.19 £ 0,04
053 +0.13%
0.32 +0.02%¢
0.19 £ 0,03
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SE (%)

81.52 & 8.33%cde
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76.25  2.45°%
94.53 & 4.31%¢
70.49 777510
88.22 % 5,199
100.00 + 8.67%°
19.02 £ 3.35"
<0.0001

Key: Nod NO, nodule number; Nod DW, nodle cry weight; Shoot DW, shoot dry weight; root DW, root dry weight; g, grams; +KNOs, plents supplemented with potassium nitrate;
USDA 3456, commercal inoculant.
Values followed by the same letters within the column are not statistically different [Tukey's honest significant difference (HSD)] at P < 0.05.
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Season 1 Season 2

Nodule number Nodule dry weight (g) Nodule number Nodule dry weight (g)
Tharaka Nithi 60.59 £ 3.16* 0.42 £ 0.022 12.76 + 0.69° 0.04 £ 0.00°
Embu 23.86 £ 0.70° 0.10 £ 0.00° 18.36 £ 0.76* 0.07 £0.01*
Kitui 17.34 £ 0.92° 0.12£001° 9.87 £ 0.35° 0.08 £ 0.00°
K-80 36.18 £ 2.52% 0.23 +0.02% 14.37 £ 0612 0.046 % 0.00%
M-66 30.16 & 2.10° 0.19 £ 0.02* 11.71 £ 0.55° 0.036 % 0.00°
KW 27-1 30.16 & 2.10°° 0.22 +0.02* 14.91 £0.78% 0.05 +0.01*
Native 34.88 £ 2.66° 0.22 4 0.02* 14.44 £0.81° 0.05 +0.00°
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Variety 0.0215 0.1163 0.0004 0.0056
Inoculant <0.0001 <0.0001 0.3359 0.0008
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Variety x inoculant 0.5348 0.7414 0.9419 0.7226
Site x variety 0.1261 0.1554 0.1437 0.4722
Site x inoculant <0.0001 <0.0001 0.2143 0.0004
Site x genotype x inoculant 0.0988 0.2387 0.9362 0.8976
Key: g, grams.
Values followed by the same letters within the columns are not statistically different [Tukey's honest significant difference (HSD)] at P < 0.05.
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Sl. No. Definition References

1 The ecological equiibrium and the functionality of a ~ Cardoso et al.,
soil and its capacity to maintain a well-balanced 2013
ecosystem with high biodiversity (above and below
surface) and productivity
2. An integrative property that reflects the capacity of ~ Kibblewhite et al.,
soil to respond to agricultural intervention, so that it 2008
continues to support both the agricuttural
production and the provision of other ecosystem
services.
3 The capacity of sol to function as a vital Iving Doran and Zeiss,
system, within ecosystem and land-use boundaries, 2000; FAO, 2008
to sustain plant and animal productivity, maintain o
enhance water and air quality and promote plant
and animal health.
The soil health refers to self-regulation, stabilty, Katyal et al., 2016
resiience and lack of stress symptoms in a soil as
an ecosystem.

The state of the sail being in sound physical, Idowu et al., 2019
chemical and biological condition, having the

capabity to sustain the growth and development of

land plants

Asoll which acts as a dynamic living system that  Tahat et al., 2020
delivers multiple ecosystem services, such as

sustaining water quality and plant productivity,

controlling soil nutrient recycling, decomposition

process and removing greenhouse gases from the

atmosphere is considered as healthy soil

7. Soil health also referred as soil quality and is defined Natural resource
as the continued capacity of soll to function as vital ~ conservation
living ecosystem that sustain plants, animals and  service, USDA
humans.

Soll health is the capacity of a specific kind of soil to Soil Science
function, within natural or managed ecosystem Society of America
boundaries, to sustain plant and animal productivity,

maintain or enhance water and air quality and

support human health and habitation.
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Sl.No. Crop Soil degradation related Major findings References
problem

1. Rice Soil acidity Improvement in partial factor productivity and agronomic nitrogen use
efficiency due to combined application of NPK (60:30:30kg NPK ha=) - Ghosh and Devi, 2019
-+ farm yard manure (10t ha~") and NPK + compost (2.5t ha™")

2. Rice Soll acidity Applcation of recommended rate of primary nutrients (120, 30, and
60kg ha~" N, P, and K, respectively) and adliiion of compost (4t ha~") Halim et al., 2018
leads to improvement in water use efficiency under upland condition

3. Rice and wheat ~Nutrient mining and imbalance  Improvement in partial factor productivity, agronomic use efficiency,
due to blanket recommendation  recovery efficiency and nutrient harvest index of phosphorus and Singh et al., 2014
and farmer practice of imbalance potassium due to optimun fertiization which was decided by
use of fertiizers considering the soil indigenous supply, yield target and crop nutrient
demand.
a. Rice Saline sodic soi Water use efficiency (1.2 and 1.16 kg m~3) and water utiization
efficiency (0.86 and 0.88 kg m~) was significantly higher with Hafez et al., 2015

application of irigation at 6 day interval and gypsum application ® 9.5t
ha~'.
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SI. No.

10.

11.

12.

13.

Name of crop

Maize

Rice-rice cropping
system

Rice

Rice-wheat cropping
system

Rice-wheat cropping
system

Rice based cropping
system
(Rice-rice-fallow;
Rice-rice-milk vetch;
Rice-rice-rapeseed and
tice-rice-ryegrass)

Rice

Rice

Rice-rapeseed
cropping system

Rice-wheat cropping
system

Rice-mustard cropping
system

Rice

Rice-wheat cropping
system

Practice

Green manuring (Orychophragmus violaceus)
followed by three different level of
recommended dose of nutrients (100, 85, and
75%:recommended rate nutrient applcation is
225,49, and 94 kg N, P, and K, respectively)

Growing of green manuring crop either in fallow
or as intercropping at 4:1 ratio as additive
series without changing rice geometry
Cultivation of Sesbania aculeata and Crotalaria
juncea following by incorporation and
transplanting of rice

Incorporation of green manure crop before
pudding in rice

Incorporation of green manure crops (Sesbania
rostrata, Sesbania aculeata and green gram
residue before puddiing in rice)

Sowing of green manure crop after harvesting
of second season rice crop and incorporating
by plowing before sowing of nextrice crop

Direct seeded arobic rice + brown manuring
of Sesbania followed by no till wheat

Direct wet seeded rice

Tilage system involving conventional tilage
(resiclue removal) and o tilage with residue
retention; Brown manuring of cowpea and
mulching of Gliiciclia in both tilage system

Direct seeding of rice with brown manuring
followed by wheat in sodic sol of
Indo-Gangetic region

Zero til direct seedied rice + brown manuring
followed by zero til mustard (residue retention
of both crops)

Combination of brown manuring with herbicide
(pre-emergence application of butachlor,
pendimethalin, pretilachlor and benthiocarb) in
direct seeded rice

Study of effect of green manure crops
(Sesbania aculeata, Leucaena leucocephala,
cowpea and mungbean green manure crops
on soil zinc and copper content (for 3 years in
rice-wheat cropping system)

Impact on soil health

The incorporation of green manuring crop adds
21.5-94 kg nitrogen, 2.2-9.8kg phosphorus and
21.2-99.2kg potassium per ha; The improvement in
microbial biomass N, dissolved organic N and mineral N
in 0-20 cm soil depth at third and eighth leaf fully
expanded stage

Gradual build-up of soi organic carbon as well as
improvement in fulvic acid and humic acid in soil due to
incorporation in Sesbania rostrata Berm.

Improvement in soil organic carbon and available
nitrogen and phosphorus due to incorporation of both
green manure crops

Improvement in soil physical properties such as soil
aggregation, decrease in bulk density, increase in
saturated hydraulic conductivity, saturation percentage
and macro-pores, reduction in soil strength, increase in
infiltration rate due to incorporation of green manure
crops

Improvement in organic matter and total soi nitrogen;
rediuction in bulk density by 0.03 t0 0.07 Mg m~2 in
0-15cm depth and 0.05 to 0.09 Mg m=3 in 15-30cm
soil depth; higher mean weight diameter and saturated
hydraulic conductivity; improvement in root length
density of rice and wheat due to incorporation of green
manure crops

Green manure significantly improve phosphatase and
urease activity

Increase in soil total nitrogen, soil orgaric carbon, soil
microbial biomass carbon and microbial biomass
nitrogen

Positive effect on soil health through nutrient cycling as
Sesbania aculeata accumulate 32.4kg N, 3.65kg P, and
16.0kg K per ha without any fertiizer addition in its
biomass which become easily available to rice

Brown manuring of cowpea and mulching of Glicidia
produce more soil organic carbon pool, carbon
sequestration rate and carbon retention efficiency

Increase in soi organic carbon and microbial biomass.
carbon due to brown manuring

Improvement in soil quality index (SQI) over
conventionally followed puddled transplanted rice
followed by conventionally til mustard. The SQl was
caloulated based on saturated hydraulic conductivity,
pH, total nitrogen, avalable phosphorus and available
potassium.

Enhancement in partil factor productivity of
nitrogenous, phosphatic and potassic fertiizer added
there by reducing their contribution to soil and
groundwater polution

Positive effect on soil zinc and copper status after 3 year
due to incorporation of green manure crops.
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Sl. No.

Area

Dense forest, snow-clad cold deserts and the arid
region of western Rajasthan

Ravines along the banks of the Yamuna, Chambal,
Mahi, Tapti and Krishna Rivers and in the shifting
cultivation regions of Ocisha and the north eastern
states

Western Ghats coastal regions

Erosion rates in the black soil region (vertisols) of the
country, ocupying a 64 millon ha area in
Karnataka, Andhra Pradesh, Madhya Pradesh and
Maharashtra

Red soils of Chhotnagpur plateau

The north western hills of Jammu and Kashmir,

Himachal Pradesh and Uttar Pradesh and the north

easten hills of Bengal and the north eastern states

Foothills of the Himalayas and the Doon Valley

« Alluvial Indo-Gangetic Plains of Punjab, Haryana,
Uttar Pradiesh, Bihar and West Bengal

« Salt-affected saline and sodic soils of these plains

Shiwalik hills

Singh et al. (1992).

Soil erosion
loses

5Mg ha'yr!

Exceeding 40
Mgha~Tyr=!

20-30Mg ha~*
yr!
20Mg ha™" yr!

10-15Mg ha~'
v

More than 20 Mg
ha~"yr!

20Mg ha~" yr-!

* 5-10Mg ha~!
!

* 5Mgha!
yr!

More than 80 Mg

ha~"yr!
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Plant

Crop yield Improvement
Quality improvement

Enhance resource use efficiency

Profitabiity enhancement

Sustainability in production
system

Reduce bioaccumulation of soil
pollutants in the plant products

Increase in duration of shifting
cultivation area available for
cultivation

Improvement
Aggregate stabity
Porosity

Infiltration

Chelation of micronutrients

Cation exchange capacity
and base saturation

Water and nutrient retention
capacity

Enhance the decomposition
of soll pollutants

Microbial population and
diversity

Biogeochemical cycling of
nutrients

Soil

Maintenance

Temperature

Scil consistence

Air circulation

Optimum soil moisture
pH
Desirable soll structure

(spheroidal ~granular
and crumby structure)

Reduce
Bulk density
Erodibilty and erosion

Accumulation of toxic
material

Reduce the leaching
losses of nutrients
Soil crusting and
compaction

Ecosystem

Increase in carbon
sequestration

Reduce greenhouse gas
emission

Prevent sittation of tanks
and enhance their storage
capacity and life
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SI. No.

B S

Particulars

Tilage system
Fallowing system
Residue management

Nutrient management

Cropping system

Sail health
Energy requirement
Sustainabity

Footprint on natural resources

Conventional tillage

High intensity; plow based tilage
system

Ideal fallow land without any crop
Gover on soi surface

Complete removal or burning of crop
residue

Chemical based nutrient
management (intensive use of
chernical fertilizers)

Mono-cropping of crops or single
cropping system

Poor/ degraded

Higher

Lower

Higher

Conservation tillage

Minimunn tilage or zero tilage
Growing of cover crops

Maintaining at least 30% soil surface
covered with residue

Integrated nutrient management with
inclusion of organic sources and
microbial inoculations

Diversified crops and crop rotation

Healthy soil
Lower
Higher
Lower
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Sl.No. Crop
1. Wheat

2. Rice bean

3. Rice

4. Chickpea

5. Rice

6. Red gram and

10.

1.

12.

13.

14,

15.

16,

17.

1US$

groundnut
intercropping system

French bean

Chickpea

Garden pea

Cereal based cropping
system (Rice-wheat,
Rice-wheat-green
gram, Maize-wheat,
maize-wheat-green
gram)

Chickpea

Rice-maize cropping
system

Grasses (Eragrostis
poacoides Beauv.,
Artemisia capilarios
and Stipa glarcosa P.
Smim.

Rice

Pea

Rice

Wheat

72.45 Indlian rupee ().

Soil degradation
related problem

Salinity due to irrigation

water

Soil acidty

Acidity of sail (acid
sulfate soil) and
aluminum toxicity

Sensitivity of sodium
salt (sodium chioride)

Acid soil and aluminum
toxicity

Soil salinity and poor
soil fertiity

Chermical degradation
(nutrient deficiency) in
acidic sol

Soil salinity

Acidic soil

I reclamation of sodic
soil through
conservation
agriculture

Soil compaction

Nutrient mining
(potassium)

Biological crust

Sodic soil

Acidity of soil

Saline sodic soil

Waterlogging

Effect

Reduction in grain and straw yield, harvest
index and growth parameters of wheat
with increase in electric conductivity of
irfigation water from 0.7 to 12 dS m~"
Growth and yield of crops as well as
‘economic parameters (gross and net
return, B:C ratio, production efficiency and
economic efficiency) was reduced due to
soil acidity

Reduction in rice yield due to soil acidity
and higher aluminum toxicity; lower
availabilty of exchangeable cations (Ca,
Mg and K)

Vegetative and reproductive growth
(number of flower buds and pods) is
significantly affected due to the increase in
sodium chloride concentration; podding
stage of crop was found most susceptible

Soil pH and soluble aluminum affect the
growth parameters of rice

Lower yield of both crops, sheling percent
and oil content of groundnut as well as
protein percent of red gram seed

Reduction in growth and yield attributes
due to low soil fertility

Adverse effect of soil salinty on
germination and growth

Adverse effect of soil acidity on growth of
garden pea and soil properties

Adverse effect of physical sol properties
on crop growth as well as nutrient
availabilty

Adverse effect of higher bulk density on
the root growth parameter such as root
length density, root mass density, number
of primary roots and number of nodes.
Reduction in exchangeable soil K after 1
year of rice-wheat cropping system by
5mg ka~" soll

The biological crust dominated by
cyanobacteria significantly reduces the
germination of all grasses.

Negative effect of saline sodiic soil on plant
growth and yield

Wateriogging for 15 days imposed after 21
days of sowing reduce the yield of wheat

in neutral soil (7.0 pH), saline soil (8.2 pH),
sodic soil (9.0 pH) and sodic soil (9.4 pH).

Correction measure suggested

Use of Azospirilum sp. isolated from saline
soilleads to significant improvement in
grain yield of wheat over control

Use of lime @ of 0.6t ha™" increase all
growth and yield attributes with increase in
0.42tha~" yield, 221.31 and 164.34 US §
gross and net retums ha™", respectively.

Positive effect of addition of amendments
such as magnesium limestone, sugarcane
based organic fertiizers and fused
magnesium phosphate

Application of wood biochar helps in
reduction in soil pH and aluminum toxicity
Significant improvement in all the said
parameters due to addition of paper mil
sludge, farm yard manure and nutrient
addition

Improvement in growth and yield attributes
due to application of recommended rate of
three primary nutrient along with boron

Improvement in germination early growth
as studied with respect to following
characteristics viz., germination
percentage, germination rate, oot length,
shoot length, vigor index and total dry
matter

Positive effect of application of biochar of
corn or Lantana camera (“ 6 to 18t ha~"
on growth parameters of crop;
Improvement in soil porosity, total nitrogen,
available phosphorus and potassium
content of sol after harvest of crop
Improvement in volumetric water content,
reduction in water content, improvement
in infiltration rate, increase in total nitrogen,
available phosphorus and potassium in
conservation agriculture based
rice-wheat-green gram cropping system)

Application of potassium increase rice
yield by 1.8t ha™'

The bare soil have highest germination of
all grasses

The pH, electric conductivity,
exchangeable sodium concentration was
significantly decreases; while organic
carbon and alkaline KMnO; extractable
carbon was significantly increased due to
gypsum application

Grain yield and dry matter production was
improved due to application of lime © 7.5t
ha™' by 0.50-0.55t ha~' and 1.87-1.72t
ha™", respectively

Application of gypsum @ 9.5t ha~" and
irfigation at four 4 day interval showed
significant improvement in the growth and
yield attributes of rice along with significant
improvement in grain and straw yield of
rice
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Sl. No.

16.

Scientist / organization
H. A Wallace (1910)

Stafford (1931)

USDA (1936)

Wrench (1939)

Bennett (1943)

Qureshi and Njihia (1984)

Scofield (1986)

Swaminathan (1987)

Haberern (1992)

Romig et al. (1995)

Halvorson et al. (1996)

Van Bruggen and Semenov (2000)

2013

2014

2017

‘Statement / contributions

Use the term soil health with respect to capacity of humus obtained from manure
to do many things and its seems to be a cure allin maintaining soil health
Mentioned the significance of sol biology in the concept of soil health. He:
mentioned that, wider spacing and planting of only one crop tree act as soi
improvers.

The USDA's Agricultural Adjustment Administration published “Soil Health and
National Wealth” in 1936. The concept of sol health is related with soll fertiity
along with role of microorganisms in enhancing the soil nutrient improvement
and plant growth.

He connect the soil health with human health and state that ‘it seems that
human health is a consecutive process starting from the dieting and nutrition of
the soil itself”

Emphasis the elimination of wasteful land use processes and adoption of
different soil conservation practices. He was among those initial workers who
highiight the soil health concept and ts relation with human health

Initiation of benchmerk trals to monitor soil health was one of the important
resolutions adopted for research in future

Connect the concept of organic farming given by Balfour (1943), Howard (1943)
and Rodale (1945) with sol health and soil erosion

State the significance of agroforestry in maintaining and improving soil health in
long run

Recognized the need and significance of acknowledging the problems of soil
and soil health index

Mentioned that, concern of sail quality s not imited to agricultural scientist,
natural resource managers and policy makers; Farmers also have interest in soil
quality (The soil quality is used synonymously to soil health)

Development of method to access and monitor soil quality by integration of
multiple soil parameters

Suggested the systemic ecological approach to the search for indicators for soil
health with major emphasis on soil biological characteristics

Sol health institute was formed by “Samuel Roberts Nobie Foundation and the
Farm Foundation”™

Soil Health Division formed by USDA national Resource Conservation Center in
2014

Connection the soil health with human health

Concept of sol security

References
Wallace, 1910

Stafford, 1931

Brivik, 2018

Wrench, 1939

Bennett, 1943

Qureshi and Njhia,
1984

Scofield, 1986

Swaminathan, 1987

Haberern, 1992

Romig et al., 1995

Halvorson et al., 1996

Van Bruggen and
Semenov, 2000

Brevik and Burgess,
2013; Brevik and
Sauer, 2015; Brevik
etal, 2017

Field, 2017
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Soil health indicator

Soil physical indicators
Texture

Bulk density

Penetration resistance

Aggregate stabiity

Water holding capacity
Infitration rate

Depth of hardpan

Depth ofwater table

Porosity

Erosive potential

Soil structure

Soil crust

pH

Electrical conductivity

Organic matter
Total organic carbon

Total soi nitrogen

Cation exchange capacity

Major nutrients

Available sail nitrogen (Alkaline
permanganate extractable)

Available soil phosphorus
(NaHCO; extractable)

Available soil potassium
(Ammonium acetate
extractable)

Available soil calcium

Magnesium
Sulfur

Minor nutrients*

Iron (Fe)

Manganese (Mn)
Zine (2Zn)
Copper (Cu)
Boron (B)

Chiorine (Cl)
Molybdenum (Mo)

Nickel (Ni)
Microbial biomass carbon
Earthworm populations

Nematode populations
Arthropod populations
Mycorrhizal fungi
Nitrogen fixation of
microorganisms

Soil chlorophyl
Dehydrogenase activity

Alkaline phosphatase activity

Urease enzyme

Soll respiration rate (Soil CO;
effiux)

Unit of measurement

12 classes based on the relative
proportion of sand, silt and clay

Gram om=® or Mg m=®

MegaPascal (MPa); N m~2 (cone index N
om?)

Mean weight diameter (mm); Geometric
mean diameter (mm)

mm m~" depth of soi

mm hour="

Indicated as depth from the surface at
which hardpan observe

Depth from the surface in meters

Percentage (%)

Mg ha~" soil lossyear~"

Expressed as types (Platy, prismatic,
blocky and spheroidal) class (Very fine,
fine/thin, medium, coarse/thick and very
course) and grade (structureless, weak,
moderate and strong)

Qualitative property indicated by either
types of crust or by surface hardness
measured by cone penitrometer

In scale of 1-14

dsm
%
%orgkg™

mg kg~ soil or kg ha™"

Milliequivalent 100~" gram soi or
Cmol(p+) kg~ soil

mg kg~" soil or kg ha~!
mg kg™ soil or kg ha™"

mg kg~" soil or kg ha~!

Miliequivalent liter=" or milliequivalent
100" gram soil

kg ha!

mgkg~'

mg kg™t

mg kg™t

(g microbial biomass carbon g soll)
Numbers

Numbers g=" sail or Numbers root tip~"
Population density (numbers gram~" of

so)

nmole ethylene g=' h~
(mgg™)
(g TPF g~ soil day™")

(g PNP g~ of soil hr=")

pmolm2 s~

Minor nutrients* : critical limits for soil deficiency are given.

Ideal values for health soil indicators
(agricultural soil)

Loam texture with 7-27% clay, 28-50%
siit and 23-52% sand is considered as
ideal for most of the crops

1.33-1.35g cm™®

Crop specific

Based on the effective root zone depth
and characteristics of plant

50% of the total soil volume

< 11Mg ha~" soil loss/year (permissible
limit)

Speroidal (granular and crumby)

Soil should be crust free as all crust has
adverse from cultivation point of view

except sol biological crust in some cases
Neutral (6.7-7.8) pH for most of the crops
and sail functioning is considered s ideal

Ranges of values: Low < 0.5%, Medium
0.5-0.75% and High > 0.75%

Low <280kg ha", Medium 280-560 kg
ha~" and High > 560 kgha™'

Low < 5mg kg~", Medium 5-10mg kg~"
and High > 10mg kg~

Low < 108kg ha™', Medium 108-280kg
ha~" and High > 280kg ha~"'

4.5mg kg~ soi
2.0mg kg~ soil
0.6mg kg~" soil
0.2mg kg~ soil
0.5mg kg~" soil
0.2 pg g~"soil

Method of measurements and
reference

Bouyoucos hydrometer method
andinternational pipette method;
Bouyoucos, 1962; Gupta, 1998

Direct and indirect methods; Casanova
etal.,, 2016; Al-shammary et al., 2018
Cone penitrometer; Gupta, 1998c; Herrick
and Jones, 2002

Wet sieving and dry sieving method;
Yoder, 1936; Kemper, 1965; Chaudhary
and Kar, 1998; Das and Chong, 1998
Pressure plate and membrane apparatus;
Richards and Weaver, 1943

Ring infiltrometer; Johnson, 1963; Sur and
Gupta, 1998

Determined by compaction of soil at
different layers; Gerard et al., 1964; Batey,
2009

Paizometer and open well; Bouma et al.,
1980; Sekhar et al., 2018

Mercury intrusion porosimetry; Image
analysis and soil micromorphology; Gupta,
1998a; Pagliai and Painuli, 1998; Rao and
Jo, 1998

Universal soil loss equation; Wishmeler
and Smith, 1960; Wischmeier and Smith,
1978

Optical and scanning electron microscopy;
Wiliams et al., 2018

Soilin water or 0.1M KCl or 0.01 M CaCly
solution in ratio of 1:2.5-10; Prasad et al.,
2006

Saturation soil extract or soil-water
suspension (1:2 or 1:2.5; Rao and Reddy,
2013

Walkley and Black, 1934

Walkley and Black, 1934; Tandon, 2013

Kjeldahl method; Bremner, 1960; Nelson
and Sommers, 1980

Ammonium acetate extraction method;
Barium chloride (BaClz) compulsive
exchange method; Chapman, 1965;
Gilman and Sumpter, 1986

Alkaline permanganate method; Subbiah
and Asija, 1956

Olsen et al., 1954; Olsen and Sommers,
1982

Flame photometery method; Prasad et al.,
2006

Titration with EDTA; Hesse, 1971

Turbidimetric method; Wiliams and
Steinberg, 1959

DTPA extraction and determination with
atomic absorption spectrophotometer
(AAS; Lindsay and Norvell, 1978

Hot-water soluble boron; Singh et al.,
1999

Grigg’s reagent (Ammonium oxalate at pH
3.3; Gupta, 2013)

Fumigation method; Nunan et al., 1998
Electro-shocking methodology; Weyers
etal, 2008

Spectrophotometric method; Patel and
McFadden (1976)

Sticky boards, pitfall traps or sweet nets
methods of sampling; Norment, 1987
Magnified intersections methods;
McGonigle et al., 1990

Acetylene reductase activity; Stewart
etal., 1967

Extraction using organic solvent; Nayak
etal, 2004

Triphenyl tetrazolium chioride test; Casida
otal, 1964

p-nitrophenyl phosphate method;
Tabatabai and Bremner, 1969
Soilincubation in trifhydroxymethy)
aminomethane buffer; Tabatabai and
Bremner, 1972

Closed or open dynamic system;
Davidson et al., 2002
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Sl. No.

10.

1.

Attributes
Important function of healthy soil

Sufficient supply of nutrients although

Good soil tilth

Sufficient depth

Good internal drainage

Low populations of parasites

High populations of plant-growthpromoting organisms

Low weed pressure

No chemicals that harm plants

Resistance to being degraded

Resilience

Description

Carbon transformations, nutrient cycles, soil structure maintenance, regulation of
pests and diseases

There needs to be sufficient nutrient supply for plant growth, at the end of the
season there should not be too much nitrogen and phosphorous left in highly
soluble forms or enriching the soil surface. Leaching and runoff of nutrients are
most likely to occur after crops are harvested and before the next crops are
well-established

Sol with good tilth is spongier and less compact and allows roots to more fully
develop than a soil with poor titth. A soll that has a favorable and stable soil
structure also promotes water infiltration and storage for later plant use

Soils with sufficient depth to a layer that can restrict drainage and (or) root
development promote full oot system development

Timely field operations can ocour when soils dry quickly. Also, oxygen must be
able to reach the root zone to promote optimal root health and that is best with
good drainage

Crop yields are higher when plants are not harmed by parasitic bacteria, fungi, or
nematodes etc.

Organisms, such as earthworms and many bacteria, fungi, and
actinomyceteshelp in cycling of nutrients and make them available to plants. Soil
organisms also produce plantgrowth-promoting substances

Having few weeds is important so there is little competition with the crop for
nutrients, water and light

Harmful chemicals can occur naturally, such as soluble aluminum in acidic soils
or excess salts in arid regions. Potentially harmful chemicals may be introduced
by human activity, such as fuel-oil spill, or the application of sewage siudge that
has high concentrations of toxic elements

Sois with good ilth and internal drainage and that have low populations of plant
parasites can better resist the negative effects of compaction o periodis of
wetweather

Healthy soils are able to recover quickly after unfavorable changes, such as
compaction

Magdoff (2001).
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Site

SF

R1

R4

R8

R13

R17

R27

NM

Restoration
year

0

13

17

27

Location

N48°09'05.82"
E134°35'34.9"
N48'04'17.4"
E134°32'55"
N48°04'05.36"
E134°31'54.60"

N48°03'37.97"
E134°31'46.66"
N48°08'18.86"
E134°34'49.70"
N48°08'19.80"
E134°35'06.78"
N48°08'52.95"
E134°35'41.48"
N48°08'54.86"
E134°36'05.51"

Height %

24,00 + 3.04d
49.83 + 9.65¢

61.14 + 1.680c

76.33 + 11.12ab
53.01 + 17.58¢
56.78 + 12.57¢
61.67 + 7.26bc

84.42 + 3.83

Coverage % Aboveground
biomass g.m?

38.33 + 7.64c 110.88 + 17.15f
36.02 + 18.75¢ 289.1 + 14.42¢

46.58 + 12.08bc 3423 £ 29.74d

66.17 + 12.00ab 428.47 + 61.71ab
56.17 + 18.72abc 358.73 + 22.76cd
58.06 + 8.83abc 409.7 + 22.23bc

7214 + 5.84a 391.2 + 9.58bcd

78.02 + 3.46a 465.01 + 20.83a

Belowground
biomass g.m?

57.75 + 8.15e
92.44 + 449

218.90 + 13.07d

609.56 + 35.82c
638.00 + 20.17c
874.88 + 32.28b
634.70 + 15.23¢

1,230.2 + 68.79a

Dominant species

Glycine max

Commelina communis and
Eragrostis pilosa

Deyeuxia angustifolia, E. pilosa
Polygonum persicaria, and
Bidens tripartita

Dangustitolia, Carex schmidt,
and Phragmites australis
Dangustitolia, C.schmidti

Dangustifolia, C. schmidti and
Spiraea salcifolia
Dangustitolia, C.schmidti, and
S .salicifolia

D.angustifolia and C.schmidti

Note: SF, soybean field: R1, R4, R8, R13, R17, and R27, restored after 1, 4, 8, 13, 17, and 27 vears of farmiand abandonment: NM, natural marsh.
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Site.  SOC gkg '

SF 1506+ 0.18h
R1 3025:041g
R4 4813+ 0111
R8  77.63 +0.44d
R13 746+ 054e
R17 8342 +1.24c
R27  84.73 +0.480
NM  191.91 % 0.90a

TN gkg™'

1.16 +0.01g
2.08 +0.041
269 + 0.03¢
383+ 0.02¢
361 003d
392 0050
4.14£0.030
815+ 0.16a

N

12.94 + 0,121
1455 + 010
17.90 +0.24d
20,28 + 0.24c
20,66 + 0.04c
2129 +0.34b
20.45 + 0.24c
23.56 + 0.35a

An mg.kg

13.32 £ 03
2004 + 1.38¢
2221402
34.7 + 048
45.33 + 3.34b
27.71+ 0.57d
3163+ 1.4
98.22 + 3.42a

TP gkg '

064  0.05g
130+ 0.02¢
1.23 +0.03f
1.95 £ 0.020
12150020
1.41 £ 0.06d
182+ 0.01¢c
2311002

AP mgkg™'

13.12 £ 0.19a
6.56 + 042
523+ 0.13¢
5.18+ 0.18¢
198+ 0.11e
177 + 0.15¢
3.82+0.150
361+0.14d

TKgkg ™"

6.36 + 0.06a
7.02 + 0.06a
7.13£0.1b
6.58 + 0.4b
652 + 0020
6.46 + 0.060
6.43 + 0.02b
4.8+ 0.08¢

BD g.cm®

1.25 + 0.04a
0.93 £ 001b
0.81 +0.05¢
0.56 + 0.01f
062 +0.01e
0.6 + 0.04ef
0.68 + 0.02d
0.39 + 0.01g

PH

526+ 001a
5.19 £ 0.02b
5.15+ 002¢
4.96 + 00de
5.05 +0.02d
494+ 00te
4.82 +001f
4.66 +001g

MC %

3225 +0.12h
55.89 + 0.31g
69.85 + 0.5f
123.45 + 0.77¢
117.22 + 1.24d
130.48 + 0.24b
109.08 + 0.28¢
198.48 + 0.46a

Note: Different lowercase letters indicate significant diflerences (p < 0.05) among different sites. SOC, soil organic carbon; TN, total nitrogen; AN, available nitrogen; TP, total phosphorus;
AP, available phosphorus; TK, total potassium; BD, bulk density; MC, moisture content; SF, soybean field; R1, Rd, R8, R13, R17, and R27, restored sites after 1, 4,8, 13, 17, and 27 years
of farmiand abandonment: NM. natural marsh.
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Season

2016

2017

2018

Avg

Amendment

Pre-crop residues
Sawdust

Wheat straw

No residues

No residues
Wheat straw
Pre-crop residues
Sawdust
Pre-crop residues
Wheat straw
Sawdust

No residues
Sawdust
Pre-crop residues
Wheat straw

No residues
Pre-crop residues
Wheat straw

No residues
Sawdust
Sawdust

No residues
Wheat straw
Pre-crop residues
Pre-crop residues
Sawdust

Wheat straw

No residues

No residues
Wheat straw
Pre-crop residues
Sawdust

Preceding crop

WOSR

Faba beans

WOSR

Faba beans

WOSR

Faba beans

WOSR

Faba beans

Measurement period

(d)
177

174

190

182

197

169

188

175

‘Cumulative N,O emission
(kgNha™)

1.031
0.383
0.392
0.6804
1.263
0.275
0.435
0.354
0.329
0.842
0.431
0.945
0.465
0.517
0.275
0.374
0.489
1.077
0.856
0.595
0.344
0.315
0.357
0.370
0.616
0.470
0.770
0.802
0.651
0.302
0.441
0.388

Standard deviation
(kg Nha™)

0.954
0.156
0.092
0.116
1.430
0.063
0.088
0.043
0.080
1.013
0.091
0.823
0.280
0.308
0.090
0.127
0.254
1.136
0.680
0.261
0.143
0.139
0.249
0.277
0.605
0.191
0.850
0.580
0.879
0.148
0.230
0.176
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Amendment

WOSR residues
Faba bean residues
Winter wheat straw

Spruce sawdust
No amendment

Application rate DM
(tha™)

4.0-5.0
6.5-9.5
10.0
10.0
0

C:N ratio (-)

80
50
120
790

Absolute C input
(tha™)

2.8-4.0
1524
45
4.7
0

Absolute N input
(kg ha™")

34-48
45-56
38
6
0
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0-15
15-30
30-60

60-90

6.13
645
693
7.16

NO;-N

(mg
kg™)

4.6
42
4.0
33

MIN-N

kg™)

414
373
372
323

Total-N
kg™)

713.1
367.5
2584
2452

(Mg
m3)

1.37
139
141
1.39

(wiw)

0.47
0.41
0.39
0.41

carbon; NO;-N, nitrate-nitrogen; MIN-N, mineralizable nitrogen; Total-N, total nitrogen; BD, bulk densi

Texture

Sand
(%)

622
665
603

623

Silt
(%)

266
25
294
267

(%)

1.2
110
102
11.0





OPS/images/fenvs-10-970017/fenvs-10-970017-g011.gif





OPS/images/fenvs-10-970017/fenvs-10-970017-g010.gif
e TR

D o TR T ke o
I
1s
3o





OPS/images/fenvs-10-869194/fenvs-10-869194-g003.gif





OPS/images/fenvs-10-983973/fenvs-10-983973-t006.jpg
NO;-N accumulation (kg-ha™)

Soil depth (cm)

Treatment
ZT NS,
NS,
NS,
NS,
NS,
CT NS,
NS,
NS,
NS,
NS,
AT NS,
NS,
NS,
NS,
NS,

0-10 cm
345¢
4.56°
234
455¢
441¢
443°
682"
430°
3.66¢
415¢
254
446°
455¢
590"
664

10-20 cm
381°
2.96¢
314¢
3014
405¢
3.94°
538"
6.03*
375
279
311
293¢
393
3.94°
5.65°

20-40 cm
671
643
5.40°
6.56"
5.75¢
6.62°
8.12°
10.39*
6.97°
5.96"
623"
622
5.48°
6.88°
7.54%

40-80 cm
9.61¢
1339
12.98%
11.65°
1032¢
1188
14.43"
17.14*
929
12.94%
1265
12.32%
10.10¢
1215
14.00°

80-120 cm
9.61¢
2971%
30210
2297
2853
20.65"
24.60%
35,83
929*
2673"
2207
26.24"
31510
1.19*
19.11¢

ZT, zero tillage; CT, conventional tillage; AT, alternate tillage (maize: zero and rice:
conventional tillage), NS, = no nitrogen (control, 0:50:100), NS, = recommended dose
of NPK fertilizer (NigoPsoKi00), NS, = NS+ crop residue at 6 Mg/ha, NS; = 75% of
recommended N as fertilizer along with 25% N as FYM (Nyy PsoKyg0 + FYM at

40 kg:N/ha), NS, = 75% of recommended N as fertilizer along with at 25% N as
vermicompost (N120 PsoKigo + VM at 40 kg-N/ha). Means with different letters as
superscript indicate significant difference within the corresponding main or sub-
S
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Main and Sub-plots eftect

Treatment

Tillage

N source

Interaction effects

T

Ccr

AT

zT
cr
AT
NS,
NS,
NS,
NS,
NS,

NS,
NS,
NS,
NS,
NS,
NS,
NS,
NS,
NS,
NS,
NS,
NS,
NS,
NS;
NS,

Dehydrogenase (mg TPF
kg™'day™)

0-10 cm 10-20 cm
2323 1285
24140 1323
26.36" 1336
15.66" 11.72¢
21.69° 1232
30,05 13.16°
26.02° 12,67
2946 1586
15.00° 11.65¢
2133 1201
2732 1263
2375 12.36°
2877 1560
1665' 1146
21067 1219°
3197 13.83°
2433 12.39°
26.68° 1625
15.34" 12.05¢
2268 1276°
30.86° 13.01%
2999 1327
3294 1572

Acid phosphatase (mg

PNP kg 'hr™')

0-10 cm 10-20 cm
134.09* 55.30°
134.16" 59.43
135.81° 56.60°
129.94¢ 55.00°
133.63" 56.78"
135.08° 58.26"
135.09° 57.95%
139.70* 57.55%
129.75¢ 53.90°
133.18¢ 54.43¢
135.62" 56.65"
134.62" 54.62°
137.29° 5691
129.98¢ 55.70%
133.92" 59.40™
135.41° 62.03*
131.86° 6141
139.62 58.61°
130.07¢ 55.42¢
133.78" 5651
134.22° 56.10%
138.80"™ 57.82"
142.19* 57.14°

Urease (mg NH,"-N

kg 'hr ")

0-10 cm
30.96°
33.16°
3453
23.95°
3L67¢
35.64°
35.06°
38110

22.62¢
3081°
3263
32.56
36.2¢

24.09°
31.93¢
37.18°
33.96
38.65"
25.14"
3228
37.01¢
38.65°
39.49'

10-20 cm
1549"
15.63"
17.69*
1228
1541
15.20°
18.40°
2008

1149
1576
1520
1723
17.79°
1226
14.5d°
1611
15.97¢
1933
kb
15974
1429
21.99*
2311

ZT, zero tillage; CT, conventional tillage; AT, alternate tillage (maize: zero and rice: conventional tillage), NS, = no nitrogen (control, 0:50:100), NS, = recommended dose of NPK fertilizer

(N16oPsoK 00), NS, = NS+ crop residue at 6 Mg/ha, NS; = 75% of recommended N as fertilizer along with 25% N as FYM (Ny20 PsgKigo + FYM at 40 kg:N/ha), NS,

5% of recommended

N as fertilizer along with at 25% N as vermicompost (N .20 PsoK 00 + VM at 40 kg-N/ha). Means with different letters as superscript indicate significant difference within the corresponding

e e e

)05,
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Main and Sub-plots effect

MBN (mg kg™') MBN (mg kg™')

Treatment 0-10cm  10-20cm  0-10cm  10-20 cm
Tillage zT 37378 223.19* 21.40° 16.15"
(a3 287.73° 165.32° 271 1952
AT 23933 169.41° 2339 19.97*
Nsource NSy 23754 143.42¢ 16.77¢ 1335¢
NS, 300.28" 208.31° 22.78¢ 18.84"
NS, 32269 210.64° 2424 1957
NS, 38543 201.68* 23.90° 2138
NS, 255.46° 165.83° 24.80" 19.60°

Interaction effects

zr NS, 21513 121.01° 16.61° 1231°
NS, 430.25" 282.35* 20.73" 16.89"
NS, 37647 309.24* 24.21° 16.93°
NS; 497.48" 255.46™ 21.45" 19.50°
NS, 34958 147.90° 24,02 15.12°

cr NS, 34958 188.24° 1457 1218°
NS, 242.02¢ 167.79" 24.15* 20.30°
NS, 28235 121.01° 23,92 20.30*
NS, 41681° 188.24° 2512 247
NS, 147.90° 161.34" 2577 2236

AT NS, 147.90° 121.01° 19.15" 1557
NS, 22857 174.79° 23.46" 1932
NS, 30024° 201.68" 24.60" 2147
NS, 242.02¢ 161.34° 2512 217
NS, 26891 188.24° 2462 2132

ZT, zero tillage; CT, conventional tillage; AT, alternate tillage (maize: zero and rice:
conventional tillage), NSo = no nitrogen (control, 0:50:100), NS, = recommended dose
of NPK fertilizer (N,69P5oK00)> NS; = NS+ crop residue at 6 Mg/ha, NS, = 75% of
recommended N as fertilizer along with 25% N as FYM (Nyzo PsoKioo + FYM at

40 kg-N/ha), NS, = 75% of recommended N as fertilizer along with at 25% N as
vermicompost (N2 PoKigo + VM at 40 kg-N/ha). Means with different letters as
superscript indicate significant difference within the corresponding main or sub-
treatment ot & = 0.05
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Main and Sub-plots eftect

Total carbon (g kg™)

Total N (g kg™)

Treatment 0-10 cm 10-20 cm 0-10 cm 10-20 cm 0-10 cm 10-20 cm

Tillage zr 5.98° 415" 053" 0.60" 1250 9.35"
cr 673" 412 067" 043 10.30° 10.70°
AT 810" 536" 061° 0.38" 14.36* 1778

N source NS, 476° 426 037° 023" 1430 1958
NS, 7.94" 5.02° 072" 047" 11.45% 13.60°
NS, 7.07° 490° 0.69" 0.56" 10.66" 11.35%
NS; 6.94" 5.03" 0.66" 054" 10.67" 10.32%
NS, 7.99* 435" 057" 0.54" 14.84° 8.21°

Interaction effects

zr NS, 436" 417" 035° 0214 1273 2178
NS, 6.04° 383" 077 056> 7.88™ 737"
NS, 582" 407" 059" 0.91° 9.86™ 449°
NS, 7.00 384" 058" 0.63° 1241 617"
NS, 532¢ 486" 035¢ 0.70" 1963 6.94%

cr NS, 670° 436" 042¢ 028! 1265" 1557
NS, 9.08" 4.05" 077 0.51% 11.95™ 791¢
NS, 7.79° 431 091° 0.42¢ 8,55 121
NS; 5.08¢ 41’ 0.63" 0.49" 811 9.80°
NS, 459" 379" 063" 0.42¢ 1022 9.01°

AT NS, 641° 424" 035° 0214 17,53 21.40*
NS, 871° 718" 063" 0.35° 1452 25,53
NS, 7.60° 633 056° 0.35° 1357 1833
NS; 875" 7.16* o7 0.49% 11.50™ 14.98"
NS, 1085 440° 074" 0.51% 1467 8.67"

ZT, zero tillage; CT, conventional tillage; AT, alternate tillage (maize: zero and rice: conventional tillage), NS, = no nitrogen (control, 0:50:100), N, = recommended dose of NPK fertilizer

(N16oPsoK 00), NSz = NS+ crop residue at 6 Mg/ha, NS = 75% of recommended N as fertilizer along with 25% N as FYM (N ;20 PsoKy00 + FYM at 40 kgN/ha), N,

5% of recommended

N as fertilizer along with at 25% N as vermicompost (N 20 PsoKio0 + VM at 40 kg:N/ha). Means with different letters as superscript indicate significant difference within the corresponding
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Main and sub-plots effect

Maize (Mg ha™) Rice (Mg ha™)
Treatment Grain yield Stover yield Grain yield Straw yield
Tillage zr 7.91° 10.89° 390" 7.04¢
cr 826" 1107 487 806"
AT 825" 11410 483 7.77"
N source NS, 328¢ 5.27¢ 269" 553
NS, 8.89° 12.10° 481¢ 7.04¢
NS, 957" 1267° 531° 8.64°
NS, 8.94° 1220° 481° 853"
NS, 1001° 1337 505" 827
Interaction effects
zr NS, 2.64° 4.48' 178 376t
NS, 8.58° 11.78° 3.66° 538"
NS, 9.77% 1308 449" 8.56"
NS, 8.44° 1173 456" 871"
NS, 10110 1335 502" 8.80"
o NS, 351¢ 5.13¢ 2914 6.63°
NS, 894> 12.16" 541° 8.00°
NS, 9.64" 1237 585 943
NS, 9.03¢ 1224 519" 914
NS, 1013 1342 499" 7.09"
AT NS, 368° 619" 337 621°
NS, 9.13¢ 1235 536" 8,05
NS, 9.29" 12.54° 5.60° 7.91°
NS 934 1263 4.69° 7.76°
NS, 9.79% 13.32° 513% 892

ZT, zero tillage; CT, conventional tillage; AT, alternate tillage (maize: zero and rice: conventional tillage), NS, = no nitrogen (control, 0:50:100), NS, = recommended dose of NPK fertilizer

(N16oPsoK 00, NS, = NS+ crop residue at 6 Mg/ha, NS; = 75% of recommended N as fertilizer along with 25% N as FYM (Ni20 PsoKioo + FYM at 40 kg:N/ha), NS,

5% of recommended

N as fertilizer along with at 25% N as vermicompost (N 20 PsoKic0 + VM at 40 kg:N/ha). Means with different letters as superscript indicate significant difference within the corresponding
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Sl. No Properties Soil depth (cm)

0-10cm 10-20 cm
Physical characteristics
1 Particle size distribution
Sand (%) 63.15 6235
silt (%) 2601 2595
Clay (%) 10.84 11.70
2 Soil texture Sandy loam Sandy loam
3 Bulk density (Mg m) 139 137
4 Field capacity (%) 3321 3435
5 Soil moisture (%) 35.35 3327
6 Maximum WHC (%) 4838 5234
Chemical characteristics
7 Soil pH (1:2.5) 540 550
8 Effective CEC (cmol charge kg™") 408 395
9 Organic carbon (gkg™) 42 39
10 Mineral-N (mgkg™) 2535 2256
11 NOs-N (mgkg™) 423 345
12 Total carbon (gkg™) 55 52
13 Total nitrogen (gkg™) 0.62 0.60
Biological characteristics
14 MBC (mgkg™) 26692 187.28
15 MBN (mgkg™) 16.58. 1256
16 DHA (mg TPF kgday™') 1425 884
17 APA (mg PNP kg "h™") 127.74 5282
18 UA (mg NH,*Nkg™h™) 2566 1738
Chemical composition Rice crop residue FYM Vermicompost
1.Total carbon (%) 38.43 3012 3624

2. Total nitrogen (%) 045 067 126
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Paddy Soil HAB AC F ASNF NI DNF PSB soB co oL

NRRI 7.52% 4.02° 4012 567° 433° 4.86° 5.81° 527° 439 5.16°
MS 7.47° 4.85° 3.56° 5.26 4.74% 4.91° 5.98° 5.62* 479 6.56°
MB 7.62° 434° 303" 567° 4.83° 479 6.04 559° 4647 5.44°

Values within a column followed by the different letters are significantly different at HSD (p < 0.05). Log CFU g’ soil: log transform value of colony forming unit per gram soil: HAB:
hetrotrophic aerobic bacteria; AC: actinomycetes; F: fungi; ASNF: asymbiotic nitrogen fixing bacteria; NI: nitriing bactria; DNF: denitriing bactria; PSB: phosphate solubiizing bacteria;
SOB: sulfur oxidizing bacteria; CO: copiotrophs: OL: oligotrophs.
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A2 A3 A4 AS A6 A7 A8 A9 Al0

X1 0.959% 0.810 0.987% 0.779 0.987% 0917 0.967* 0.017 -0.819
X2 1.000 0.940 0.983% 0.923 0.986* 0.992*% 0.989% 0.296 -0.932
X3 1.000 0.884 0.998* 0.889 0.976* 0.601 0.922 -0.987*
X4 1.000 0.857 0.999* 0.960% 0.162 0.995%* -0.900
X5 1.000 0.863 0.965% 0.640 0.899 -0.979*
X6 1.000 0.964% 0.170 0.995%% -0.901
X7 1.000 0.415 0.979% -0.967*
X8 1.000 0.254 ~0.565
X9 1.000 -0.938

X1-total water supply; X2-grain yield (irrigation); X3-grain yield (nitrogen); X4-straw yield (irrigation); X5-straw yield (nitrogen); X6-total nitrogen uptake (irrigation); X7-total nitrogen
uptake (nitrogen); X8-accumulated nitrate-nitrogen (irrigation); X9-accumulated nitrate-nitrogen (nitrogen); X10-total water reserve (0-90 cm). *correlation is significant at the 0.05 level
(iwo-tasladd): Mcoriistion 3. sisniicant st the D01 level (bwo-tailed):
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Mean effect Level AE ANR
Irrigation (I) I 19.83 40912 0.45b
L 1675 3299 032
I 1941a 40.11a 032
Nitrogen (N) N, 2957 4474 0.75¢
N, 21126 37.67ab 031b
N, 1735 3482 023
Interaction effect
Irrigation (I) LN, 25.765¢ 46.902a 0.783a
LN, 16233 403152 0.337b
Nitrogen (N) LN, 17.4%b 35.502a 0.238b
LN, 26.803¢ 44033 0733
LN, 22.66c 35992 0.298b
LN, 17.55b 341472 0.228b
LN, 36.147d 43275 07222
LN, 24.463b 367172 0.308b
LN, 17.017ab 348250 0.232b

(Means of similar lowercase letters are not significant at P < 0.05 based on DMRT).
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Total water supply I I L 15
at different wheat
growth stages First year
Germination/seedling 72 72 72 72
Crown root initiation 52 174 174 17.4
Tillering 54 54 317 703
Jointing and flowering 02 02 02 02
Grain filling 0.8 0.8 0.8 0.8
Ripening/Maturity 138 138 138 138
Total 157 169 195 234

Second year
Germination/seedling 0.0 0.0 0.0 0.0
Crown root initiation 0.0 122 122 12.2
Tillering 0.0 0.0 263 64.9
Jointing and flowering 0.0 0.0 0.0 0.0
Grain filling 68 68 68 68
Ripening/Maturity 178 178 178 178
Total 246 258 285 323
Nitrogen application at different wheat N, N; N, Nj
growth stages

Kg ha™!

Sowing 0 30 60 75
Crown root initiation 0 15 30 375
Tillering 0 15 30 375
Total 0 60 120 150

"otal water supply (cm) = rainfall (cm) + irrigation (cm).
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Treatment Number of flowers Number of pods  Number of nodules N (%) N-uptake P (%) P-uptake  K-uptake Yield (a/ha)

30DAS  60DAS  60DAS Atharvest 60 DAS (Mean £ S.E) (Mean+S.E) (Mean+SE) (MeanzSE)

Uninoculated Control (No stress) 767 35.67¢ 3066°  57.66° 433 114£011 4786251 03370003 1440+£066  80.43 956
0.33) (1.76) (2.33) @72 0.33)

Uninoculated Control (4 dS m™") 6.00° 29.33¢ 36.00' 42.33' 467 1134005  4057+895 035+£0000 1243+066  119.81 9.22
058) (1.45) (2.64) 2.02) (0:88)

Bacilus safensis 11.33 68.33" 5933  7400%¢ 9.33% 1204009 6649451 035£0000 1813£1.16 16006 10.44
(0:88) (3.48) @.75) (1.73) (0.33)

Pseudomonas stutzeri isolate 1 8.67% 48675 47.00%  63.00% 5.00° 1442007 5836679 033£0000 1344094  169.43 9.78
(0.33) (2.60) (2.08) (2.30) (1.16)

Staphylococcus xylosus 133 6500  49.33%  71.009 6.33% 1104005 4895334 031£0000 1375+£091 20408 9.44
(0.88) (1.16) (1.45) (2.30) 0.33)

B. safensis + P stutzeri 11,670 71.67° 7633 9133 10.00° 152£011  7089:+1222 028£0003 13074143  230.74 10.89
(1.20) (2.60) (1.45) 2.33) (0.58)

P stutzeri + S. xylosus 10.33? 64.67%  69.33%°  84.00° 7.33%° 11564£009 6040294 033+£0000 17784066  210.66 10.22
(088) (2.03) @18 (@.64) (0:88)

B. safensis + P stutzeri + S. xylosus ~ 10.33% 75.00° 7866°  91.66% 967 118£005  7814£924 03120003 20024166  243.12 122
(1.20) (1.16) (2.90) (2.90) (0.67)

Pseudomonas Sp. (reference strain) 10,67 66.33°  65.66™  82.00%° 7.67%° 1274006 6553436 03240003 16764133 17429 10.33
(0:88) (1.45) (1.76) @51) 0.33)

SE (m) 083 2.14 199 253 0.66 0.10 9.07 0.0006 158 14.39 0.127

SE(d) 118 3.02 282 3.58 093 007 6.42 0.00 112 13.75 0.179

CD.at5% 251 6.47 6.03 7.66 1.99 0.21 19.40 0.016 3.39 43.24 0.381
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Treatment

Unincculated
Control (No stress)

Uninoculated
Control (4 dSm~T)

Bacillus safensis

Pseudomonas
stutzeri isolate 1

Staphylococcus
xylosus

B. safensis +
P stutzeri

P stutzeri +
S. xylosus

B. safensis +
P, stutzeri +
S. xylosus

Pseudomonas Sp.
(reference strain)

SE(m)
SE()
C.D.at5%

30 DAS

9.64*

(0.60)
8720

(0.74)
10.83°
(0.50)
10212

(0.45)
9.08*

(1.26)
10.10°

0.34)
9.50°

(067
10.95°

(1.25)
956"

(0.95)
0841
1.189
2523

60DAS At harvest

23.48°

©061)
25,632

056)
20.66%
©0.92)
2050

0.95)
23.86°

087
32.83%

(1.31)
29.76%

(0.80)
3408

0.98)
31.00°

(1.47)
1.037
1.466
3.135

Plant height (cm)

41.66%°

(1.20)
33.00°

(1.52)
30.33%°

(5.20)
38.66%°

(1.76)
37.38%

(1.20)
40.33%°

(1.20)
44.66%

(1.76)
48.66%

(1.76)
42,3300

(1.45)
2201
3112
6654

"Data are grouped based on the Tukey pairwise comparison.

Shoot

12.00

(057)
10.00

©57)
14.33
(©0.88)
11.33

(0.88)
12.33

(0.88)
13.00

(1.52)
16.00

(©57)
1833

(1.76)
14.66

(1.20)
1.087
1.537
3.285

Root length

Shoot

12.00

(057
10.00

057
14.33
(0.88)
1138

(0.88)
1233

(0.88)
13.00

(1.52)
15.00

(057
1833

(1.76)
14.66

(120)
1.087
1.537
3.285

Shoot

12.00

(0.57)
10.00

(0.57)
14.33
(0.88)
11.33

(0.88)
12.33

(0.88)
13.00

(152)
15.00

(057
18.33

(1.76)
14.66

(1.20)
1.087
1587
3.285

Number of branches

30 DAS

10.33%

(1.20)
7.00°

(0.57)
13.66%9
(0.88)
11.66°%

(0.89)
12.66°

(0.88)
17.33%

(0.88)
15.33%¢

(1.45)
19.00°

(1.15)
14.00°¢

(057)
0969
1.371
2.931

60 DAS

18.66%¢

(088
16.66¢

(0.88)
24.33%°
(0.88)
22.66%

(1.20)
23.66°

(0.88)
26.66%

(0.88)
24.66%

(0.88)
28.66°

(0.88)
26,66

0.88)
0.904
1.279
2.735

At harvest

18.66%

(©0:88)
16.66°

©0:88)
2433
©0:88)

22.66°

(1.20)
23.66°

(0:88)
26.66*

(©0:88)
24.66%

©0:88)
28.66°

(©0:89)
26.66°

088
0.904
1279
2.785

Shoot

12.00

(0.57)
10.00

057
14.33
(©0:88)
11.88

(©0.88)
12.33

0.88)
13.00

(1.52)
15.00

057
18.33

(1.76)
14.66

(1.20)
1.087
1537
3.285

Root

0.76

(0.009)
0.68

0.01)
1.15

©.12)
078

001
1.01

0.03)
0.83

(0.009)
094

©0.01)
1.42

(0.05)
081

001
0.05
0071
0.151

Fresh weight (g/plant)

Total fresh weight

12.76°

057)
10.68°

0.58)
15.49%
0.98)
12.41°

(0.86)
13.35°

0.87)
13.83°

(1.53)
16.94%

058)
19.76%

(1.76)
15.48%

(1.18)
1.09
1.55
331

Shoot

5.68

(©0.:61)
448

©0:81)
7.96
(0.66)
617

073
573

©.11)
7.41

©.16)
828

(0.66)
860

©0.19)
801

©.11)
1.68
0.56
079

Dry weight (g/plant)
Root  Total Dry weight
024 5.92%
0.02) 0.59)
020 4,68
©0.01) (0.80)
0.42 838we
0.04) ©.70)
026 .43
©0.02) ©072)
036 6.09%
©0.02) ©.18)
029 7.69%¢
©0.02) ©.15)
071 8.99%
0.02) 0.68)
068 9270
0.02) ©.19)
029 8290
©0.01) ©.10)
007 1.69
002 056
0.03 0.79
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Treatment

T

T2

Ts

Ts

Ts

Te

T

Ts

SE (m)

SE(d)
CD.at5%

30 DAS

10.63¢
0.07)
13.20°
(0.33)
16.72°
©0.10)
14.30%
0:22)
13.69%
(0.08)
16.63%
(0.40)
14.6%
(0.33)
13.38°
(0.64)
057
0.40
1.21

60 DAS At harvest

23.47°
©041)
25,63
(0:36)
32,500
(©0.70)
26.27%
(©058)
23.10°
©21)
29.20%
(059
24.73°
(0:38)
25.26%
©.76)
118
0.83
252

Plant height (cm)

32.60%°
©092)
36,07
(0.48)
39.40°
0.64)
30.40°
(©0.67)
32.13%
(055)
39.27%
©061)
32.78%
©.73)
33.83%¢
©0.84)
1.63
1.15
3.49

30 DAS

10.53%
(0.60)
12.56%
(0.45)
15.73°
(0.50)
12.70®
(0.47)
11.56°
(0.64)
12.23%
081
11.10°
(1.08)
11.89%
(0.86)
1.13
0.80
2.42

*Data are grouped based on the Tukey pairwise comparison.

60 DAS

13.50°
(0.36)
17.63°
(0.49)
18.60°
©.72)
16.46%
(0.56)
17.10%
(.01)
1853°
(0.40)
16.43%
(0.30)
16.53%
0.33)
1.068
0.755
2.283

Root length (m)

At harvest

18.10°
(0.49)
2213
(0:89)
26.23°
(0.62)
23.27%
(1.24)
22.33%
(1.12)
23.70%
©0.76)
21.87%
0.84)
22.93%®
(0.84)
182
1.29
3.89

Number of branches

30 DAS

11.33°
1.10)
13.33%
0.73)
17.67°
(0.66)
16.00%
(0.45)
13.00%
(0.49)
16.33%
(0.68)
11.67°
©0.79)
14,33
©.71)
123
087
262

60 DAS

20.67%
0:62)
23,00
(0:39)
27,67
(0.56)
23,00
(0:39)
21.00%
0:81)
26.67%
058)
21.33%
(1.24)
25670
©021)
137
097
294

At harvest

2433
(058)
27.33%
(056)
3333
(059)
28.00%
(0.36)
2567°
0589
30.00%
(0.36)
26.67%
©057)
30,00
0.36)
1.11
078
236

Shoot

11.53

10.96

16.06

15.46

14.43

16.73

14.76

15.10

023

0.16
050

Fresh weight (g/plant)

Root

085

074

1.068

1.02

1.02

094

1.42

0.04

0.03
0.09

Total fresh weight ~ Shoot

12.38¢
©0.16)
11.709
(0.09)
17.122
©.14)
16.48%
©0.15)
15.45°
©0.12)
16.75°
0.14)
16715
©.11)
16.52°
(0.06)
023
0.16
0.49

401

5.00

7.32

6.25

4.66

6.62

528

5.50

024

017
052

Dry weight (g/plant)

Root

0.62

0.68

0.83

0.74

0.78

0.82

0.68

0.79

0.04

0.08
0.09

Total dry weight

4.63'
©0.17)
5.69%
0.10)
8.16°
©0.21)
699
(0.14)
5.44°
©0.18)
7.44%
©0.13)
5.96%
(0.24)
628
©0.27)
0.23
0.16
0.49
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Treatments

CEMs

CTR

SRI
NMPs

FFP

RDF

RDF + Zn

Protein content in grains

(%)

811° £ 024
8.41% 028

8.06° £0.17
8.23° £ 0.22
8.49% £ 0.24

Protein yield in
grains (kg ha™)

473.4° + 425
644.9° £ 53.7

473.4° £ 424
562.1° £ 51.9
641.9° £ 524

2Zn concentration (mg kg™ DM)

Grains

209°£0.12
31.1%£0.32

28.8° £ 0.89
207°x1.24
33.2°£2.19

Straw

51.2° £ 1.12
52.6% + 136

49.9°  1.39
51.3°+ 2.41
54.7% + 2.86

The mean data (+SD) followed by a similar designator letter within a column are not significantly different at p < 0,05 level of significance. However, the mean data (SD) followed by diferent

designator latters within & column are signifcantly different at p < 0.05 Jevel of significance level of signiicance.
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Treatments

CEMs

CTR
SRI

NMPs.

FFP
RDF
RDF + Zn

Grain yield (t ha™")

582° £ 0.14
7.65% £ 0.24

5.85°+0.20
681° 022
7.54% £ 0.18

Straw yield (t ha™)

8.40° £ 0.12
10.29% £ 0.32

8.48° £ 0.26
9.42°+0.24
10.15% £ 0.19

Biological
yield (t ha™)

14.22° £ 025
17.95° + 0.56

14.34° £ 0.46
16.22% + 0.41
17.69° + 0.36

Harvest index (%)

40.9° £ 0.40
426% 022

40.8° £ 0.12
41.9°+ 057
425%+ 023

The mean data (+SD) followed by a similr designator letter withina column are not significantly different at p < 0.05 level of significance. However, the mean deta (+SD) followed by different
desionator letters within a column are siniicantly different at p < 0.05 level of significance.





OPS/images/fenvs-10-869194/fenvs-10-869194-t003.jpg
Treatments

CEMs

CTR
SRI

NMPs.

FFP
RDF
RDF +Zn

Plant height
(cm)

87.4° £ 671
91.0* £ 520

85.4° + 4.96
88.4° + 563
939% + 6.32

Panicles Panicles Panicle length
(no. hill™") (no. m™) (cm)
85°+026 284.4° £ 758 18.7° £ 0.47
20.7% £ 052 35237 7.54 28.0° = 051
12.7°+ 031 286.3° = 11.08 18.7° + 0.57
142° +0.37 315.1° £ 9.24 21.1° £ 0.66
16.8° + 0.61 3536° + 7.50 228+ 074

1000-grain weight
@

23.4° £ 044
26.1%+ 034

23.8° + 0.50
24.8°+ 053
259+ 0.36

The mean data (+SD) followed by a similr designator letter withina column are not significantly ifferent at p < 0.05 level of significance. However, the mean deta (+SD) followed by different
designator letters within a column are significantly different at p < 0.05 Jeval of significance level of sioniicance.
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Technology
component

Nursery raising

Field preparation and
wet-tilage

Nutrient management
Transplanting

Water management

Weed management

Brief details of
CTR technology components

® Seed: 30 kg for translating in 1 ha

Bed size: wellleveled 4-5 cm raised bed and 1-1.5 m widith of
convenient length with 30 cm furrows between the beds. Make 10
such beds using 30 kg healthy seed for 1 ha area

Fertiizers: add 650 g ureaand 1.5 kg SSP per 100 m? bed using 3 kg
healthy seed/bed

Herbicides: use Butachior @ 1.5 kg a../ha o any suitable pre-
emergence herbicide after nursery sowing

Imigation: flood irigation in nursery beds as and when required

One deep ploughing

Accumulate sufficient water in the fields 2-3 days prior to
transplanting
Puddle (wet-tilage) and level the fields 1 day before transplanting

o As per treatments
o Transplant 2-3 seedlings (30 days old) per hil at 20 x 15 cm spacing

during the 2nd fortnight of June

Flood irrigation for continuous water standing during the vegetative
phase

Pretilachlor @ 0.75 kg a.i. ha™'orButachlor @ 1.5 kg aiha™'or any
other suitable herbicide after transplanting followed by two hand
weeding (HW) at 15-20 and 30-35 DAT.

Brief details of
SRI technology components

Seed: select 12.5 kg healthy and bold seeds for 1 ha
Bed size: well-leveled 10 cm raised bed and 1-1.2 m width of
convenient length with 50 cm furrows between the beds

o Fertilzers: mix 25-30 kg well rotten FYM, 65 g urea and 150 g SSP
per 10 m? bed area. Prepare 15-18 such beds using 12.5 kg healthy
seed ha™' transplanting. Sow pre-sprouted seeds in 10 cm rows
apart at 1.5-2.0 cm depth during the 1st week of June

® Herbicides: use Butachlor @ 1.5 kga.i.ha™" or any other suitable pre-
emergence herbicide after nursery sowing and cover the seed beds
with residue muich

o Irigation: impound water in furrows of nursery beds as and when
required

® Same as CTR

o As per treatments

o Transplant single seedling (15-days old; 2-3 leaf stage) per il at 25
x 25 om spacing in a square pattem during the 2nd fortnight of June

« Do not tum the root ends upwards while transplanting

Transplant seedlings within 1 h of uprooting

o Gap filing after 4-6 days after transplanting (DAT)

o Intermittent irfigation following alternate wetting and drying (AWD).
Avoid field cracks due to water scarcity

® Pretilachlor @ 0.75 kg a.i. ha™" or Butachlor @ 1.5 kg a.i.ha™" or any
other suitable herbicide after transplanting followed by one HW at
30-35 DAT and weed incorporation in field

o Two intercultural operations at 10-12 and 20-22 DAT using cono-
weeder
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“Critical level of DTPA-extractable Zn for crops grown on alluvial soils in north India varies from 0.38 to 0.90 mg kg

Parameter Status/value
Textural class Sity-clay loam
Soll reaction (oH) 5965
Soil organic carbon (g kg ™) 8.1-96
Available-N (kg ha™') 312.5-381.8
Available-P (kg ha™') 18.9-22.1
Available-K (kg ha™) 241.3-268.2
DTPA-extractable Zn (mg kg™ soi) 059°

Methods employed

International pipette method (Piper, 1950)

1:2.5 soi: water suspension (Jackson, 1967)

Rapid titration method (Walkiey and Black, 1934)
Alkaline permanganate method (Subbiah and Asia, 1956)
0.5M NaHCO, pH = 8.5 (Olsen et al., 1954)
Ammonium acetate method (Hanway and Heidel, 1952)
Lindsay and Norvell (1978)

soil (Takkar and Walker 1993).
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Treatment Per season (kg ha™")

CO,-C emission® Total C contribution® % C in biomass
Fallow (control) 6,627 + 679 b NA* NA
Fallow + manure 7,390 + 1,551 a NA NA
Sunn hemp 6,762 + 2,160 a 12,913 + 1,597 ab 486 +4.9
Sunn hemp + manure 7,946 + 1,569 a 13,400 £2,199 a 49.8 + 6.1
Velvet bean 7234+ 1645a 9,512+ 1,168 ¢ 469 £5.7
Velvet bean + manure 8,754 + 908 a 10,226 + 2085 bc 49372

* Values indicate the average for two seasons.
"NA: not applicable.
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Practice

1.Cover crop germination
2. Cover crop growing period

3. Cover crop termination

4. Carbon dioxide emission sampling

5. Soil sample collection (before manure application)
6. Manure application

Note: “+" indicates months when practices occurred.

May

June

July

PR

4

o
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Sr.no. Pseudomonas isolates

PawpP
PAWN
Paws
PRB

PaRsS
PaNS
PfNC

N o O s 0N =

Data are represented by the mean of five replicates + standard deviation.

SA

1.68 £0.07
216 £0.07
712+£1.09
418+£7.95
12,68 +0.36
10.84 £0.39
10.24 £0.24

Siderophore

10.06 & 0.07
5.38 £0.06
8.10 £ 0.09
7.12£0.06
12.20 £0.08
11.86 £ 0.16
10.06 £ 0.07

HCN

0.084 + 0.002
0.0523 £ 0.001
0.026 + 0.001
0.032 + 0.001
0.084 + 0.003
0.066 + 0.003
0.047 + 0.006

Chitinase

28.18 4+ 0.06
12.36 + 0.21
4212 £0.18
34.56 % 0.08
76.24 £ 0.35
54.38 £0.29
50.06 £+ 0.14

b-1,3-glucanase

42.08 4 0.06
64.45 4 0.51
7247 £0.32
84.21 4021
132.36 £0.31
116.20 £0.26
96.37 £0.21
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Sr.no. Pseudomonas isolates Biochemical properties

1AA Siderophore HCN P-solubilizing zone (mm) after 48 h
PaWp + + ++ 15
PIWN + + + 18
Paws + + ++ 17
PIRB + ++ + 14
PaRS + o+ ot 22
PaNS + ++ ot 20
PiNC + ++ ++ 10

Absent. Siderophore fluorescence: + + +, High; ++, Medium;

, Weak. HCN production: -, No HCN; +, Weak; ++, Moderate; + + +, Strong.
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Sr. No. Seed
treatment

2gkg
4g/kg
69/kg
Control

LN =

Data are mean of five replications.
Means followed by the same letter in a column are not significantly different (F

Germination
(%)

100
100
100
70

15 days

40.72°
47.47°
52,07
2901¢

Plant height (Cm)

30days 45days 60 days

4313°  50.36°  53.13°

49.27°  5865° 6520

5473 66.53° 7236

3027 42479 4569
0:05) by DMRT.

15 days

7.1¢

7.87°
8.68°
4.63¢

No. of leaves/plant

30days  45days

1073°  12.99°
11.67° 14.91°
12.6° 17.42
Ed 9.18¢

60 days

15.07°
17.07°
20272
11.2¢

15 days
(x10%cfu/g)

267°
372
5.06"
1.41¢

Colonization (Rhizosphere)

30 days 45 days
(x10%fu/g)  (x108cfu/g)

3.06° 489°
4.5° 6.44°
667° 8

1.28¢ 1.44¢

60 days
(x10%cfu/g)

3.28°
4.89°
7.06°
083¢
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Treatments Fv/Fm RC/ABS Fv/Fo 1-vj Pl

il 0.78 +£0.01° 056 & 0.08" 3.56+0.18° 058 +0.01% 1.07 £0.18°
(100) (100) (100) (100) (100)

T2 0.68.+0.02¢ 0.44 % 0,04¢ 220+ 021 0.46 +0.01¢ 0.46 % 0.09°
©7.1) (78.5) ©1.7) ©6.7) (42.9)

T3 0.71£00° 050 % 0.02° 252+ 0.01° 0.48 +0.02° 061 %0.05¢

©1) 89.2) 0.7 (©0.5) 7

T4 0.73:£002° 0.49 & 0.04° 277 £037° 0.48 +0.01° 06840.16°
©3.5) ©75) 7.8 (90.5) (63.5)

T5 0.76 +0.01® 054 2 0.04° 820+0.15% 050 & 0.02° 088 +0.18°
©7.4) (96.4) ©9.8) (©4.3) (82.2)

Values are means + SEM, n = 3 per treatment group. Means in a row without a common superscript letter differ (P < 0.05) as analyzed by one-way ANOVA and the TUKEY HSD test.
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Sr.no. Seed
treatment

29/kg
4g/kg
6g/kg
Control

Ll

Germination
(%)

50.66°
62.89
79.78°
41.56%

Data are mean of five replications.

Means followed by the same letter in a column are not significantly different

Shoot length
(cm)

301°
5.49°
7.040
2119

Rootlength  Shoot

(em)

1.15°
1.74°
250
092°

weight (g)

2.82°
3.43°
4220
1.81¢

0.05) by DMRT.

Root weight
(9

09°

1.44°
1720
0.49%

Vigour index

210.72°
455.59°
838.97%
125.85¢

PaRS colonization

Shoot
(x10%cfu/g)

3.56°
5.44°
6722
ol

Root (x10%cfu/g)

2.28°
3.94°
4.83*
[
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T T2 T3 T4 T5

Infection %age 0409 100+£0° 73.3+6.67° 66.7 +6.67° 33.3 +6.67°
osI 0+0° 833+ 1.67% 33.3+ 1.67° 367+ 167> 25+5°

Values are means  SEM, n = 3 per treatment group. Means in & row without a common
superscript letter differ (P < 0.05) as analyzed by one-way ANOVA and the TUKEY
HSD test.
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Sr. No. Pseudomonas
isolates

PawP
PIWN
Paws
PRB
PaRS
PaNs
PNC
Control

@ N O s e N

P grisea

3.73%
4.37%
4074
453>
27t
337°
3.87°%
893

Data are mean of three replications.

Means followed by the same letter in a column are not significantly different

C.
falcatum

3579
4.7
4.2
4.58%
28°
3,534
397
8.77°

P

aphanidermatum anacardii

3.73¢
3.80°
4.40°
3.90%
3.03¢
3.47¢4
4.00%
8.63*

P L .
theobromae phaseolina
430%  360% 2.7°%
457 4.00° 3.6°
4.00° 3.07% 2.83%
4.80° 3.63%¢ 3.1t
3.13¢ 237" 220
3.40¢ 2.80¢ 2.47%
4.07° 3.38% 3.47%
8.70° 9.00° 9.00°
0.05) by DMRT.

F
moniliformae

4.07°
353
25°
3.1%
23°
2.63%
3.47%
9.00°

S. rolfsii XCM XOO XAC

2.7%
3.78°
2.63°
3.4
21!
2.47¢
3.47°
9.00*

15¢
11e
1067
1033°
23.33°
2067
17°

o

21°
179
11.00'
15.00°
26.00*
23670
23.00°
09

14.67°
9.33°
10.67¢
9.00°
18.672
16.67°
17.33°
o
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Control BUMDS BUMD9 Consortia

Germination %age 433+ 1.67° 633+ 1670 717£3.3% 81.7+1.67°
Seedling length 1.63+0.12° 3.53+0.12° 3.83+0.176% 4.5+ 0.208%
Vigour index 705+397¢ 2301155 204+189° 874+ 10.1°

Values are means  SEM, n = 3 per treatment group. Means in a row without a common
superscript letter differ (P < 0.05) as analyzed by one-way ANOVA and the TUKEY
HSD test.
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Sr. No.

BN =

o

Sampling site

Hill Millet Research Station,
Navsari Agricultural University, Waghai

Hill Millet Research Station,
Navsari Agricultural University, Rambhas

Kiishi Vigyan Kendra,

Navsari Agricultural University, Navsari
Livestock Research Station, Navsari Agricultural
University, Navsari

Habitat

Paddy (Near to root zone)
Nagli (Near to root zone)
Nagli (Soil only)

Banana (Near to root zone)

Ambika River
Farm Pond

Gastor (Near to root zone)

Geographical status

20.77’N 73.50'E
20.77'N 73.50E
20.77'N 73.50E
20.80'N 73.62E

20.80'N 73.62'E
20.95°N 72.93°E

20.95°N 72.93°E

Code

PawpP
PIWN
Paws
PRB

PaRS
PaNs

PINC
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Symbol

Details of treatment

Ko (CF-Ko W)

MOPg0 + FYMao(C)-MOPgo(W)
MOPgo + FYMgo(C)-KolW)
KolC)-MOP3o + FYMao (W)
MOPg (C)-MOP3, + FYMgo (W)
MOPg (C)-MOPgo (W)

Ko (C-MOPgo + FYMao (W)

Crop

Com (C)
Wheat (W)
Com (C)
Wheat (W)
Com (C)
Wheat (W)
Com (C)
Wheat (W)
Com (C)
Wheat (W)
Com (C)
Wheat (W)
Com (C)
Wheat (W)

Amount of nutrient applied (kg/ha)

150
120
150
120
150
120
150
120
150
120
150
120
150
120

P

26
26
26
26
26
26
26
26
26
26
26
26
26
26

60
60
90

60
60
60
60
60

90
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Treatment Height (cm) Ground diameter (mm) Fresh weight (g) Dry weight (g)

CK1 49.97 + 1.36d 3.79 £+ 0.15¢ 16.77 + 0.96a 8.47 + 0.58d

CK2 66.37 + 2.12ab 7.85 + 0.41a 41.92 + 3.86a 19.20 + 1.21b
i 54.50 + 0.72c 6.48 £ 0.190 27.90 + 2.39b 13.70 + 0.44c
T2 57.43 = 0.35¢ 6.95 + 0.41ab 3121 £ 1.37b 15.07 + 0.23¢
T3 62.86 + 1.63b 6.82 £ 0.17b 3941 +1.92a 20.75 + 1.60ab
T4 67.96 + 1.07a 7.76 + 0.24a 44.45 £ 0.52a 23.34 + 1.25a

CK1: control, CK2: high standard control, T1:foliar spraying, T2:foliar soaking, T3: root soaking, T4: soil soaking. Data in the table are mean + SE. Different letters indicate the significant
statistical differences found by the one-way ANOVA and Duncan’s new multiple-range test (p < 0.05) in relation to the control.
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Treatment Bacteria (10° CFU ™) Fungi (10° CFU g™')

CK1 5.17 £ 0.79¢ 272 +2.02a
CK2 10.5 + 0.76¢ 10.0 + 0.89d
T 28.0 + 2.88b 21.5 + 1.430
T2 43.2 + 5.04a 25.2 + 1.642b
T3 10.0 + 1.29¢ 156.7 £ 1.14c
T4 11.7 + 1.48c 10.0 + 1.13d

CK1: control, CK2: high standard control, T1:foliar spraying, T2:foliar soaking, T3: root
soaking, T4: soil soaking. Data in the table are mean + SE. Different letters indicate the
significant statistical differences found by the one-way ANOVA and Duncan’s new
multiple-range test (p < 0.05) in relation to the control.
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ble phosphorus (mg/kg)

Available potassium (mg/kg)
Nitrate ritrogen (mg/kg)
Organic matter (g/kg)

oH

Soil texture

13.01

7896
248
098
559

Sandy loam
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Mycorrhizal

frequency
(Fa %)
Site 1 90"
Site 2 100°
Site 3 100°

Mycorrhizal
infection
intensity

(Ma %)

a4
50°
40°

Mycorrhizal
colonization
(ma
%)

50°
60°
60°

Vesicles
(%)

60°
20°
20°

Arbuscules
(%)

10°
10°
10°

Hyphae
(%)

30°
70°
70°

Nodulation
frequency
(%)

100*
100*
100*

Total
number
of
nodules/kg
soil

124°
89°
111

In the same colu, the values of each parameler of mycomhizal and nodulation traits indexed by the same letier are not significantly diferent according 1o the Tukey test (HSD) o < 0.05).
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Physicochemical characteristics of ~Bare soil Site1 Site2 Site 3
soils

pH 9.1 839° 832° 848°
Electric conductivity (us cm™) 041° 048" 047° 048
Total organic carbon (%) 0.5° 135% 128 1.3*
Organic matter (%) 086° 233 221° 224
Total nitrogen (%) 04® 03 0.4 0.4
CN L 45° 32° 325°
Available Phosporus (mg/kg) 48° 82° 8" 86"

Total K* (mgrkg) 100° 180°  170°  180°
Total Na* (mg/kg) 220° 400 4200 4207
Total Ca®* (mgkg) 580° 820° 800"  840°

in the same line, values of each physical or chemical parameter with the same fetter are
not significantly different according to Tukey test (HSD) (b < 0.05).
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Labels

Control

Glomeraceae

Acaulosporaceae

25%NPK+Urea
Glomeraceae+25%NPK+Urea
Acaulosporaceae+25%NPK+Urea
50%NPK+Uree
Glomeraceae+50%NPK+Urea
Acaulosporaceae+50%NPK+Urea
100%NPK+Urea

Treatment

anl
T2
T3
T4
5
T6
T
T8
T9
T10

Dry aerial Biomass (kg)

mean

2772
3.50%
2.98%°
3.81%°

419°

3.94°

3.62%

4.11°
3.87%°
3.89%°

Cl-95%

[1.49:4.04]
[2.75:4.25]
[2.72;3.24]

3.73;4.65]
[2.934.95]
[3.03;4.20]
3.86:4.36]
[2.87;4.88)
[2.62;5.16]

Dry underground biomass (kg)

mean

0.22%
0.31%®
0.33%
0.35%
0.52°
0.46>
0.44%°
0.47%
0.49%
0.50%

Cl-95%

[0.13,0.31]
[0.27;0.35]
0.19,0.47]
[0.21
[0.13,0.91]
0.32:0.60]
[0.30,0.58]
[0.44:0.50]
[0.42,0.57]
0.33,0.66]

Grain Yields (t/ha)

mean CI-95%

1.93° [1.552.31]
2.30% [1.62;2.98]
2.38% [1.74;3.02)
2,810 [2.57;3.05)
3.19¢ [3.03;3.35]
3.14¢ [2.77;3.51]
2.92¢ [2.39;3.45]
3419 [2.82;3.40]
2.87°%4 [2.41;3.33]
3.09¢ [2.52;3.66]

T1, Control; T2, Glomeraceae; T3, Acaulosporaceae; T4, 25% NPK + Urea, T5, Glomeraceae + 25% NPK+ Urea; T6, Acaulosporaceae + 25% NPK+ Urea; T7, 50% NPK + Urea; T8,
Glomeraceae + 50% NPK+ Urea ; T9, Acaulosporaceae + 50% NPK+ Urea; T10, 100% NPK+ Urea. In a column, the means with different letters are significantly different at the probability
level of 5% according to student Newman-Keuls test.
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Labels

Control

Glomeraceae

Acaulosporaceae

25%NPK+Urea
Glomeraceae+25%NPK+Urea
Acaulosporaceae+25%NPK+Urea
50%NPK+Urea
Glomeraceae+50%NPK+Urea
Acaulosporaceae+50%NPK+Urea
100%NPK+Urea

Significant

Leaf area (cm?)
Treatement

T
T2
T3
T4
T5
T6
T
T8
T9
T10

mean

188.67°
248.87°°
223.61%
275.93™

335.70°

337.30°
253.25%
303.16%
303.28%
288.87°%

<0.001***

ClI-95%

[145.90;231.43]
[212.90;284.84]
[162.55;284.68]
[205.30;346.56]
[259.20;412.20]
[314.90;359.69)]
[238.01;268.50]
[291.06;315.26]
[262.73;343.84]
[258.40;319.34]

**p < 0,001 (very highly significant). T1, Control; T2, Glomeraceae; T3, Acaulosporaceae; T4, 25% NPK + urea; T5, Glomeraceae + 25% NPK+ urea; T6, Acaulosporaceae + 25% NPK+
urea; T7, 50% NPK + Urea; T8, Glomeraceae + 50% NPK+ Urea ; T9, Acaulosporaceae + 50% NPK+ Urea; T10, 100% NPK+ urea. In a column, the means with different letters are
significantly different at the probability level of 5% according to student Newman-Keuls test.
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Microbes Physiological
trait
specifications

Rhizobium Fixation of

species, atmospheric

Azotobacter  nitrogen

AM fungi & Increased
PGPR antioxidant
activities,

flavonoid, and
phenol content

Endophytic &  Stimulates plant

Rhizospheric  growth, secondary

bacteria metabolite
production,
enhanced
curcumin content

Root colonizing ~ Stimulates root

microbes development

Bacilus Improved growth

anthracis & B.

thuringenisis

Streptomyces  Plant growth

sp. promoting
activities

Bacilus cereus  Siderophore

N5 production,
phosphate
solubilization

Burkholderia Promotes IAA
phytofimans  synthesis & ACC
deaminase activity

PGPB Growth promotion,
enhanced root and
shoot biomass,
plant nutrient
status, and
nutrient use
efficiency

Endophytic Promotes growth,

bacteria hormone
modulation,
N-fixation,
siderophore
production

B. Production of

amyloliquitaciens gibberelic acid

Trichoderma  Production of

sp. secondary
metabolites

Host plants

Soybean

Turmeric

Turmeric

Avabidopsis

Wheat

Grapevine,
wheat

Maize

Potato, tomato,
onion, maize,
barley
Sugarcane

Rice

Rice

Maize

References

Naamala et al., 2016;
Naamala and Smith,
2020

Dutta and Neog, 2016

Kumar et al., 2017

Verbon and Liberman,

2016

Paul et al., 2020

Couillerot et al., 2013;

Toumatia et al., 2016

Abedinzadeh et al., 2018

Weilharter et al., 2011

Cipriano et al., 2021

Walitang et al., 2017

Shahzad et al., 2016

Mukherjee et al., 2018
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Labels Treatment Dry aerial biomass Dry underground biomass

Mean CI-95% mean C1-95%

Control T 1.40° [1.28;1.52] 0.412 [0.39,0.43]
Glomeraceae T2 1.93°4 [1.84;2.02] 0.5%4 [0.44;0.56]
Acaulosporaceae T3 1.88% [1.81;1.95] 057® [0.54;0.60]
25%NPK+Urea T4 1.67%° [1.60;1.74] 0.33%° [0.30;0.36]
Glomeraceae+25%NPK+Urea T5 2501 162] o7t [0.70;0.84]
Acaulosporaceae+25%NPK+Urea T6 2.33° .61] 0.83" [0.76;0.90]
50%NPK+Urée T7 1.78% [1.74;1.82] 0.40* [0.34;0.46]
Glomeraceae+50%NPK+Urea T8 2477 [2.05;2.29] 0472 [0.40;0.54]
Acaulosporaceae+50%NPK+Urea T9 2.13% [2.05;2.21] 0.63% [0.60;0.66]
100%NPK+Urea T10 1.93% [1.65:2.22] 0.60° [0.60;0.60]
Probablity 0.0001891*** 0.000005498**

**'p < 0,001 (very highly significant). In a column, the means with different letters are significantly different at the probability level of 5% according to student Newman-Keuls test. T1, Control
(without inoculation with mineral fertilizers); T2, Glomeraceae; T3, Acaulosporaceae; T4, 25% NPK + Urea, T5, Glomeraceae + 25% NPK+ Urea; T6, Acaulosporaceae + 25% NPK+ Urea;
T7, 50% NPK + Urea; T8, Glomeraceae + 50% NPK+ Urea ; T9, Acaulosporaceae + 50% NPK+ Urea; T10, 100% NPK+ Urea.
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Beneficial
microbes

Bacilus subtils
FB17
Rhizospheric
microbes
PGPR

PGPR and
Trichoderma
koningiopsis
Pseudomonas

T. harzianum Tré &
Pseudomonas sp.
Ps14

Pseudomonas
fluorescence
Stenotrophomonas
sp., Xanthomonas
sp., Microbacterium
sp

Bacillus subtiis and
Bacillus
amyloliquefaciens
Saccharothrix
yanglingenesis
Rhizobium etli strain
G12

Trichoderma virens,
T. atroviridae

Pseudomonas
PHU094,
Trichoderma THU
0816, Rhizobium
R2091
Anabaena varial
Anabaena torulosa,
Anaebaena laxa,
Calothri sp.

Pseudomonas sp.

Trichoderma sp.

Pseudomonas
fluorescence

P, fluorescence Pf1,
B. subtilis, T. viridae
B. subtilis MB1600 &
R tropicium R1899
B. amyloliquefaciens

Ulva armoricana

Cystoseira
myriophyloides and
Fucus spiralis

Trichoderma species

Spatoglossum
variabile, Stokeyia
indlica, and
Melanothamnus
afaghusainii
Oscillatoria,
Anabaena, Nostoc,
Nodularia, and
Galothrix species

Biotic stress
causing
microbes

P syringae pv.
tomato

M. oryzae

Fusarium sp.
Fusarium

Phytophthora
infestans
Fusarium
oxysporum f. sp.
radicis
cucumerinum

Leaf folder pest

Hyaloperonospora
arabidopsis

Botrytis cinerea

P synringae pv.
tomato DC 3000
Aphis gossypil
Glover

Alternaria solani,
Botrytis cinerea, P
syringae
Sclerotium rolfsii

Pythium
debaryanum,
Fusarium
oxysporum, F.
moniliforme,
Rhizoctonia solani

Rhizoctonia solani

Botrytis cinerea
and Leptosphaeria
maculans

Desmia funeralis

Lasiodiplodia
michiganensis
Fusarium soleni .
sp. phaseoli
Peronophythora
ltchi
Erysiphepolygoni,
Erysiphe necator
and Sphareotheca
fuliginea
Agrobacterium
tumefaciens

Alternaria species
and Fusarium
species
Meloidogyne spp.

Alternaria alternate
and Botrytis
cinerea

Host plants

Tomato
Rice
Potato
Cape
gooseberry

Potato

Cucumber

Rice

Avabidopsis

Tobacco

Avabidopsis
Squash

Tomato

Chickpea

Tomato, cotton

Tomato

Tomato, canola

Rice
Tuberose
Common bean
Litchi

Bean,
grapevine, and

cucumber

Tomato

Vegetables and
crops

Watermelon
and egg plant

Pepper

Reference

Rudrappa et .,
2008

Spence etal.,
2014

Recep et al., 2009
Diaz et al,, 2018

de Vrieze et al.,
2018

Alizadeh et al.,
2013

Saravanakumar
etal., 2008

Liu and Brettel,
2019

Cawoy et al., 2014

Zhang et al., 2018

Martinuz et al.,
2012

Salas-Marina
etal, 2015

Singh et al, 2013

Prasanna et al.,
2008, 2013;
Chaudhary et al.,
2012; Lee and
Ryu, 2021

Pandey and
Gupta, 2020
Vinale et al.,
2008a,0

Karthiba et al.,
2010

Durgadevi et al.,
2018

Estevez de Jensen
etal., 2002
Wu et al., 2017

Jaulneau et al.,

2011

Esserti et al., 2016

Meena et al., 2017

Baloch et al., 2013

Kim, 2008
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Labels Treatment Height (cm) Diameter (cm) Leaf surface (cm?)

mean Cl-95% mean CI-95% mean CI-95%
Control T 42,422 [29.3;55.54] 0.26% 0.23,0.29) 88.088% 85.08;90.32)
Glomeraceae T2 44.78° [31.5;58.06] 0.35%® ; 108.5% 102.7;114.3
Acaulosporaceae T3 46.75° [32.55;60.95] 0.34%® [0.3;0.38] 93.30%° 87.04;98.96]
25%NPK+Urea T4 4357 [30.66;46.48] 0.272 0.24;0.30) 85.22% 83.07:87.37]
Glomeraceae+25% T5 63.63% [45.04;82.22] 0.39% 0.35;0.43] 130.37° 126.6,135.1
NPK+Urea
Acaulosporaceae+ T6 69.46° [48.29,90.63] 0.42° 0.36;0.48] 86.94° 50.86;123.0)
25%NPK+Urea
50%NPK+Urée T7 46.54° [33.19;59.89)] 0.27% 0.23,0.31 116.94> 114.8;119.1
Glomeraceae+50% T8 51.33° [36.78,65.88] 0.35%® 0.31;0.39) 105.81% 103.8;107.8]
NPK+Urea
Acaulosporaceae+ T9 57.32%¢ [40.78,73.87] 0.35%® 0.31;0.39 94.54% 82.64;106.4
50%NPK+Urea
100%NPK+Urea T10 56.39% [38.2874.5] 0.29% 0.25;0.33 107.47% 106.4;108.5]
Probablity 0.0121* 0.01024** 0.0013*

“p < 0,05 (significant); **p < 0,01(highly significant). In a column, the means with different letters are significantly different at the probability level of 5% according to student Newman-Keuls
test. T1, Control (without inoculation with mineral fertilizers); T2, Glomeraceae; T3, Acaulosporaceae; T4, 25% NPK + urea; T5, Glomeraceae + 25% NPK+ Urea; T6, Acaulosporaceae +
25% NPK+ Urea; T7, 50% NPK + Urea; T8, Glomeraceae + 50% NPK+ Urea ; T9, Acaulosporaceae + 50% NPK+ Urea; T10, 100% NPK+ Urea.
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Microbes Plant species Abiotic stress  References
S. meliloti M. sativa Drought Naya et al., 2007
tolerance
Glucoacenatobacter  Sugarcane Drought Vargas et al., 2014
diazotrophicus tolerance
Cellulosimicrobium  Chili Chromium Chatterjee et al.,
cellulans ‘toxicity 2009
tolerance
Pseudomonas sp.  Spinach Cd, Pb, Zn Shilev et al., 2019
and Bacillus sp. toxicity
tolerance
Pantoea alhagi Wheat Drought Chen etal., 2017
tolerance
Leifsonia sp. and Maize Cd toxicity Ahmad et al., 2016
Bacillus sp. tolerance
Bacillus aryabhatti Soybean Heat stress Park et al., 2017
tolerance
Pseudomonas Chili Drought Rolii et al., 2015
species S1 tolerance
Trichoderma species Chickpea As toxicity Tripathi et al., 2017
tolerance
Varivorax paradoxus  Pea Salinity Wang et al., 2016
5C-2 tolerance
Pseudomonas Rice Flooding Etesami et al.,
flurorescence 2014
Bacillus subtilis, Wheat Salinity stress ~ Upadhyay et al.,
Arthrobacter species tolerance 2012
Serratia plymuthica,  Cucumis Salinity stress  Egamberdieva
Stenotrophomonas tolerance etal., 2008
rhizophia and
Pseudomonas
fluorescence
Bacilus subtilis and  Pepper Drought Vigani et al., 2019
Paenibacillus tolerance
illinoinensis
Aspergilus Soybean Salt stress Khan et al., 2011
fumigatus
Pseudomonas Tomato Chiling stress ~ Subramanian
vancouverensis tolerance etal, 2015
Rhizobium sp. Sunflower Drought Alami et al., 2000
Pseudomonas Groundnut Salinity stress Saravanakumar
fuorescence tolerance and Samiyappan,
2007
Serratia species Chickpea Nutrient stress ~ Zaheer et al., 2016
tolerance
Burkholderia species  Tomato Cd toxicity Dourado et al.,
tolerance 2013
Achromobacter Mustard green Cu toxicity Ma et al., 2008
xylosoxidans tolerance
PGPB Sorghum Cr stress &heat  Bruno et al., 2020
stress tolerance
Cyanobacteria Arabidopsis Heat stress Chua et al., 2020
Pseudomonas Barleyand oats  Salt stress Chang et al., 2014
species and
Acinetobacter
species
Microalgae- Tomato Salt stress Mutale-joan et al.,
cyanobacteria 2021
Pseudomonas Red pepper Salt stress Chatterjee et al.,
frederiksbergensis 2017
08261
Azotobacter Maize Drought stress ~ Shirinbayan et al.,
2019
Salep gum and Maize Cd toxicity Seifikalhor et al.,
Spirulina platensis 2020
Seaweed extract Cucumber Low Sarhan and
temperature Ismael, 2014
stress
Oscilltoria agarahii  Wheat Drought stress ~ Haggag et al,
2018
Scytonema Rice Salt stress Rodriguez et al.,

hofmanni

2006
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Village Depth(cm) pH(H20) C-org(g/Kg) N-total(g/Kg) C/N P-Bray1(mg/Kg) Exchangeable bases(cmol/kg)

Ca?* Mg2* K+
Miniffi 0-20 7,30 7.9 0,63 12,58 46,73 3,18 2,47 2,13

C- org, organic carbon; N-total, Azote total: P-Bray1, Phosphore available.
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Microbial species Plant species References

Sphingomonads and Maize Wallace et al., 2018

Methylobacteria

Pseudomonas Apple, almond, Alekiett et al, 2014
tobacco

Pseudomonas, Erwinia Sugarbest ‘Thompson et al., 1993

herbicola

Proteobacteria Soybean, clover, rice,  Vorholt, 2012
Arabidopsis

Undifium spp., Legumes, Moming ~ Panaccione et al., 2014

Clavicipitaceous fungi glory

Ascochyta species, Fagus species, Swida  Osono, 2006

Colletotrichum species

gloeosporioides, Phomopsis

species

Pseudomonas, Grapevine, grape Compant et ., 2019

Sphingomonas, clusters

Frigoribacterium

Green microalgae, Mangrove forests, Linetal., 2012;

cyanobacteria Taiwan rain forests, Venkatachalam et al.,
rice, tropical trees 2016; Zhu et al., 2018

Pseudomonas, Gitrus species Xuetal., 2018

Agrobacterium,

Cupriavidus, Rhizobium

Proteobacteria, Grapevine Faist et al,, 2016; Samad

Acidobacteria, etal., 2017

Actinobacteria,

Bacteriodtes,

Plantomycetes, Cholorofiex,
Gemmatimonatedes

Proteobacteria, Cucurmber, tomato,  Reinhold-Hurek et al.,
Actinobacteria wheat maize 2015

Bacteroidetes, Avabidopsis Bergelson et al., 2019
Actinobacteria,

Ascomycota,

Basidiomycota,

Olpidiomycota

PGPR Jerusalem artichoke  Montalbén et al., 2017
Acidobacteria, Cottonwood Timm et al., 2018
Alphaproteobacteria, and

Gammaproteobacteria

Orchidaceous mycorthizal  Orchids Rudgers et al., 2020
fungi

Nostoc, Anabaena Rice Prasanna et al., 2009

Calothix, Scytonema Paddy Roger et al., 1993
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S.N.

Isolates

DRC-18-7A
DRC-18-10
DRC-18-7B
DRC-18-11
DSC-18-101
DRC-18-25
DSC-18-5
DJC-18-21
DRC-18-15
DSC-18-501
DJC-18-02J
DRC-18-101A
DSC-18-77D

Location

Sitka Open Cast Mine, Jharkhand, India
West Modidih Coliiery, Jharkhand, India
Sirka Open Cast Mine, Jharkhand, India
Sirka Open Cast Mine, Jharkhand, India
West Modidih Coliiery, Jharkhand, India
Sirka Open Cast Mine, Jharkhand, Indiia

Singhpur Coal Mine, Dharbad

West Modidih Collery, Jharkhand, India
Sirka Open Cast Mine, Jharkhand, India

Singhpur Coal Mine, Dharbad

West Modidih Colliery, Jharkhand, India
Sirka Open Cast Mine, Jharkhand, India

Singhpur Coal Mine, Dharbad

Coordinate

23'41'42.20"N 85°17'42.99"E
23°48'09.82"N 86'19'03.92"E
23'41'42.20"N 85°17'42.99"E
23°41'53.64"N 85°17'32.20"E
23°48'28.65"N 86°18'50.78"E
23'41'55.22"N 85°17'33.41"E
23°43'01.10"N 86'26'26.70"E
23'48'14.19"N 86°19'12.30"E
23°41'55.22"N 85°17'33.41"E
23'42'51.00"N 86°27'12.95"E
23°47'59.96"N 86°19'43.19"E
23'41'55.22"N 85°17'33.41"E
23°43'50.43"N 86'25'45.10"E

Elevation
(m)

373
206
373
350
181
352
191
208
352
185
224
352
204

pH  Temperature

5.8
6.5
58
6.8
6.4
6.0
6.6
6.4
6.8
6.6
6.2
6.8
6.8

37°C
37'C
37c
37C
32C
37C
32C
40C
37C
32C
40C
37°C
32C

EC

on
0.14
0.15
0.12
014
0.15
0.15
0.10
0.12
012
0.13
0.10
0.13

Type
of sample

Coal Mud

Coal sample

Coal Mud

Coal Field Soil sample
Soil sample

Coal sample

Coal drainage water
Coal drainage water
Soil sample

Coal sample

Coal sample

Soil sample

Soil sample
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parameters

Land
uses

Barren land (BL)
Minimum
Maximum
Average
Standard error

Cultivated land (CL)
Minimum
Maximum
Average
Standard error

Grassland (GL)
Minimum
Maximum
Average
Standards error

Horticulture land (HL)
Minimum
Maximum
Average
Standard error

Plantation land (PL)
Minimum
Maximum
Average
Standard error

Forest land (FL)
Minimum
Maximum
Average
Standard error

#8No sufficient data.

Soil pH

452
7.69
5.93
0.08

4.29
8.10
6.26
0.07

4.36
6.20
5.54
0.04

4.59
8.20
6.08
0.08

4.10
8.00
6.08
0.09

447
7.80
6.03
0.05

BD

1.38
1.83
1.54
0.04

1.60
1.75
1.68
0.03

1.43
1.69
1.49
0.04

1.65
171
1.68
0.03

1.26
1.59
1.49
0.03

1.37
1.65
1.46
0.03

soc

0.40
251
1.08
0.05

0.90
2.90
077
0.05

0.70
248
0.91
0.05

0.29
2.44
112
0.09

0.30
3.40
1.03
0.04

0.50
482
1.38
0.09

CEC

17.50
18.60
17.93
0.04

521

19.46
12.45
0.38

10.51
17.27
14.22
0.13

11.98
20.32
16.69
0.14

3.65
6.69
5.03
0.08

14.11
19.90
16.06
0.14

TC

12.00

43.15
19.67
061

1.60
108.7
1228

115

5.60
46.11
17.59

0.70

7.10
1056
2224

189

6.72
269.3
61.53

820

1.90
2230
2751

361

Lc

0.18
1.50
0.50
0.03

0.01
0.93
0.17
0.02

0.02
0.44
o1
0.01

0.03
0.74
021
0.01

0.01
0.33
0.18
0.01

0.01
0.96
0.24
0.02

NLC

0.07
0.51
0.29
0.01

0.04
0.49
0.24
0.01

0.05
0.41
0.26
0.01

0.20
0.43
0.37
0.01

0.16
143.8
16.22
343

on
071
045
0.02

MBC

51.10
154.7
97.98
291

241
486.0
1552
21.69

20.00
198.2
599.7
16.02

67.50
666.0
178.3
20.92

#
i
#
i

52.60
848.0
2049
21.72

SOC stocks

1.10
106.1
2413

1.60

210
77.00
19.68
1.12

1.10
1410
31.40
3.04

9.50
59.07
32.31

1.1

7.00
67.72
19.67
1.23

9.20
192.2
37.55
278
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S. No

-

Soil parameters

Soil properties

Soil carbon pools

Microbial quotient (MQ)
Carbon dioxide equivalent emissions (CO, eq. emissions)

Soil pH

Buik density (BD)

Cation exchange capacity (CEC)
Soil orgaric carbon (SOC)

Total carbon (TC)

Soil carbon stocks (SOC stocks)
Labile carbon (LC)

Non-labile carbon (NLC)
Microbial biomass carbon (MBC)
MBC/SOC

Relative SOC stocks loss x 44/12

Measurement units

No unit
Mg m™
cmol (p+) kg~
%

Mg ha™"

Mg ha*

%

%

mg kg™

No unit

Mg ha™'

1
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S. No Land uses (LUs) Descriptions

1 Forest land (FL) Open to dense forest
Single species tree cover to several species tree cover
Himalayan to plain forest
Low aged to high aged trees

2 Barren land (BL) Without any vegetation naturally developed
Without any vegetation developed by human activity
3 Gutivated land (CL) Al types of crop

Al major cropping systems
Various soil types
Different management practices

4 Grassland (GL) Natural one
No specific grasses grown in the areas
5 Horticulture land (HL) Orchards
Agroforestry
6 Plantation land (PL) Includes arecanut, coffee, mango, oil paim, orange, pine, and teak trees

Intercultural operations like weeding was performed
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Treatments Seed germination (%) Vigour index | Vigour index II

Steriized soil
S. mattophila DRC-18-7A 90.20° 3146.25 149.25°
S. mattophila DRC-18-10 85.25% 2945.46° 140.10°
S. pavani DRC-18-78 87.10° 3025.20° 145.50°
S. pavanii DRC-18-11 84.20% 2904.76¢ 132.25¢
R. pusense DRC-18-25 80.25° 2375.12° 118.50'
R. pusense DSC-18-5 81.96° 2556.33" 125.10°
R. pusense DJC-18-21 83.25° 2625.19° 128.75°
Untreated control 75.90° 2250.10" 100.26°

Non-steriized soi
S. mattophila DRC-18-7A 89.29° 3499.06° 156.29°
S. maltophiia DRC-18-10 85.10° 3050.47° 148.35°
S. pavani DRC-18-78 86.26° 3292.85° 150.50°
S. pavanii DRC-18-11 84.25% 3076.29¢ 140.10°
R. pusense DRC-18-25 78.10° 2578.47° 124.96'
R. pusense DSC-18-5 80.65° 2695.10" 130.50°
R pusense DJC-18-21 81.10° 2776.66° 135.60%
Untreated control 76.12¢ 2384.50" 120.18°

Data are mean (r

5): data with different letters show significant difference in column data in randomized block design test at p < 0.05 under Duncan’s multiple-range test.
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Plant

A. thaliana

A. thaliana

A. thaliana

A. thaliana

Astragalus
mongholicus

Maize

Maize

Maize

Maize

Maize

Potato

Soybean

Sorghum

Tobacco

Tomato

Growth
condition

Gnotobiotic
system

Growth
chamber
In vitro

Hydroponics-
based
gnotobiotic
setup

In vivo and
greenhouse
condition

In vitro and
Pot
experiment
Gnotobiotic
system

Greenhouse

Greenhouse

Greenhouse

In vitro
assays

Greenhouse
and field
Greenhouse

In vitro and
Field
conditions
Greenhouse

SynCom size & origin

7 strains (representatives of the
most abundant phyla in the
phyllosphere)

38 (37 A thaliana root associated
strains and E. coli)

35 (34 root associated strains
that represent the taxonomic
diversity and E. coli)

22 (A. thaliana root-derived
bacterial commensals)

2 SynComs

13 (disease-resistant bacterial
community with 10 high- and 3
low-abundance bacteria enriched
in diseased roots)

4 (composed of three high-
abundance bacteria and one low-
abundance bacterium)

4 (desiccation-tolerant bacterial
strains)

7 (Isolated from maize root
representing three of the four
most dominant phyla)

17 (community-based isolates
comprising 26 bacterial strains
collected from sugarcane
rhizosphere, endophytic root, and
stalk)

12 (maize seed-borne bacterial
strains)

6 (Bacillus strains isolated from
maize roots and leaves)

9 Pseudomonas strains isolated
from the rhizosphere and shoots
of field grown potato plants

3 different SynComs were
constructed from 12 isolates

5 SynComs (36 bacterial strains
isolated from soil and roots of
sorghum growing fields with
different combination)

6 (native root-associated isolates
from field-grown tobacco plants)

4 (isolated from healthy tomato
rhizospheric soil)

Objective

To identify plant genetic factors that influence community composition and/or the
bacterial abundance of the leaf-associated community.

To study the colonization ability of isolated bacterial strains and the effect of
exogenous application of salicylic acid on root microbiome assembly

To study Pi stress on microbiome assembly (Castrillo et al., 2017) and effect on
immune system of Arabidopsis (Teixeira et al., 2021)

To explore the role of root-specialized metabolites in rhizosphere bacterial
assembly

To investigate the roles of low-abundance bacteria in the control of root rot
disease

To test their effect on maize growth under normal and desiccated conditions.

To study the dynamics of root colonization (Niu et al., 2017) and the effect of
microbial communities on heterosis of root biomass and other traits in maize
(Wagner et al., 2021)

To assess the SynCom performance on colonization and growth of maize
(Armanhi et al., 2018), explore the bacterial traits associated with successful
colonization of plants (de Souza et al., 2019) and study the impact of the SynCom
on three commercial maize hybrids under drought stress (Armanhi et al., 2021)

To assess the effect of SynCom on germination and seedling growth of maize

To examine their suppressive effect on fungal pathogen of maize

To compare the disease inhibition capacity

To assess the influence of root associated microbes on host plant growth and
nutrient acquisition.

To determine the effect of SynCom inoculation on the growth dynamics and
microbial communities of four genotypes with different N status

To study the effect of bacterial consortium on protection against a sudden wilt
disease

To explore the effect of SynCom on wilt disease suppression in tomato and
underlying mechanism

Reference

(Bodenhausen
et al., 2014)

(Lebeis et al.,
2015)

(Castrillo et al.,
2017; Teixeira
et al., 2021)
(Voges et al.,
2019)

(Li et al., 2021)

(Molina-Romero
etal., 2017)

(Niu et al., 2017;
Wagner et al.,
2021)

(Armanhi et al.,
2018; de Souza
etal, 2019;
Armanhi et al.,
2021)
(Figueiredo dos
Santos et al.,
2021)

(Al et al., 2021)

(De Vrieze et al.,
2018)

(Wang et al.,

2021)
(Chai et al., 2021)

(Santhanam
et al., 2015)

(Lee et al., 2021)
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Crop Composition of core microbiomes Location References
Grape vine Bradyrhizobium, Steroidobacter, and Acidobacteria spp. New York (Suffolk County) (Zarraonaindia
etal, 2015)
Potato Bradyrhizobium, Sphingobium, Microvirga, Blastococcus and SMB53. Peru (Pazos, (Pfeiffer et al.,
Sincos, and Sicaya) 2017)
Maize Agrobacterium, Bradyrhizobiaceae, Devosia, Comamonadaceae, Pseudomonas and New York (Urbana, Columbia,  (Walters et al.,
Sinobacteraceae. Aurora, Lancing and Ithaca) 2018)
Citrus Pseudomonas, Agrobacterium, Cupriavidus, Bradyrhizobium, Rhizobium, Mesorhizobium, Eight citrus producing Kuetal.,
Burkholderia, Cellvibrio, Sphingomonas, Variovorax, and Paraburkholderia. countries (Six continents) 2018)
Common bean Nearly 70% Proteobacteria (Rhizobium, Bradyrhizobium, Burkholderia, Novosphingobium, and Colombia (North-west region) (Pérez-
(Phaseolus Sphingomonas), Acidobacteria, Actinobacteria, Verrucomicrobia and Planctomycetes. Jaramillo et al.,
vulgaris) 2019)
Wheat Bradyrhizobium, Sphingomonadaceae, Massilia, Variovorax, Oxalobacteraceae, and United States (Inland Pacific (Schlatter
Caulobacteraceae. Northwest) et al., 2020)
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Soil Carbon sequestration (Mgha™)

SOC stocks (AFS) — SOC stocks (control).
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SOC stocks (Mgha™) = SOC (gkg™") x Bulk density (Mgm™)

 soil depth (m)x 10.
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Plant species Leaf Annual nutrient accumulation (kg ha™')
biomass (Mg ha™)

Nitrogen Phosphorus Potassium
Hedge-based AFS 161a 59.68a 11952 28312
Alder-based AFS 1.220 25.86b 1.340 10.04c
Guava-based AFS 1.350 21.43p 9.11b 17.78b

Means of different land use systems within a cokumn followed by similar fowercase leiters are not sianilficant at p < 0.05 according to Tukey's HSD test.
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Intercept Slope
Coefficient Lower 95% Upper 95% Coefficient Lower 95% Upper 95% R?

POC vs. SOC
0.49 -031 0.12 248 028 050 0.84"

MBC vs. SOC
-83.49 -168.84 -4.304 192.63 234.39 150.86 075"

MBC vs. MBN
0095 773 7.56 200.3 0.008 005 076"

Indicates significant at p < 0.01.
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Soil property Soil pH soc Available nitrogen Available phosphorus Available potassium
Soil pH 1.00 -0.17 -0.04 007 012

SOC 1.00 056" 027 038"
Avaiiable nitrogen 1.00 053" 033
Available phosphorus 1.00 -0.14
Available potassium 1.00

MBC

MBN

onificant &t p <0.01 and “signiicant &t p <0.05: SOC. soi arganic carbar; MBC, microbial biamass cabon: MBN, rmicrobial biamass nirogen.

MBC

-0.31
0.63"
0.56"
-0.41*
-0.23
1.00

MBN

0.08
0.61*
0.64"

021
-0.11
0.66"

1.00
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Agroforestry system SOC/TN MBC/SOC MBN/TN MBC/MBN POC/SOC
(AFS)

Hedge-based AFS 13.7b 0.011b 0.006ab 26.54b 0.36a
Alder-based AFS 13.6b 0.014ab 0.007ab 26.92b 0.34a
Guava-based AFS 17.0a 0.016a 0.010a 28.57b 0.290
Control (without a tree) 9.5¢ 0.013ab 0.004b 32.38a 031b

Meane of different land use systems within a cokumn followed by similar fowercass fetfers are not sianificant at p < 0,05 bassd on Tukey’s HSD lest
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Soil parameter Soil pH  Available nitrogen (Kg ha™)

Agroforestry system

Hedge-based AFS 4.80a
Alder-based AFS 4.60a
Guava-based AFS 4.80a

Control (without a tree) ~ 4.73a

280.0a
261.30
226.9¢c
240.8¢

Available phosphorus (g kg™)

9.60ab
10.59a
7.7%
10.16a

Available potassium (Kg ha™")

262.0a
163.5b
179.2b
187.5b

Meane of different land use systems within a colurnn folowed by siniar owercase fettars are not siniicant at p <0.05 bagsd on Tukey's HSD lest

Total nitrogen (g kg™)

1.9a
1.9a
1.4b
1.7a
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Farming system

Hedge-based AFS
Alder-based AFS
Guava-based AFS

Hedge-based AFS
Alder-based AFS
Guava-based AFS
Control (without a tree)

Survival (%)

74.2ab
70.6b
78.2a

Maize

1.64b
161b
1.68b
2.06a

Plant density (ha™)

17,3472
400b
400b

Crop productivty (Mg ha")
Mustard

0.61b
0.590
0.62b
0.76a

Note: Similar small letters within a column are non-significant (p < 0.05) based on Tukey's HSD test.

Plant height (m)

1.41b
3.12a
3.06a

Potato

15.14b
15.60b
16.45ab
17.65a

Collar diameter (cm)

2.40b
7.38a
7.17a
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Treatments N content (%) P content (%) K content (%) S content (%)

Steriized soil
S. mattophila DRC-18-7A 254° 0.33° 0.48° 057°
S. mattophila DRC-18-10 201° 0.23° 0.36° 053"
S. pavani DRC-18-78 237° 0.46" 0.55° 054°
S. pavani DRC-18-11 1.86° 0.30° 0.41° 0.43°
R. pusense DRC-18-25 181¢ 0.26° 032 0.29°
R. pusense DSC-18-5 1.62% 021° 027 0.30°
R. pusense DJC-18-21 1.78% 0.22° 0.22° 0.42°
Untreated control 0.73° 0.18* 020 0.20°

Non-steriized soi
S. mattophila DRC-18-7A 280 038" 0.59* 0.62*
S. maltophiia DRC-18-10 2.07° 0.26° 0.43° 0.58%
S. pavani DRC-18-78 291° 0.44° 0.63* 0.60°
S. pavanii DRC-18-11 1.97° 0.31° 0.52° 051°
R pusense DRC-18-25 1.95° 0.19° 0.41° 0.33°
R. pusense DSC-18-5 2,05 020° 037 031°
R pusense DJC-18-21 1.67° 0.28° 033% 0.46°
Untreated control 1.08° 0.08* 030% 0.22¢

Data are mean (r

5): data with different letters show significant difference in column data in randomized block design test at p < 0.05 under Duncan’s multiple-range test.
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Treatments Shoot length Root length Shoot fresh Root fresh Shoot dry Root dry

(em) (cm) weight (g) weight (g) weight (g) weight (g)
Steriized soil
S. mattophila DRC-18-7A 49.97° 3050° 13.49° 4.86° 525° 225°
S. maltophila DRG-18-10 44.10° 26.50° 12.08° 4.05° 4.30° 1.86°
S. pavanii DRC-18-7B 45.25° 26.27° 12.50° 4.28° 4.66° 1.95°
S. pavanii DRC-18-11 42.50° 24.75° 11.06° 3.82° 4.28° 1.56°
R. pusense DRC-18-25 39.10° 2066° 8667 3.10° 3.05 1.25¢
R. pusense DSC-18-5 40.50° 21.45° 9.05° 3.25° 3.66° 1.33°
R. pusense DJC-18-21 42.37° 22.50° 966 350% 3.96% 1.49°
Untreated control 36.29° 18.1% 7.85° 2.96° 3.05* 1.21¢
Non-steriized soi
S. mattophila DRC-18-7A 59.92° 40.25° 15.60° 576" 6.95° 279
S. maltophilia DRC-18-10 54.400° 34.10° 1478° 5.06° 6.10° 266
S. pavani DRC-18-78 56.50° 36.25 15.33" 5.26° 6.33° 2.70°
S. pavani DRC-18-11 54.70% 32.50° 1426° 496° 6.26° 254
R pusense DRC-18-25 52.20° 30.10° 1.75° 3.75° 450° 2.05°
R pusense DSC-18-5 49.65° 30.66° 1250° 3.66° 485° 2.10°
R pusense DJC-18-21 54.96% 35.76° 12.66° 3.96° 525 250°
Untreated control 43.25' 24.39° 966" 3.33° 3.501 1.52°

Data are mean (r

): clata with different letiers show sionificant difference in courmn data in randomized block desion st & p < 0.05 under Duncan's multiole-range test.
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Treatments Shoot length Root length Shoot fresh Root fresh Shoot dry Root dry

(em) (cm) weight (g) weight (g) weight (g) weight (g)
Sterilized soil
S. mattophila DRC-18-7A 25.27° 18.95% 5.96 1.95% 1.66% 0.85°
S. maltophila DRG-18-10 2250° 16.06° 5.20° 1.80° 1.50° 0.70°
S. pavanii DRC-18-7B 23.758° 16.29° 5.50° 1.80° 1.55° 0.76°
S. pavani DRC-18-11 20.10° 14.75° 502° 1.71° 1.35° 0.69°
R. pusense DRC-18-25 18.25¢ 10.66° 3857 1.10° 1.08° 0.54¢
R. pusense DSC-18-5 18.66° 12.10% 4.05° 1.05° 1.10° 0.60°
R. pusense DJC-18-21 19.25¢ 12.50° 450° 1.33¢ 1.20° 0.65°
Untreated control 15.76° 10.26° 3.25° 095 098° 0.50°
Non-steriized soi
S. mattophila DRC-18-7A 36.96° 21.56° 6.19 250 1.94° 1.10°
S. mattophila DRC-18-10 30.73° 19.06° 582° 2.05° 1.56° 0.82°
S. pavani DRC-18-78 33.26° 16.63' 6.03 226° 1.73° 095°
S. pavani DRC-18-11 25.43' 17.50° 536" 1.96° 1.46° 0.85°
R pusense DRC-18-25 27.13° 20.13° 577° 1.85% 1.33° 0.62¢
R pusense DSC-18-5 31.93° 18.06" 567° 2.10° 1.45° 0.60°
R pusense DJC-18-21 27.70° 17.93° 5.52° 226° 1.50% 0.66"
Untreated control 22,04° 15.35% 4.05° 1.46° 1.09° 057°

Data are mean (r

): clata with different letiers show sionificant difference in courmn data in randomized block desion st & p < 0.05 under Duncan's multiole-range test.
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Treatments Surface

area
(em?)
S. mattophiia DRC- 67.50°
18-7A
S. mattophiia DRC- 50.20°
18-10
S. pavanii DRC-18-78 52.47°
S. pavanii DRC-18-11 42.96°
R. pusense DRC-18-25 39.20°
R. pusense DSC-18-5 37.96°
R. pusense DJC-18-21 4066°
Untreated control 33.33°

Data are mean (r

Average
diameter

(mm)

0.66*
0.47°

0.54°
0.39¢
0.36¢
033
0347
0.25°

Root

volume

(cm®)

3.45°
2.33°

2.96°
2.05¢
1.76°
1.95°
1.67°
1.25'

Root
length
(em)

196.25°
172.50°

179.70°
156.25°
140.20¢
144.50°
126.50°
96.25'

No.
of tips

346.25%
305.33°

310.66°
279.10°
206.50°
224.75°
207.50"
176.50°

No.
of forks

745.25%
625.10°

675.24°
595.12¢
412.66°
366.29'
376.50'
325.50°

No.
of
crossings

805.15%
705.66°

696.50°
640.25°
47657¢
410.96°
395.47°
345.90'

No.
of links

1215.66°
1025.10°

966.25°
1047.50°
824179
80205¢
705.45°
666.66'

data with different letters show significant diference in column daiz in randomized block design fest at p < 0.05 under Duncan's mullile-range fest.





OPS/images/fenvs-10-858948/math_qu1.gif
MBC (mgkg™"

SOC extracted from fumigation (mgkg™)
- SOC extracted from
non-fomigetion (mg ke™).






