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A B S T R A C T

Microorganisms are the key players in every agro-ecosystem. They are the natural inhabitants of all the soil and
plant systems, in which they represent dominant presence in terms of their vast diversity and multipronged
functional capabilities. Multifarious physical, chemical and biological factors usually represent good soil fertility
status as a guaranty of sustainable agro-ecology, plant health and crop productivity. Since healthy soils are
largely characterized by their profound biological and chemical behavior, microbial functionalities related to
nutrient fixation, recycling, acquisition, sequestration, solubilization, mobilization, decomposition, degradation
and remediation may act as definitive indicators. Functional capabilities of microbial communities associated
with soils and plant parts have been critically identified and characterized in the past few decades. Application of
individual microbes or their consortia in many crops established their role in finding out a supplement and/or
substitute in the existing agricultural practices which are largely dependent on synthetic chemical inputs in
present time. We are presenting here a detailed account of microbial community functions, their relation with
the soil and plant health and the potential indicative roles they play to establish a sustainable soil ecological
environment for supporting crop growth, development and yield in long term.

1. Introduction

At the time when we are looking for advances in producing more
and more crops to feed the ever-increasing population and harvesting
benefits from agricultural economy (Zhang et al., 2010), the adversities
of the agro-ecosystem and socio-economic challenges are becoming
severe. Farmers are facing issues of unpredictable climate, shrinking
agricultural lands, depleting natural resources, balanced nutrition in
soil and diminishing crop responses to agrochemicals. Therefore, the
concerns for sustainable soil and plant health improvement are rising.

Soil is the ultimate nutrient hub and bioresource reservoir for
agricultural crops. Among the all biological entities, soil harbors huge
diversity of microbial life forms. The microorganisms serve as active
agents for nutrient sequestration, recycling and supply to plants. Wide
array of benefits are extended to the plants by the rhizosphere micro-
organisms that fix dinitrogen (Brahmaprakash and Sahu, 2012;
Gothandapani et al., 2017), improve phosphorus uptake (Ahilandeswari
and Maheswari, 2016), degrade xenobiotics and sequester heavy metals
(Ahemad and Malik, 2011; Pant et al., 2016), suppress phytopathogens
and pests (Feng et al., 2013; Cheng et al., 2016), improve soil

aggregation (Van Veen et al., 1997; Yilmaz and Sonmez, 2017), help
plants tolerate abiotic stresses (Meena et al., 2017), remediate proble-
matic soils (Yao et al., 2010; Tiwari et al., 2011) and chelate minerals
like Fe, B and Zn (Ghosh et al., 2015). The microenvironment of plant
rhizosphere is a major hub for microbial diversity and functionalities
that contribute enormously to the plant and soil health.

As microorganisms play crucial roles in the soil processes, any
physical, chemical or biological changes happening in the soils clearly
affect the microbiota. Microbes respond quickly to any changes hap-
pening in the soil ecosystem and act as true indicators for specific
functions in the soil environment. Having seen the prospects and per-
spectives of microorganisms as critical biological players that can even
play role of indicators, we elaborately described their potential func-
tions as prominent soil and plant health indices in the agroecosystem.

2. Microbes connect roots with the soils

2.1. Nutrient cycling and organic matter decomposition

Rhizosphere is a chemically complex region having a dynamic
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microbiome (Haldar and Sengupta, 2015). This region is helpful in
controlling physicochemical properties of the soil, plant growth and
development activities and chemical signals that are exchanged be-
tween microbial communities and inhabiting plants (Lareen et al.,
2016). Arable soil system is under continuous modifications due to
microbial community functions. Adhesive properties of the extra-
cellular compounds produced by soil microorganisms help in ag-
gregating mineral nutrients around the roots. This aggregation facil-
itates increased nutrient uptake. The organic materials produced by
microbes also act as protective coating against desiccation of the or-
ganisms along with improving soil aggregation. Total soil organic
matter and mineral aggregates are majorly modulated by inhabiting
microbial communities which improve soil structure and chemical
properties in order to support plant growth and thus, are strong in-
dicators of soil health (Kibblewhite et al., 2008).

Enzyme catalyzed microbial processes that constitute the basis for
cycling of vital minerals like C, N, P, K, Fe, B and S are important for
functioning of fertile soils (Alkorta et al., 2003a; Johnston et al., 2009).
Nutrients assimilated by microbial biomass are added to the soils in the
form of valuable organic matter embedding minerals which, are slowly
released to improve soil quality (Kaschuk et al., 2010; Shahbaz et al.,
2017; van der Wal and de Boer, 2017). Therefore, such microorganisms
directly assimilate, sequester or adsorb mineral nutrients for continuous
and slow release. These can act as positive indicators of key soil func-
tions in nutrient cycling. Vital soil enzymes in different biogeochemical
cycles are also being used as indicators for proper nutrient recycling
and management in the soil ecosystem (Bastida et al., 2006; Nayak
et al., 2007). Microbes are crucial entities to provide broad range of
enzymes for organic matter decomposition (Wallenstein and
Weintraub, 2008). Complete or partial degradation of plant residues
(Castellano et al., 2015) adds the organic matter back to the soils.

In a sustainable ecosystem, nutrients flow across different tropic
levels via soil macro and microorganisms (Chen et al., 2003). If we talk
about climax forests, nearly 95% nitrogen re-circulates in the soil–-
plant-microbe continuum (Rosswall, 1976). However in the agricultural
soils, continuous depletion of nutrients by crop harvest, losses by
leaching and evaporation removes substantial amount of nitrogen and
other nutrients which otherwise, supports crop production (Brussaard,
2004). Microbial communities in association with other flora and fauna,
play significant role in fixing biological nitrogen making it available to
the plant roots and releasing organic nitrogen by decomposing N-rich
plant residues (Barrios, 2007). Therefore, in the soils naturally rich in
nitrogen, the microorganisms for nitrogen cycling may be considered as
indicators for maintaining and improving soil nitrogen content. In fact,
major advances in molecular tools readily applied for analyzing mi-
crobial communities and defining community level functional char-
acteristics propelled the implication of such tools as biomarker for in-
dicating and monitoring ecosystem processes associated with the soil
health at global scale (Trivedi et al., 2016).

Recycling and degradation of organic matter is a vital biological
process through which soil regains its lost nutrients. These nutrients are
essential for the growth and development of plants in addition to soil
fertility. Similarly, physical and chemical functions of soils rely majorly
on biological properties that are usually regulated by diverse microbial
population (Anderson, 2003). For better understanding of bacterial and
fungal metabolism and dynamics in the process of organic matter de-
composition, 13C labeled stable isotopic analysis of mineralized C and
phospholipid was performed. Radiolabeled (13C) wheat residues in-
cubated in the soil for 120 days revealed that priming and microbial
enzymes are responsible for mineralization processes (Shahbaz et al.,
2017). The study indicated that both bacteria and fungi worked to-
gether for phosphorus bioavailability. Here, fungi converted litter C and
bacteria assimilated supplied C into biomass or recycled it back to the
environment (Fabian et al., 2017). Since microbial population is cu-
mulatively responsible for decomposition processes, they can directly
add to soil fertility, crop productivity and therefore, are good indicators

for improved soil health.

2.2. Nutrient acquisition

In unmanaged forest ecosystem, biological nitrogen (N) fixation is
crucial for plant nutrition (Wang et al., 2010). Cyanobacteria contribute
to the N economy in the soils of forest ecosystem (DeLuca et al., 2002).
In paddy cultivation, various N fixing cyanobacteria fulfill N needs of
the crop plants by fixing atmospheric dinitrogen. For example, Azolla-
Anabaena symbiosis has been estimated to contribute around
600 kg N ha−1 (Syiem et al., 2017). Cyanolichen Peltigera aphthosa
significantly contributes to N-fixation using vanadium nitrogenase en-
zyme instead of common Mo-nitrogenase in molybdenum limited forest
soils (Darnajoux et al., 2017). Thus, P. aphthosa can be considered as an
indicator organism that utilizes alternate nitrogenase system in Mo-
limited conditions.

Paddy soils rich in N-fixing cyanobacterial population may reduce
dependency of crops on external supply of N inputs. Many unicellular,
filamentous, non-filamentous, heterocystous and non-heterocystous
cyanobacterial species like Aphanothece, Synechococcus, Gloeocapsa,
Nostoc, Anabaena, Aulosira, Calothrix and Lyngbya represent prominent
N-fixing communities in the paddy soil. Their application could be a
viable biological option for enhancing nitrogen in the soils and main-
taining crop N-requirements (Singh et al, 2016). Microalgae are in-
tegrated component of paddy fields and play crucial role in rice culti-
vation. These organisms supplement nitrogen, other minerals and
phytohormones and add biomass to the soil (Dineshkumar et al., 2017).
Excessive fertilizers used in paddy cultivation may partially be replaced
by the application of microalgae including cyanobacteria for crop en-
hancement and better grain quality (Singh et al., 2011).

In agroforestry systems, biological N fixation is a proven N fertili-
zation method in intercropping tree species. Hybrid walnut trees in-
tercropped with alfalfa indicated 35% improvement in light use effi-
ciency (LUE) by alfalfa and stimulated N fixation in plant rows close to
trees (Querne et al., 2017). Similarly, co-inoculation of Enterobacter sp.
with Microbacterium arborescens in wheat resulted in higher N fixation
(9.32 mgNg−1 carbon oxidized), IAA production (27.06 TP
100 μgmL−1) and P-solubilization (112.27 μgmL−1) (Kumar et al.,
2017). Enhanced yield was recorded with higher plant uptake of N, P,
Zn, Cu and Mn. These microorganisms are indicative of sustainable N
nutrition in the crop plants.

Various bacterial and fungal species facilitate belowground phos-
phorus (P) solubilization and mobilization. P-solubilization may not be
due to phosphate solubilizing bacteria (PSB) alone (Pii et al., 2015),
interaction among different rhizobacteria, PSB and mycorrhiza may
also account for prominent results (Antoun, 2012). Bacteria adhered to
the hyphae of mycorrhiza add to P mobilization by the mycorrhizal
organisms (Sieverding et al., 2014), which in turn help these bacteria to
proliferate by providing attachment surface and nutrition (Taktek et al.,
2015; Kaiser et al., 2015). Mycorrhiza solubilize more phosphorus in
presence of PSB (Taktek et al., 2015) and bacteria like Burkholderia
anthina Ba8 and Rhizobium miluonense Rm3. Biofilm forming mycor-
rhiza, hyphobacteria and mycorrhizobacteria enhanced solubilization
of igneous phosphate rocks, which are rather slow to solubilize and
therefore, facilitate steady release of P to the plants (Taktek et al.,
2017).

2.3. Production of phytohormones

Microorganisms have inherent capability to produce phyto-
hormones like indole acetic acid (IAA) (Spaepen and Vanderleyden,
2011), gibberellins (Baca and Elmerich, 2007), cytokinins (Pieterse
et al., 2012) and ethylene (Gamalero and Glick, 2015) that influence
plant growth and development. Improvement in host immunity against
pathogens in plants treated with IAA producing Azospirillum sp. is re-
ported by Spaepen et al. (2007). Similarly, gibberellic acid (GA)
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producing Azospirillum brasilense and A. lipoferum was reported to pro-
mote shoot elongation, reverse dwarfism and enhance root hair density
in rice and maize (Baca and Elmerich, 2007). GAs are reported to
contribute towards germination and elongation in plants (King and
Evans 2003) and also regulate plant growth by degrading DELLA pro-
teins (Pieterse et al., 2012). Cytokinins play important role in cell di-
vision and defence responses against biotrophic plant pathogens
(Pieterse et al., 2012). Microbe-mediated increase in the level of cyto-
kinins in the plants is widely reported (Arkhipova et al., 2005; Ortíz-
Castro et al., 2008). Microorganisms also produce ACC (1-aminocy-
clopropane-1-carboxylate) deaminase that reduces ethylene levels in
plants in order to alleviate secondary effects of stress (Glick, 2014;
Gamalero and Glick, 2015). In this way, phytohormone producing mi-
crobial communities entwined with plant growth promotion can be
used as indicators in plant health management practices (Fig. 1).

2.4. Plant growth promotion

Bacterial capabilities for different functional traits [like fixation,
solubilization and mineralization of N, P, K, Zn and production of
siderophores and hydrocyanic acid (HCN)] make them prominent plant
growth promoting microorganisms (Singh et al., 2011; Meena et al.,
2017; Felestrino et al., 2017). Studies on microbial metabolic multi-
functionalities have paved the way for developing microbial inoculants
for plant growth promotion, biological control of pests and pathogens,
bioremediation of contaminant soil sites and decomposition and de-
gradation of agricultural wastes (Singh et al., 2016a,b). Thus, the soils
richly inhabited by organisms like N-fixers, P-solubilizers, phyto-
hormone producers and bioremediators are supposed to support plant
health. The surge of ecofriendly approaches in agriculture inspires and
promotes usage of microbial biofertilizers. Worldwide, functional trait
rich microorganisms have been used to perform their specific functions

for making soils fertile, productive and sustainably performing for plant
tolerance to stresses and crop productivity (Bhardwaj et al., 2014).

Use of plant growth promoting biofertilizer BioGro by rice farmers
in Mekong Delta, Vietnam reduced usage of chemical fertilizers by 52%
(Nguyen et al., 2017). The results are based on the application of in-
oculant for fifteen years in more than twenty experiments in Vietnam
and Australia on different aspects of nutrient use efficiency, plant
growth promotion, biochemical and molecular parameters. Coupled
application of fertilizers and biofertilizers improved sweet potato yield
in Uganda. Arbuscular mycorrhizal inoculation in sweet potato cultivar
NASPOT 11 with NPK fertilizers enhanced yield by 12.8–20.1 T ha−1 as
compared to 4.5 T ha−1 of existing yield (Mukhongo et al., 2017). In-
oculation of host specific bacteria, especially endophytic and rhizo-
spheric microflora promotes growth in mandarin orange (Thokchom
et al., 2017). In fennel, improvement in the growth and essential oil
content was observed due to application of biofertilizers and cold water
extract (El-Azim et al., 2017). The findings has supported the fact that
microbial inputs can not only support plant growth but also bring
qualitative and quantitative changes in the produce quality and con-
tent.

Growth enhancement by the use of PGPRs doesn’t add to the
greenhouse gas emission. An experiment conducted to assess the impact
of biofertilizers on growth of paddy and green house emission from
alluvial soils of Indonesia showed that emission of N2O, CH4 and CO2

was reduced after application of biofertilizer ‘Biotara’ and ‘Biosure’ in
rice. It indicated that biofertilizers enhanced yield with only 75% of
recommended dose of chemical fertilizer without any further en-
hancement of greenhouse gases (Hadi and Nur, 2017). The application
of Trichoderma enriched biofertilizer enhanced plant growth and yield
up to 12.9% when a 100% biofertilizer and compost mixture was used.
This further improved mineral content and antioxidant level (ascorbic
acid, β-carotene and lycopene) in plants and fruits (Khan et al., 2017).

Fig. 1. Microbial associations with plants and soils and their inherent functional attributes that make them potential indicators for plant and soil health management.
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Growth promotion, harvest index and nutrient use efficiency was re-
ported using nitrogen fixing and P-solubilizing biofertilizers in sesame
(Asl, 2017). Examples prove that the inoculation of trait-specific mi-
crobial formulations has potential application on growth and nutri-
tional health in the crop plants.

2.5. Soil health management

The goal of enhanced crop productivity could not be fulfilled
without sustainable soil health management. Soil health means to
maintain its inner physicochemical and biological capabilities to sup-
port all life forms and sustain their growth and development (Doran and
Safley, 1997). Microorganisms provide a great strength to the soil
health by influencing physical, chemical and organic conditions at a
time. The preference for minimum tillage over conventional tillage
provides much better soil and moisture conservation options to improve
soil quality because it increases the population of aerobic and faculta-
tive aerobic microorganisms significantly as compared to deeply
ploughed soils. Content of organic C, organic N, potentially mineraliz-
able N, water, phosphatase and dehydrogenase enzymes were also high
in zero till soils (Doran, 1980). Results reflected altered positive phy-
sical and chemical parameters due to enhanced biological activity
regulated by microorganisms and microfauna (Kaschuk et al., 2010).
Therefore, for monitoring health and quality parameters of any soil,
microbial population and functions can be employed.

Microbial inoculants improve plant growth and restore soil fertility
(Singh et al., 2016a,b). Improved aggregate stability and organic
carbon content were observed in clay loam soil due to the application of
vermicompost clubbed with microbial inoculants like Glomus sp.,
Chlorella sp., Bacillus megaterium, B. subtilis, Panibacillus azotofixans and
Pantoea agglomerans in various combinations (Yilmaz and Sonmez,
2017). Soil health improvement using composted straw and bio-
formulation containing Trichoderma resulted in significant decline in
brown spot, sheath blight and bacterial leaf blight disease owing to
induce systemic resistance (ISR) and enhancement in yield up to
0.8–3.0 ton ha−1 in rice (Simarmata et al., 2016). Enhanced soil ferti-
lity, luxuriant growth and yield in tomato were also reported by the
inoculation of biofertilizer containing Bacillus sp. and Burkholderia sp.
in biochar and flyash based bioformulation (Tripti Kumar et al., 2017).
These studies reflect similar line of impact of microbial application on
different crops and soil conditions.

Soil aggregation, a vital feature for plant growth is likely to be af-
fected by biotic and abiotic factors (Asano and Wagai, 2014). A huge
network of fungal hyphal mesh, as in case of arbuscular mycorrhizal
fungi (AMF) that makes symbiosis with roots of most of the plants is
crucial for formation and stability of soil macroaggregates (> 250 μm)
(Oades, 1984; Miller and Jastrow, 2000). AMF also have extraradical
mycelium and secrete organic substances which help in the formation
of microaggregates (< 250 μm) (Tisdall and Oades, 1982; Rillig and
Mummey, 2006) that significantly contribute soil aeration and particle
structure. Influence of AM on aggregate stability was assessed in
semiarid vertisols of India in Sorghum bicolar, in which inoculation
showed higher soil stability and larger particles (Bearden and Petersen,
2000). Relationship of glomalin (protein secreted by mycorrhiza) con-
tent and soil aggregate stability was further assessed in five plant spe-
cies where higher glomalin content showed more aggregate stability
suggesting that different plant and AM species e.g. Rhizophagus irregu-
laris, Septoglomus deserticola, and Gigaspora gigantea influence aggregate
capacity of soils differently (Leifheit et al., 2014; Kohler et al., 2016).
Soil aggregation is also affected by specific plant root, rhizospheric
microflora and mycorrhizal interaction (Rillig et al., 2015). Mycorrhiza
infection in the soil is indicative of good soil aggregation. In coarse
grained soils on the slopes of Swiss Alps, studies on the impact of my-
corrhizal inoculation on soil aggregate stability, plant survival and fine
root development showed that repeated inoculation of AM improved
aggregate stability in soils and the practice was demanded for long term

inoculation to maintain mountain slopes (Bast et al., 2016).

2.6. Biocontrol activity

Healthy soils represent minimum retention of disease causing biotic
agents within them to facilitate infection-free conditions for the seeds
during germination and early stage plant development. This could be
achieved by application of effective microbial inoculants. Inoculation of
Bacillus sp., Paenibacillus sp., Enterobacter sp. and Klebsiella sp. showed
growth inhibition of pathogens Colletotrichum fulcatum and
Macrophomina sp. (Arthee and Marimuthu, 2016). Report confirms that
due to the production of salicylate and catechol-type siderophores
along with HCN, lipopeptide, iturin and surfectin, microbial inoculants
succeeded to suppress phytopathogens. Microorganisms or their key
products can be used as indication of healthy and disease-resistive soils.
Besides Bacillus thuringiensis, Metarrhizium anisoplae and Baeuveria
bassiana were useful in the management of insect-pests. Application of
Pseudomonas fluorescens, Bacillus subtilis, vermicompost and humic fer-
tilizers also reduced incidence of tomato leaf miner (Tuta absoluta)
(Mohamadi et al., 2017). Reduction in adult longevity period of Myzus
persicae was shown in bell pepper and chili pepper by application of
Glomus intraradices+ Bacillus subtilis treatment. Enhanced plant growth
was also reported from Bacillus subtilis and ZnSO4 application (Mardani-
Talaee et al., 2017). These microorganisms are known biocontrol agents
and their application was sufficient to significantly reduce net re-
productive rate, increase intrinsic rate of natural population and final
rate of increase of T. absoluta.

Similarly, the inoculation with arbuscular mycorrhizal (AM) fungus
affect the expression of defense related genes like β-1, 3 glucanases,
chitinases and oxalate oxidase in wheat infected with Fusarium oxy-
sporum. Improvement in growth, yield and β-1, 3 glucanase expression
was reported (Sabbagh et al., 2017). Successful suppression of root knot
nematode (Meloidogyne incognita) in Pusa Ruby cultivar of tomato was
also observed by the application of microbial inoculants. Application of
biofertilizer (Azospirillum, Azotobacter and PSB) with balanced dose of
NPK (125:50:100 kg ha−1) resulted in 74.8% reduction in nematode
population in the soil along with reduction in root knot (75.8%) and
increase in plant dry weight (62–64%) (Patra et al., 2017). Biocontrol of
Ralstonia solanacearum was reported by the use of chitosan obtained
from Cunninghamella elegans (Oliveira et al., 2017). In banana, treat-
ment of Bacillus amyloliquefaciens NJN-6, which suppressed the growth
of Fusarium and Ralstonia like pathogens under field conditions, also
caused plant health promotion (Fu et al., 2017). These studies helped to
establish new roles of PGPRs as biocontrol agents against pests and
nematodes and as biological indicators for disease and pest suppression.

2.7. Alleviation of abiotic stress

Microbes have evolved diverse weapons (genes, proteins and me-
tabolites) to fight challenges posed by abiotic factors due to their
adaptive behaviour in adverse abiotic conditions and evolutionary di-
versification. These functions could be of great help for plants to
combat abiotic stresses if exploited judiciously (Rojas-Tapias et al.,
2012; Shilev et al., 2012, Bashan et al., 2014; Bacilio et al., 2016;
Meena et al., 2017). Application of Pseudomonas stutzeri with humic
acid forming ability improved K+/Na+ and Ca2+/Na+ ion ratio and
growth in bell and chili pepper indicating mitigation of negative im-
pacts of salinity stress (Bacilio et al., 2016). Biochar based Bradyrhi-
zobium inoculation was beneficial for lupin under abiotic stress, where
it enhanced nodulation and N and P uptake under drought conditions
(Egamberdieva et al., 2017).
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3. Microorganisms as indicators of soil health

3.1. Microbial indicators

Soil is a dynamic, vital and continuously changing reservoir of
physical, chemical and biological factors. Various biotic and abiotic
components interact with the soil to affect its composition. Microbial
populations with distinct and definite functions are the major in-
habitants that change structural and functional characteristics, which in
turn is reflected in the biological properties of the soils. Such changes
could be used as related parameters to measure soil health. As micro-
organisms reflect the status of soil and respond to the changes, they
serve as a good biological indicator to monitor soil quality and health
(Table 1).

Tremendous physiological adaptation with excellent metabolic
versatility makes bacteria key agent to indicate changes in the soil
ecosystem adjacent to the plant roots i.e. the rhizosphere. An accurate
and sensitive correlation between microbes and their environmental
factors can measure the behavior of the population and the impacts of
population dynamics on edaphic factors to indicate soil health.
Compared to other indicators, biological indicators exhibit the ad-
vantage of having easy and fast measurement technique making it cost
effective and sensitive tool for monitoring soil quality (Alkorta et al.,
2003a; Wessén and Hallin, 2011; Niemeyer et al., 2012; Cardoso et al.,
2013; Dose et al., 2015) as they reflect rapid response to natural and
anthropogenic changes. Pankhurst et al. (1995) studied biological
parameters of soil in response to different agricultural management
practices for plant growth and development as indicative of soil health
in long term field trials. Load of different soil microbiota, macrobiota,
enzyme activity and organic matter decomposition were analyzed in
varied agronomic practices (Bending et al., 2002). Studies concluded
that carbon mineralization and soil microbial biomass was significantly
affected by tillage practice, stubble management, N-fertilizers and crop
rotation which affected mycorrhizal fungi, soil protozoa, N nutrition,
soil peptidase activity and cellulose decomposition (Pankhurst et al.,
1995; Bending et al., 2002). Such studies directly linked soil biological
properties with the population of mycorrhiza and other microbes that
are dominant indicative organisms in the soil.

Microbial soil enzyme activity is a proven indicator of soil health
providing information of key soil-ecological processes in a better re-
solution than physical or chemical parameters (Alkorta et al., 2003b).
Live or dead microbial cells in the soils are prominent sources of soil
enzymes apart from the plants and animal resources (Baldrian, 2009).
Therefore, they could be a rather sensitive indicator to be able to in-
dicate even small changes in the soil physicochemical properties. Bio-
logical indicators, have an edge over other indicators in being very
sensitive and reproducible (Dose et al., 2015). The resilience of mi-
croorganisms in the soil towards ecological disturbances and its relative
sensitivity to respond to these changes can make these organisms sui-
table indicators. Dose et al. (2015) studied the reclamation of sodic soils
for improving soil health, in which microbial indicators (gene copies of
nitrifier and denitrifier, soil enzymes including nitrate reductase, ar-
ylsulfatase, alkaline phosphatase, ammonia monooxegenase, β gluco-
sidase, fluorescein diacetate hydrolysis and urease) were proven to be
highly sensitive even to the small changes to distinguish between land
use and application of amendment in short term as compared to other
physicochemical indicators which failed to distinguish such changes.

Omics, metaomics and bioinformatics based assessment of indicator
microbial communities can provide multifold higher sensitive indica-
tion than others (Alkorta et al., 2003a; Wessén and Hallin, 2011). As-
sessing gene copies of indicator microorganisms clearly indicated that
gene copy ratio of ammonia oxidizing archaea to ammonia oxidizing
bacteria serves as a microbial indicator in order to assess nutrient
status, disturbance in land use and climate change (Wessén and Hallin,
2011). In contaminated and non-contaminated (or degraded) soils,
structure and function of microbial population vary distinctly and

reflect clear and dominant presence of such microorganisms that qua-
litatively reflect the level of contamination (Singh, 2015). Enhanced
microbial functions that may include biodegradation, bioaccumulation,
sequestration, adsorption and biosorption may reduce the level of
contaminants in the environment (Avidano et al., 2005) and thus, es-
tablish functional equilibrium in the degraded ecosystem for promoting
ecosystem sustainability (Singh, 2015). The sites contaminated with
heavy metals are not practically fit for crop production and food
quality. In quality evaluation of heavy metal contaminated soils, in-
dicator processes of microbial origin like soil respiration, microbial
biomass, carbon and nitrogen, acid phosphatase and asparaginase ac-
tivity, ammonifying and ammonium oxidizing microflora, nitrification
and qCO2 (metabolic quotient for CO2) significantly assess elevated
ecological risk parameters (Moreno et al., 2009; Niemeyer et al., 2012).
These soil quality indicators can be used for monitoring the level of
contaminants (Castaldi et al., 2004; Niemeyer et al., 2012), on the basis
of which reclamation and restoration strategies could be developed
(Nogueira et al., 2006; Clemente et al., 2007).

The parameters that relate to carbon and nutrient cycling can be
exploited for better crop health in contaminated locations (Tu et al.,
2006; Gülser and Erdogan, 2008). Also, from the contaminated sites,
many bacterial and fungal species have been isolated and characterized.
This can help plants in alleviating heavy metal stresses. Furthermore,
metagenomic methods have led to the characterization of dominant
microbial communities in contaminated soils and groundwater
(Hemme et al., 2010). Such methods helped in revealing population
dynamics as a marked divergence in the belowground structure of mi-
crobial communities and associated functions (He et al., 2010). These
studies helped in generating deeper insights into potential microbial
community structures and their associated feedback regulatory re-
sponses towards sustainability of elevated carbon dioxide in the ter-
restrial ecosystem of agricultural importance (Yang et al., 2012).

Deploying nematodes as candidate for soil health indicator is an-
other good strategy as nematode composition reflects two vital ecolo-
gical processes, nitrogen cycling and decomposition (Neher, 2001). The
cultivation practices like tillage operation, crop rotation, water, nu-
trient and pest management affect soil organisms (Van Bruggen and
Semenov, 2000). The shift in nematode community by short and long
term disturbances have been studied (Korthals et al., 1996; Bongers
et al., 1997) and it was found that the disturbance caused a decline first
and then increase in the nematode maturity index whereas a permanent
damage was observed in community structure leading to extinction of
organisms in long run (Ettema and Bongers, 1993; Korthals et al.,
1996). Decreased maturity index under enhanced nutrient conditions
and increased plant parasite index was reported as characteristic in-
dication of poor soil health (Bongers et al., 1997). As far as the mi-
crobial communities along with the nematodes are concerned, both
vary with soil aggregate fractions but efficiently contribute towards
whole soil food web system (Briar et al., 2011).

Microorganisms can also be used in advance weed management by
deciphering relationship between weed soil seed bank and signature
community shift associated with them. Studies reveal that impact of soil
microbial population could structure plant community including seed-
ling recruitment and species abundance by controlling their decay and
germination (Schafer and Kotanen, 2004). In a rather specific outlook,
these microbes do have impact on soil seed bank (Chee-Sanford et al.,
2006). Great economical benefits can be drawn by identifying such
strong connections with long lived weed seed bank in soil which can be
one of the best tools to supplement modern weed control strategies.
Metagenomic approach can be used as supplement in establishing re-
lationship between soil seed bank of weeds and key impacting microbes
on that. Such sets of microbial soil indicators could identify the areas
with long lived weed seeds to stop sizable addition of weed seeds in the
areas with low weed intensities.
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3.2. Microbial functions in agronomic practices

Healthy agronomic practices help soils to produce healthy crops
(Dias et al., 2015). As microorganisms are key participant in most of the
biological processes in soils (Nicolas et al., 2012; Jiménez-Bueno et al.,
2016) and their community composition keeps on changing with the
developmental stages of the plants, frequent and abrupt changes in
agricultural practices affect the microbial population buildup, disin-
tegration or loss (Schneider et al., 2010; Lupwayi et al., 2012). The
changes in microbial community behavior are an indicator of corre-
sponding factors (Jiménez-Bueno et al., 2016) that help selection of
sustainable agro-ecological practices. Higher number of actinobacteria
is found in high pH soils and desserts (Shange et al., 2012; Jiménez-
Bueno et al., 2016). Azorhizophilus and other diazotrophs like Nostoc,
Chloronema, Phormidium and Microcoleus are indicative in poor N soils.
Similarly, microorganisms belonging to Nitrosomonadaceae, Anaeroli-
neae and Thermomicrobia dominate in nitrogen rich agricultural soils.
Cyanobacteria can survive even in dessert and provide N, P and phy-
tohormones to plants and shown their presence in nutrient poor soils
(Sharma et al., 2014). Low population of actinobacteria like Actino-
mycetospora, Sphaerisporangium, Clavibacter and Mycobacterium are in-
dicative of high tillage practices as their relative abundance increases in
zero-tillage compared to conventional one (Navarro-Noya et al., 2013).

Microbial communities are also real players in crop residue man-
agement. Various practices used in the fields favor proliferation and
dominance of different taxa of microorganisms with decomposition and
degradation functions (Verhulst et al., 2011; Dias et al., 2015). Acid-
obacteria is indicator for partially incorporated residues whereas Bur-
kholderiales indicate complete incorporation of residues up to final
breakdown. Gemmatimonadetes and Armatimonadetes indicate partial
removal of crop residues whereas various Proteobacteria dominate on
leftover crop residues in the fields (Jiménez-Bueno et al., 2016). Bac-
terial indicator taxa such as Chloroflexi, Bacillus, Alicyclobacillus, Acti-
nobacteria, Acidobacteria, Bacteroidetes and Verrucomicrobia indicate
such soil conditions where the crop residues are burnt in the fields.
These microbes can sustain high heat conditions by forming endospores
and other resistant structures (Zhou et al., 2007; Yang and Ponce, 2011;
Jiménez-Bueno et al., 2016).

3.3. Microbial volatile organic compounds (MVOCs)

Microbial volatile organic compounds are low molecular weight
organic molecules of high volatility. The release of VOCs by bacteria is
directly correlated with plant growth promotion (Bailly and Weisskopf,
2012). Their presence mediates microbe-plant interactions that drive
plant nutrition (Hofmann, 2013). Production of 2,3-butanediol and
acetoin by Bacillus strains GB03 and IN937a indicated that these vola-
tile compounds induce plant growth and systemic resistance in cyto-
kinin signaling mutant of Arabidopsis (Farag et al., 2006). VOCs se-
creted by Pseudomonas fluorescens SS101 augment plant growth in vitro
and in planta studies indicating their key role in plant growth promotion
(Park et al., 2015). MVOCs are used as info-chemicals in plant–microbe
and microbe-microbe signaling (Aziz et al., 2016; Tahir et al., 2017)
where these compounds enable plants sense microbial presence and
understand complex ecological interactions. Since these compounds
have profound applications in signal transduction, their presence in-
dicates corresponding impact on soil and plant health (Park et al.,
2015). Volatile molecules of bacterial origin can facilitate sulphur nu-
trition to their associated plants (Hofmann, 2013). Such studies are
strong validation to the fact that microbes producing volatile molecules
are good indicators of healthy microbial communities with distinct
functions that attract plants for enhanced interaction, nutrition and
mutual benefits.

4. Microbial management of nutrient use efficiency

The management of nutrients in the intensive cropping system is
important because of the two prominent reasons, (i) the availability of
the minerals, and (ii) the root/rhizosphere capability to uptake nu-
trients. In the last four decades, global consumption of nitrogenous
fertilizers in agricultural crops increased 7.4 fold while the overall crop
yield increased by 2.4 folds only (Hirel et al., 2011). It suggests that
excessive use of fertilizers cannot guaranty efficient uptake of nutrients
by the plants. Nutrients may be lost due to leach out, surface runoff and
volatilization or degraded due to denitrification, eutrophication and
other biological processes (Fageria and Baligar, 2005) causing en-
vironmental hazard and economic loss (Diaz and Rosenberg, 2008;
Adesemoye and Kloepper, 2009). Various local strategies like use of
neem cake, thiourea, split application of fertilizers, encapsulation, and
other management practices can enhance nutrient use in plants (Fageria
and Baligar, 2005), but more practical, reliable and applicable man-
agement strategies involves manipulation of soil environment, rhizo-
sphere biology, plant features, fertilizer variables and application of
microbial inoculants (Kumar et al., 2016).

Microorganisms have tremendous capacity to improve nutrient use
efficiency. Four important groups of microbial inoculants that include i)
PGPRs, ii) arbuscular mycorrhizal fungi (AMF), iii) N fixing rhizobia
(non-PGPRs) and iv) free-living N-fixing cyanobacteria possess the ca-
pacity to facilitate plants to take up the nutrients more efficiently
(Adesemoye et al., 2008). Role of microbial inoculants in enhancing
nutrient use efficiency of plants have been demonstrated (Adesemoye
et al., 2009; Richardson and Simpson, 2011; Dodd and Ruiz-Lozano,
2012; Sharma et al., 2013; Owen et al., 2015; Garcia-Gonzalez and
Sommerfeld, 2016; Kumar et al., 2016). In the rhizosphere, microbial
diversity, competitiveness and dominance influence efficient mobili-
zation, acquisition and exploitation of soil nutrients (Shen et al., 2013).
Microbial interactions with the rhizosphere therefore, can improve root
growth, size, development, proliferation, root architecture, mineral
dissolution, mobilization, conversion into usable forms and enhance
supply through slow but steady release to facilitate plant growth (Zhang
et al., 2010). The use of PGPRs with AM fungi as supplements to che-
mical fertilizers where reduced dose of fertilizers was used, showed
promising results (Adesemoye and Kloepper, 2009). Vermicompost and
chitosan from Cunninghamella elegans applied with recommended dose
in banana showed that the organic matter could be a suitable additive
to chemical fertilizers (Stamford et al., 2017).

4.1. Nitrogen use efficiency

N and P are the major soil nutrients essentially required by the
crops. Their deficiency either due to unavailability or acquisition by the
plants causes severe crop losses. Microorganisms like cyanobacteria,
bacteria and AM fungi improve utilization and enhance end-use effi-
ciency of N and P in soils (Briones et al., 2003; Adesemoye et al., 2009).
PGPR inoculation in oil palm seedlings in Malaysian nursery resulted in
higher uptake of N and P (Amir et al., 2005). Two Pseudomonas fluor-
escens strains (ACC50 and ACC73) applied in wheat with different levels
of N, P, and K enhanced 27% higher N and P use efficiency over control
with 100% recommended dosage of NPK fertilizers. The performance
for improving nutrient use efficiency was better in case of ACC50 as
compared to ACC73 in pot and field trials (Shaharoona et al., 2008).
PGPR inoculated plant roots reflected enhanced N uptake in three years
of field study, which further showed increased plant N content due to
improved utilization of fertilizers as a part of integrated nutrient
management (INM) system (Adesemoye et al., 2008).

Field experiments with microbial consortium containing Azotobacter
chroococcum, A. brasilence, Glomus mosseae and G. fasciculatum in po-
megranate indicated that dual inoculation of strains led to increased
uptake of N, P, K, Ca, and Mg apart from enhancing plant growth.
Adesemoye et al. (2008) suggested that the dual inoculation of
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microbes provided more consistent results on nutrient uptake. A field
experiment conducted to test nutrient use efficiency and produce
quality in the crop showed that inoculation of Gluconacetobacter dia-
zotrophicus and P solubilizing bacteria (PSB) with 75% of the re-
commended dose of N and P resulted in improved growth and pro-
duction of two eye bud sets in sugarcane seed plot. This has verified
that in sugarcane, microbial inoculants improved nutrient use effi-
ciency and enhanced soil quality (Murumkar et al., 2017). The effect of
fertilizer, biofertilizer and brassinosteroids on yield and economics of
fenugreek was reported (Godara et al., 2017). Dual inoculation of
Rhizobium with PSB resulted in higher yield attributes, seed yield and
net crop return. Combined application of biofertilizer and brassinos-
teroids also saved almost 20% of chemical fertilizer for similar yield.

In nutrient poor soils also, microbial inoculants enhance efficiency
and availability of nutrients to the plant roots (Souza et al., 2015). In
oat grown in reclaimed sodic soil, application of Trichoderma and P
solubilizing bacteria with combined nitrogen, phosphorus and potash
(NPK) and farm yard manure (FYM) in integrated approach resulted in
better growth (Kashyap et al., 2017). Such studies were also carried out
in summer mung bean in which, integrated application of NPK with
vermicompost, biofertilizer, Mo and Co facilitated high nutrient use and
yielded crops with high protein content (Singh et al., 2017). Microbial
inoculants can therefore, serve as novel candidates in integrated nu-
trient management to indicate improved nutrient use efficiency.

4.2. Phosphorus use efficiency

Despite of the fact that most of the soils possess high amount of total
P, the pool of available P in the soil is quite limited (Margalef et al.,
2017). Phosphorus is fixed into soil as stable complexes with metal ions
like Al, Fe and Ca that make substantial amount (up to 75–90%) of P
unavailable for plant uptake (Igual et al., 2001; Gyaneshwar et al.,
2002). Therefore, a higher amount of P is required than that actually
needed for crops (Ohno et al., 2005). Beneficial microbes solubilize
unavailable P in the soils into available forms for plants (Collavino
et al., 2010; Owen et al., 2015). Application of a mixture of organic and
biofertilizer (Pseudomonas putida and Bacillus subtilis) that increased
solubility of triple superphosphate (TSP) in alkaline soils improved P
use efficiency in wheat. High available P content was reported from
75% TSP application, organic matter and Pseudomonas putida
(Nosratabad et al., 2017). Mycorrhizal colonization, through its ex-
tended mycelial mesh, enhances P use efficiency in plants by mobilizing
P in the soils and growth and extension of plant roots (Smith et al.,
2011; Richardson and Simpson, 2011). Application of bacterial in-
oculants with organic fertilizers along with the AM fungi benefited
plants. Improved N and P uptake was observed by co-inoculation of
basidiomycetes fungus Piriformospora indica with Pseudomonas in Vigna
mungo (Kumar et al., 2012). P solubilization is an important char-
acteristics of many bacterial and fungal communities that when dom-
inantly present in the soils may indicate for better P availability for
plants.

4.3. Microorganisms improve use efficiency of other nutrients

Plant’s efficiency to use of various other nutrients is facilitated by
certain microbial species. Inoculation of PGPR Pseudomonas fluorescens
and Acinetobacter sp. helps plants for higher uptake of N, P, K, Ca, Mg,
Fe and Zn (Khan, 2005; Sahu et al., 2016). Arbuscular mycorrhizal
(AM) fungi (Glomus intraradices and G. mosseae) and Pseudomonas
mendocina improve the uptake of N, P, Ca, Fe and Mn in lettuce (Kohler
et al., 2008). Significant improvement in Mg content in Sesbania ae-
gyptiaca and S. grandiflora seedlings after inoculation of Glomus mac-
rocarpum was observed in saline soils (Giri and Mukerji, 2004). In-
creased acquisition of Cu, Zn, Fe and Mn was achieved through
mycorrhizal association in maize (Liu et al., 2000). Compost tea used
with organic matter and inoculants enhanced uptake of macro and

micronutrients by strawberry plants (Hargreaves et al., 2009).
Micronutrient uptake was also affected by plant growth promoting

rhizobacteria. Improved Zn acquisition was observed in shoot, leaves
and grains by the application of Pseudomonas, Azospirillum and
Rhizobium that facilitated efficient nutrient uptake in wheat (Naz et al.,
2016). Application of Trichoderma harzianum enhanced uptake of es-
sential nutrients in salt affected mustard (Brassica juncea) in which oil
content, antioxidant activity, osmolyte accumulation and NaCl exclu-
sion was observed as mechanisms to alleviate salt stress (Ahmad et al.,
2015). This is why selection, screening, characterization and applica-
tion of stress tolerant microorganisms could be viable options to help
overcome productivity limitations of crop plants in stress-prone areas.

5. Future trends in microbial soil–plant health indicators

Understanding and identifying microbial capabilities can benefit
soil fertility, crop production and reduce the soil degradation due to
excessive applications of agrochemicals, heavy metals and industrial
wastes. Soil associated microbial community structure as deciphered by
the metagenomics analysis of many agricultural, terrestrial and con-
taminated soils and taxa-linked relationships with the functional me-
tabolic networks (as depicted by metatranscriptomics and metapro-
teomics strategies) present strong evidences to establish niche-specific
microorganisms as indicators. Future leads in this area should come
from the integration of sophisticated instrumentation, advanced tech-
nologies and high-throughput methods to establish new ecological in-
dices for soil health at physicochemical, biochemical, metabolic, mo-
lecular and microscopic levels. Studies on microbial metabolites need to
be intensified in order to track more signature molecules reflecting
climate and stress responsive changes in the soil and plant health.
Similarly, meta-omics studies on the soil and plant ecosystem can assess
disturbances of several magnitudes in the degraded, contaminated or
chemically-disturbed soils to reveal information on microbial succes-
sions and diversity changes. The richness of beneficial microbial com-
munities in the soil system should be intensified for improving micro-
bial environment that can support better soil and plant health. There is
also a need to harness potentials of microorganisms as autonomous
curing agents of the soils.

6. Conclusion

Many of the microbial functionalities relate to nutrient availability,
accessibility, acquisition, recycling and remediation in the soils, hence
the presence of dominant communities may be linked with the promi-
nent indicators for characteristic ecosystem functions of the soils.
Studies on habitat-specific functional microbial communities as pro-
minent indicators raise hope for developing region or agro-climatic
zone-specific microbial inoculants for successful implications in the
agriculture and environment. Enhanced applications of microbial in-
oculants (biofertilizers, biofungicides, biopesticides, bioremediators,
biodegraders, microbe-based decomposers) as a supplement to reduce
dependency of farmers on chemical farm inputs can promote the scope
of integrated nutrient and pest management practices for sustainable
agriculture. This can help in designing nutrient doses, practices on
nutrient use efficiency and amendments in Integrated Nutrient
Management (INM) strategies for better crops. Understanding microbial
behavior, their habitats and functions is also important for preparative
prevention of disturbed management caused due to abiotic, agronomic
and disease conditions before any non-repairable damage in the agro-
ecosystem. Coupling the applications of high throughput polyphasic
microbial identification and trait characterization with the metaomics
approaches can generate deeper understanding on microbial commu-
nities characteristics, functions, interactions, signaling and commu-
nication processes in the soils and with the plants to offer real time
diagnostics for sustainably maintaining soil health for better crops in a
more sustainable manner.

P.K. Sahu et al. Ecological Indicators xxx (xxxx) xxx–xxx

8



Acknowledgement

DPS is thankful to the ICAR-NBAIM, Mau for funding support
through the in-house Institute Project. RP is thankful to Science &
Engineering Research Board (SERB), Government of India for financial
support in terms of SERB National PostDoctoral fellowship (Fellowship
reference no. : PDF/2016/000714).

References

Adesemoye, A.O., Kloepper, J.W., 2009. Plant–microbes interactions in enhanced ferti-
lizer-use efficiency. Appl. Microbiol. Biotechnol. 85, 1–12.

Adesemoye, A.O., Torbert, H.A., Kloepper, J.W., 2008. Enhanced plant nutrient use ef-
ficiency with PGPR and AMF in an integrated nutrient management system. Can. J.
Microbiol. 54, 876–886.

Adesemoye, A.O., Torbert, H.A., Kloepper, J.W., 2009. Plant growth-promoting rhizo-
bacteria allow reduced application rates of chemical fertilizers. Microb. Ecol. 58,
921–929.

Ahemad, M., Malik, A., 2011. Bioaccumulation of heavy metals by zinc resistant bacteria
isolated from agricultural soils irrigated with wastewater. Bacteriol. J. 2, 12–22.

Ahilandeswari, K., Maheswari, N.U., 2016. Co–Inoculation of Azospirillum lipoferum and
phosphate solubilizing microorganisms on the growth of Rice (Oryza sativa L.). Int. J.
Pure Appl. Biosci. 4, 317–320.

Ahmad, P., Hashem, A., Abd-Allah, E.F., Alqarawi, A.A., Egamberdieva, D., Gucel, S.,
2015. Role of Trichoderma harzianum in mitigating NaCl stress in Indian mustard
(Brassica juncea L.) through antioxidative defense system. Front. Plant Sci. 6, 868.

Alkorta, I., Aizpurua, A., Riga, P., Albizu, I., Amezaga, I., Garbisu, C., 2003a. Soil enzyme
activities as biological indicators of soil health. Rev. Environ. Health 18, 65–73.

Alkorta, I., Amezaga, I., Albizu, I., Aizpurua, A., Onaindia, M., Buchner, V., Garbisu, C.,
2003b. Molecular microbial biodiversity assessment: a biological indicator of soil
health. Rev. Environ. Health 18, 131–151.

Amir, H.G., Shamsuddin, Z.H., Halimi, M.S., Marziah, M., Ramlan, M.F., 2005.
Enhancement in nutrient accumulation and growth of oil palm seedlings caused by
PGPR under field nursery conditions. Commun. Soil Sci. Plant Anal. 36, 2059–2066.

Anderson, T.H., 2003. Microbial eco-physiological indicators to asses soil quality. Agric.
Ecosyst. Environ. 98, 285–293.

Antoun, H., 2012. Beneficial microorganisms for the sustainable use of phosphates in
agriculture. Procedia Eng. 46, 62–67. http://dx.doi.org/10.1016/j. proeng.2012.09.
446.

Arkhipova, T.N., Veselov, S.U., Melentiev, A.I., Martynenko, E.V., Kudoyarova, G.R.,
2005. Ability of bacterium Bacillus subtilis to produce cytokinins and to influence the
growth and endogenous hormone content of lettuce plants. Plant Soil 272, 201–209.

Arthee, R., Marimuthu, P., 2016. Isolation, identification and screening of culturable
endophytic bacterial community in sugarcane for antimicrobial activity on major
fungal pathogens. Bioscan 11, 2157–2167.

Asano, M., Wagai, R., 2014. Evidence of aggregate hierarchy at micro- to submicron
scales in an allophanic Andisol. Geoderma 216, 62–74.

Asl, A.N., 2017. Effects of nitrogen and phosphate biofertilizers on morphological and
agronomic characteristics of sesame (Sesamum indicum L.). Open J. Ecol. 7, 101.

Avidano, L., Gamalero, E., Cossa, G.P., Carraro, E., 2005. Characterization of soil health in
an Italian polluted site by using microorganisms as bioindicators. Appl. Soil Ecol. 30,
21–33.

Aziz, M., Nadipalli, R.K., Xie, X., Sun, Y., Surowiec, K., Zhang, J.L., Paré, P.W., 2016.
Augmenting sulfur metabolism and herbivore defense in Arabidopsis by bacterial
volatile signaling. Front. Plant Sci. 7.

Baca, B.E., Elmerich, C., 2007. Microbial production of plant hormones. In: Associative
and Endophytic Nitrogen-Fixing Bacteria and Cyanobacterial Associations. Springer,
Netherlands, pp. 113–143.

Bacilio, M., Moreno, M., Bashan, Y., 2016. Mitigation of negative effects of progressive
soil salinity gradients by application of humic acids and inoculation with
Pseudomonas stutzeri in a salt-tolerant and a salt-susceptible pepper. Appl. Soil Ecol.
107, 394–404.

Bailly, A., Weisskopf, L., 2012. The modulating effect of bacterial volatiles on plant
growth: current knowledge and future challenges. Plant Signal Behav. 7, 79–85.

Baldrian, P., 2009. Microbial enzyme-catalyzed processes in soils and their analysis. Plant
Soil Environ. 55, 370–378.

Barrios, E., 2007. Soil biota, ecosystem services and land productivity. Ecol. Econ. 64,
269–285.

Bashan, Y., de-Bashan, L.E., Prabhu, S.R., Hernandez, J.-P., 2014. Advances in plant
growth-promoting bacterial inoculant technology: formulations and practical per-
spectives (1998–2013). Plant Soil 378, 1–33.

Bast, A., Wilcke, W., Graf, F., Lüscher, P., Gärtner, H., 2016. Does mycorrhizal inoculation
improve plant survival, aggregate stability, and fine root development on a coarse
grained soil in an alpine eco-engineering field experiment? J. Geophys. Res. 121,
2158–2171.

Bastida, F., Moreno, J.L., Hernández, T., García, C., 2006. Microbiological activity in a
soil 15 years after its devegetation. Soil Biol. Biochem. 38, 2503–2507.

Bearden, B.N., Petersen, L., 2000. Influence of arbuscular mycorrhizal fungi on soil
structure and aggregate stability of a vertisol. Plant Soil 218, 173–183.

Bending, G.D., Turner, M.K., Jones, J.E., 2002. Interactions between crop residue and
soilorganic matter quality and the functional diversity of soil microbial communities.
Soil Biol. Biochem. 34, 1073–1082.

Bhardwaj, D., Ansari, M.W., Sahoo, R.K., Tuteja, N., 2014. Biofertilizers function as key

player in sustainable agriculture by improving soil fertility, plant tolerance and crop
productivity. Microb. Cell Fact. 13, 66. http://dx.doi.org/10.1186/1475-2859-13-66.

Bongers, T., van der Meulen, H., Korthals, G., 1997. Inverse relationship between the
nematode maturity index and plant parasite index under enriched nutrient condi-
tions. Appl. Soil Ecol. 6, 195–199.

Brahmaprakash, G.P., Sahu, P.K., 2012. Biofertilizers for sustainability. J. Indian Inst. Sci.
92, 37–62.

Briar, S.S., Fonte, S.J., Park, I., Six, J., Scow, K., Ferris, H., 2011. The distribution of
nematodes and soil microbial communities across soil aggregate fractions and farm
management systems. Soil Biol. Biochem. 43, 905–914.

Briones, A.M., Okabe, S., Umemiya, Y., Ramsing, N., Reichardt, W., Okuyama, H., 2003.
Ammonia-oxidizing bacteria on root biofilms and their possible contribution to N use
efficiency of different rice cultivars. Plant Soil 250, 335–348.

Brussaard, C.P., 2004. Optimization of procedures for counting viruses by flow cytometry.
Appl. Environ. Microbiol. 70, 1506–1513.

Cardoso, E.J.B.N., Vasconcellos, R.L.F., Bini, D., Miyauchi, M.Y.H., Santos, C.A.D., Alves,
P.R.L., Paula, A.M.D., Nakatani, A.S., Pereira, J.D.M., Nogueira, M.A., 2013. Soil
health: looking for suitable indicators. What should be considered to assess the effects
of use and management on soil health? Sci. Agric. 70, 274–289.

Castaldi, S., Rutigliano, F.A., Virzo, S.A., 2004. Suitability of soil microbial parameters as
indicators of heavy metal pollution. Water Air Soil Pollut. 158, 21–35.

Castellano, M.J., Mueller, K.E., Olk, D.C., Sawyer, J.E., Six, J., 2015. Integrating plant
litter quality, soil organic matter stabilization, and the carbon saturation concept.
Global Change Biol. 21, 3200–3209.

Chee-Sanford, J.C., Williams, M.M., Davis, A.S., Sims, G.K., 2006. Do microorganisms
influence seed-bank dynamics? Weed Sci. 54 (3), 575–587.

Chen, G., Zhu, H., Zhang, Y., 2003. Soil microbial activities and carbon and nitrogen
fixation. Res. Microbiol. 154, 393–398.

Cheng, X., van de Mortel, J.E., Etalo, D.W., Dekkers, E., Raaijmakers, J.M., 2016.
Bacterial determinants of plant growth promotion and induced systemic resistance by
Pseudomonas fluorescens. Plant growth promotion by Pseudomonas fluorescens, p.
127.

Cheong, S.L., Cheow, Y.L., Ting, A.S.Y., 2017. Characterizing antagonistic activities and
host compatibility (via simple endophyte-calli test) of endophytes as biocontrol
agents of Ganoderma boninense. Biol. Control 105, 86–92.

Cho, S.M., Kang, B.R., Han, S.H., Anderson, A.J., Park, J.Y., Lee, Y.H., Cho, B.H., Yang,
K.Y., Ryu, C.M., Kim, Y.C., 2008. 2R, 3R-butanediol, a bacterial volatile produced by
Pseudomonas chlororaphis O6, is involved in induction of systemic tolerance to
drought in Arabidopsis thaliana. MPMI 21, 1067–1075.

Clemente, R., de la Fuente, C., Moral, R., Bernal, M.P., 2007. Changes in microbial bio-
mass parameters of a heavy metal-contaminated calcareous soil during a field re-
mediation experiment. J. Environ. Qual. 36, 1137–1144.

Collavino, M.M., Sansberro, P.A., Mroginski, L.A., Aguilar, O.M., 2010. Comparison of in
vitro solubilization activity of diverse phosphate-solubilizing bacteria native to acid
soil and their ability to promote Phaseolus vulgaris growth. Biol. Fert. Soils 46,
727–738.

Cordovez, V., Carrion, V.J., Etalo, D.W., Mumm, R., Zhu, H., Van Wezel, G.P.,
Raaijmakers, J.M., 2015. Diversity and functions of volatile organic compounds
produced by Streptomyces from a disease-suppressive soil. Front. Microbiol. 6, 1081.

Dabundo, R., Lehmann, M.F., Treibergs, L., Tobias, C.R., Altabet, M.A., Moisander, P.H.,
Granger, J., 2014. The contamination of commercial 15 N 2 gas stocks with 15
N–labeled nitrate, ammonium and consequences for nitrogen fixation measurements.
PLoS One 9, e110335.

Darnajoux, R., Zhang, X., McRose, D.L., Miadlikowska, J., Lutzoni, F., Kraepiel, A.M.,
Bellenger, J.P., 2017. Biological nitrogen fixation by alternative nitrogenases in
boreal cyanolichens: importance of molybdenum availability and implications for
current biological nitrogen fixation estimates. New Phytol. 213, 680–689.

Delgadillo-Mirquez, L., Lopes, F., Taidi, B., Pareau, D., 2016. Nitrogen and phosphate
removal from wastewater with a mixed microalgae and bacteria culture. Biotechnol.
Lett. 11, 18–26.

DeLuca, T.H., Zackrisson, O., Nilsson, M.C., Sellstedt, A., 2002. Quantifying nitrogen-
fixation in feather moss carpets of boreal forests. Nature 419, 917–920.

Diaz, R.J., Rosenberg, R., 2008. Spreading dead zones and consequences for marine
ecosystems. Science 321, 926–929.

Dias, T., Dukes, A., Antunes, P.M., 2015. Accounting for soil biotic effects on soil health
and crop productivity in the design of crop rotations. J. Sci. Food Agric. 95, 447–454.
http://dx.doi.org/10.1002/jsfa.6565. wileyonlinelibrary.com.

Dineshkumar, R., Kumaravel, R., Gopalsamy, J., Sikder, M.N.A., Sampathkumar, P., 2017.
Microalgae as bio-fertilizers for rice growth and seed yield productivity. Waste
Biomass Valorization 1–8.

Dodd, I.C., Ruiz-Lozano, J.M., 2012. Microbial enhancement of crop resource use effi-
ciency. Curr. Opin. Biotechnol. 23, 236–242.

Doran, J.W., 1980. Soil microbial and biochemical changes associated with reduced til-
lage. Soil Sci. Soc. Am. J. 44 (4), 765–771.

Doran, J.W., Safley, M., 1997. Defining and assessing soil health and sustainable pro-
ductivity. In: Pankhurst, C., Doube, B.M., Gupta, V.V.S.R. (Eds.), Biological Indicators
of Soil Health. CAB International, Wallingford, Oxon, UK, pp. 1–28.

Dose, H.L., Fortuna, A.M., Cihacek, L.J., Norland, J., DeSutter, T.M., Clay, D.E., Bell, J.,
2015. Biological indicators provide short term soil health assessment during sodic soil
reclamation. Ecol. Indic. 58, 244–253.

Dubey, S.C., Suresh, M., Singh, B., 2007. Evaluation of Trichoderma species against
Fusarium oxysporum f. sp. ciceris for integrated management of chickpea wilt. Biol.
Control 40, 118–127.

Egamberdieva, D., Reckling, M., Wirth, S., 2017. Biochar-based Bradyrhizobium inoculum
improves growth of lupin (Lupinus angustifolius L.) under drought stress. Eur. J. Soil
Biol. 78, 38–42.

P.K. Sahu et al. Ecological Indicators xxx (xxxx) xxx–xxx

9

http://refhub.elsevier.com/S1470-160X(18)30435-7/h0005
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0005
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0010
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0010
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0010
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0015
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0015
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0015
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0020
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0020
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0025
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0025
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0025
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0030
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0030
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0030
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0035
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0035
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0040
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0040
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0040
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0045
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0045
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0045
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0050
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0050
http://dx.doi.org/10.1016/j. proeng.2012.09.446
http://dx.doi.org/10.1016/j. proeng.2012.09.446
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0060
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0060
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0060
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0065
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0065
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0065
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0070
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0070
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0075
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0075
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0080
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0080
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0080
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0085
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0085
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0085
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0090
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0090
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0090
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0095
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0095
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0095
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0095
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0100
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0100
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0105
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0105
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0110
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0110
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0120
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0120
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0120
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0125
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0125
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0125
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0125
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0130
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0130
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0135
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0135
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0140
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0140
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0140
http://dx.doi.org/10.1186/1475-2859-13-66
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0150
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0150
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0150
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0155
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0155
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0160
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0160
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0160
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0165
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0165
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0165
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0170
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0170
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0175
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0175
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0175
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0175
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0180
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0180
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0185
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0185
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0185
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0190
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0190
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0195
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0195
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0205
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0205
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0205
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0210
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0210
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0210
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0210
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0215
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0215
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0215
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0220
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0220
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0220
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0220
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0225
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0225
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0225
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0230
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0230
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0230
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0230
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0235
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0235
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0235
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0235
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0240
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0240
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0240
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0245
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0245
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0250
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0250
http://dx.doi.org/10.1002/jsfa.6565
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0260
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0260
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0260
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0265
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0265
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0270
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0270
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0275
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0275
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0275
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0280
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0280
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0280
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0285
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0285
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0285
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0290
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0290
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0290


El-Azim, A., WM, K., Rania, M.R., Badawy, M.Y.M.,, 2017. Effect of bio-fertilization and
different licorice extracts on growth and productivity of Foeniculum vulgare. Mill.
Plant Middle East J. 6, 1–12.

Felestrino, E.B., Santiago, I.F., Freitas, L.da Silva, Rosa, L.H., Ribeiro, S.P., Moreira, L.M.,
2017. Plant Growth promoting bacteria associated with Langsdorffia hypogaea-rhi-
zosphere-host biological interface: a neglected model of bacterial prospection. Front.
Microbiol. http://dx.doi.org/10.3389/fmicb.2017.00172.

Ettema, C.H., Bongers, T., 1993. Characterization of nematode colonization and succes-
sion in disturbed soil using the Maturity Index. Biol. Fert. Soils 16, 79–85.

Fabian, J., Zlatanovic, S., Mutz, M., Premke, K., 2017. Fungal–bacterial dynamics and
their contribution to terrigenous carbon turnover in relation to organic matter
quality. ISME J. 11, 415–425.

Fageria, N.K., Baligar, V.C., 2005. Enhancing nitrogen use efficiency in crop plants. Adv.
Agron. 88, 97–185.

Farag, M.A., Ryu, C.M., Sumner, L.W., Paré, P.W., 2006. GC–MS SPME profiling of rhi-
zobacterial volatiles reveals prospective inducers of growth promotion and induced
systemic resistance in plants. Phytochemistry 67, 2262–2268.

Feng, H., Li, Y., LiU, Q., 2013. Endophytic bacterial communities in tomato plants with
differential resistance to Ralstonia solanacearum. Afr. J. Microb. Res. 7, 1311–1318.

Frenkel, C., Hadar, Y., Chen, Y., 2017. Laboratory-scale production and purification of the
iron chelator rhizoferrin: a novel Fe supplier to plants. Israel J. Plant Sci. 1–9.

Fu, L., Penton, C.R., Ruan, Y., Shen, Z., Xue, C., Li, R., Shen, Q., 2017. Inducing the
rhizosphere microbiome by biofertilizer application to suppress banana Fusarium wilt
disease. Soil Biol. Biochem 104, 39–48.

Gamalero, E., Glick, B.R., 2015. Bacterial modulation of plant ethylene levels. Plant
Physiol. 169, 13–22.

Garcia-Gonzalez, J., Sommerfeld, M., 2016. Biofertilizer and biostimulant properties of
the microalga Acutodesmus dimorphus. J. Appl. Phycol. 28, 1051–1061.

Ghosh, P., Rathinasabapathi, B., Teplitski, M., Ma, L.Q., 2015. Bacterial ability in AsIII
oxidation and AsV reduction: relation to arsenic tolerance, P uptake, and siderophore
production. Chemosphere 138, 995–1000.

Giri, B., Mukerji, K.G., 2004. Mycorrhizal inoculant alleviates salt stress in Sesbania ae-
gyptiaca and Sesbania grandiflora under field conditions: evidence for reduced sodium
and improved magnesium uptake. Mycorrhiza 14, 307–312.

Glick, B.R., 2014. Bacteria with ACC deaminase can promote plant growth and help to
feed the world. Microbiol. Res. 169, 30–39.

Godara, A.S., Singh, R., Chouhan, G.S., Nepalia, V., 2017. Yield and economics of fenu-
greek (Trigonella foenum-graecum L.) as influenced by fertility levels, biofertilizers and
brassinosteroid. Legume Res. 40, 165–169.

Gothandapani, S., Sekar, S., Padaria, J.C., 2017. Azotobacter chroococcum: utilization and
potential use for agricultural crop production: an overview. Int. J. Adv. Res. Biol. Sci
4, 35–42.

Gülser, F., Erdogan, E., 2008. The effects of heavy metal pollution on enzyme activities
and basal soil respiration of roadside soils. Environ. Monit. Assess. 145, 127–133.

Gyaneshwar, P., Kumar, G.N., Parekh, L.J., Poole, P.S., 2002. Role of soil microorganisms
in improving P nutrition of plants. Plant Soil. 245, 83–93.

Hadi, A., Nur, H.S., 2017. The use of biofertilizers increased plant growth with no trade-
off effect on greenhouse gas emissions. J. Wetlands Environ. Manage. 5, 18–23.

Haldar, S., Sengupta, S., 2015. Plant-microbe cross-talk in the rhizosphere: insight and
biotechnological potential. Open Microbiol. 9, 1–7. http://dx.doi.org/10.2174/
1874285801509010001.

Hardy, R., Burns, R.C., Holsten, R.D., 1973. Applications of the acetylene-ethylene assay
for measurement of nitrogen fixation. Soil Biol. Biochem. 5, 47–81.

Hargreaves, J.C., Adl, M., Warman, P.R., 2009. Are compost teas an effective nutrient
amendment in the cultivation of strawberries? Soil and plant tissue effects. J. Sci.
Food Agric. 89, 390–397.

He, Z., Xu, M., Deng, Y., Kang, S., Kellog, L., Van Nostrad, J.D., Hobbie, S.E., Reich, P.B.,
Zhou, J., 2010. Metagenomic analysis reveals a marked divergence in the structure of
belowground microbial communities at elevated CO2. Ecol. Lett. 13, 564–575.

Hemme, C.L., Deng, Y., Gentry, T.J., Fields, M.W., Wu, L., Barua, S., Barry, K., Tringe,
S.G., Watson, D.B., He, Z., Hazen, T.C., Tiedje, J.M., Rubin, E.M., Zhou, J., 2010.
Metagenomic insights into evolution of a heavy metal-contaminated groundwater
microbial community. ISME J. 4, 660–672.

Hirel, B., Tetu, T., Lea, P.J., Dubois, F., 2011. Improving nitrogen use efficiency in crops
for sustainable agriculture. Sustainability 3, 1452–1485.

Hofmann, N.R., 2013. Volatile organic compounds: a bacterial contribution to plant sulfur
nutrition. Plant Cell 25, 2381.

Igual, J.M., Valverde, A., Cervantes, E., Velázquez, E., 2001. Phosphate-solubilizing
bacteria asinoculants for agriculture: use of updated molecular techniques in their
study. Agronomie 21, 561–568.

Jiménez-Bueno, N.G., Valenzuela-Encinas, C., Marsch, R., Ortiz-Gutiérrez, D., Verhulst,
N., Govaerts, B., Dendooven, L., Navarro-Noya, Y.E., 2016. Bacterial indicator taxa in
soils under different long-term agricultural management. J. Appl. Microbiol. 120,
921–933.

Johnston, A.E., Poulton, P.R., Coleman, K., 2009. Soil organic matter: its importance in
sustainable agriculture and carbon dioxide fluxes. Adv. Agron. 101, 1–57.

Kaiser, C., Kilburn, M.R., Clode, P.L., Fuchslueger, L., Koranda, M., Cliff, J.B., Solaiman,
Z.M., Murphy, D.V., 2015. Exploring the transfer of recent plant photosynthates to
soil microbes: mycorrhizal pathway vs direct root exudation. New Phytol. 205,
1537–1551. http://dx.doi.org/10.1111/nph.13138.

Kaschuk, G., Alberton, O., Hungria, M., 2010. Three decades of soil microbial biomass
studies in Brazilian ecosystems: lessons learned about soil quality and indications for
improving sustainability. Soil Biol. Biochem. 42, 1–13.

Kashyap, A.K., Bahadur, L., Tewari, S.K., 2017. Integrated nutrient management in oat
(Avena sativa L.) under reclaimed sodic soil. Indian J. Agric. Res. 51, 78–81.

Khamna, S., Yokota, A., Lumyong, S., 2009. Actinomycetes isolated from medicinal plant

rhizosphere soils: diversity and screening of antifungal compounds, indole-3-acetic
acid and siderophore production. World J. Microbiol. Biotechnol. 25, 649.

Khan, A.G., 2005. Role of soil microbes in the rhizospheres of plants growing on trace
metal contaminated soils in phytoremediation. J. Trace Elements Med. Biol. 18,
355–364.

Khan, M.Y., Haque, M.M., Molla, A.H., Rahman, M.M., Alam, M.Z., 2017. Antioxidant
compounds and minerals in tomatoes by Trichoderma-enriched biofertilizer and their
relationship with the soil environments. J. Integr. Agric. 16, 691–703.

King, R.W., Evans, L.T., 2003. Gibberellins and flowering of grasses and cereals: prizing
open the lid of the “florigen” black box. Annu. Rev. Plant Biol. 54, 307–328.

Kibblewhite, M.G., Ritz, K., Swift, M.J., 2008. Soil health in agricultural systems. Philos.
Trans. R. Soc. London, Ser. B 363, 685–701. http://dx.doi.org/10.1098/rstb.2007.
2178.

Kohler, J., Hernández, J.A., Caravaca, F., Roldán, A., 2008. Plant-growth-promoting
rhizobacteria and arbuscular mycorrhizal fungi modify alleviation biochemical me-
chanisms in water-stressed plants. Func. Plant Biol. 35, 141–151.

Kohler, J., Roldán, A., Campoy, M., Caravaca, F., 2016. Unraveling the role of hyphal
networks from arbuscular mycorrhizal fungi in aggregate stabilization of semiarid
soils with different textures and carbonate contents. Plant Soil 1–9.

Korthals, G.W., Bongers, T., Kammenga, J.E., Alexiev, A.D., Lexmond, T.M., 1996. Long
term effects of copper and pH on the nematode community in an agroecosystem.
Environ. Toxicol. Chem. 15, 979–985.

Kumar, M., Singh, D.P., Prabha, R., Rai, A.K., Sharma, L., 2016. Role of microbial in-
oculants in nutrient use efficiency. In: Singh, D.P., Singh, H.B., Prabha, R. (Eds.),
Microbial Inoculants in Sustainable Agricultural Productivity. Springer, pp. 133–142.

Kumar, A., Maurya, B.R., Raghuwanshi, R., Meena, V.S., Islam, M.T., 2017. Co-inocula-
tion with Enterobacter and rhizobacteria on yield and nutrient uptake by wheat
(Triticum aestivum L.) in the alluvial soil under Indo-gangetic plain of India. J. Plant
Growth Regul. 1–10.

Kumar, V., Sarma, M.V.R.K., Saharan, K., Srivastava, R., Kumar, L., Sahai, V., Bisaria,
V.S., Sharma, A.K., 2012. Effect of formulated root endophytic fungus Piriformospora
indica and plant growth promoting rhizobacteria fluorescent pseudomonads R62 and
R81 on Vigna mungo. World J. Microbiol. Biotechnol. 28, 595–603.

Lareen, A., Burton, F., Schäfer, P., 2016. Plant root-microbe communication in shaping
root microbiomes. Plant Mol. Biol. 90, 575–587. http://dx.doi.org/10.1007/s11103-
015-0417-8.

Lee, Y., Krishnamoorthy, R., Selvakumar, G., Kim, K., Sa, T., 2015. Alleviation of salt
stress in maize plant by co-inoculation of arbuscular mycorrhizal fungi and
Methylobacterium oryzae CBMB20. J. Korean Soc. Appl. Biol. Chem. 58, 533–540.

Leifheit, E.F., Veresoglou, S.D., Lehmann, A., Morris, E.K., Rillig, M.C., 2014. Multiple
factors influence the role of arbuscular mycorrhizal fungi in soil aggregation—a
meta-analysis. Plant Soil 374, 523–537.

Liu, A., Hamel, C., Hamilton, R.I., Ma, B.L., Smith, D.L., 2000. Acquisition of Cu, Zn, Mn
and Fe by mycorrhizal maize (Zea mays L.) grown in soil at different P and micro-
nutrient levels. Mycorrhiza 9, 331–336.

Loper, J.E., 1988. Role of fluorescent siderophore production in biological control of
Pythium ultimum by a Pseudomonas fluorescens strain. Phytopathology 78, 166–172.

Lupwayi, N.Z., Lafond, G.P., Ziadi, N., Grant, C.A., 2012. Soil microbial response to ni-
trogen fertilizer and tillage in barley and corn. Soil Till. Res. 118, 139–146.

Mardani-Talaee, M., Razmjou, J., Nouri-Ganbalani, G., Hassanpour, M., Naseri, B., 2017.
Impact of chemical, organic and bio-fertilizers application on bell pepper, Capsicum
annuum L. and biological parameters of Myzus persicae (Sulzer) (Hem.: Aphididae).
Neotropical Entomol. 1–9.

Margalef, O., Sardans, J., Fernández-Martínez, M., Molowny-Horas, R., Janssens, I.A.,
Ciais, P., Goll, D., Richter, A., Obersteiner, M., Asensio, D., Peñuelas, J., 2017. Global
patterns of phosphatase activity in natural soils. Sci. Rep. 7, 1337. http://dx.doi.org/
10.1038/s41598-017-01418-8.

Marques, C.R., Caetano, A.L., Haller, A., Gonçalves, F., Pereira, R., Römbke, J., 2014.
Toxicity screening of soils from different mine areas—a contribution to track the
sensitivity and variability of Arthrobacter globiformis assay. J. Hazard. Mater. 274,
331–341.

Meena, K.K., Sorty, A.M., Bitla, U.M., Choudhary, K., Gupta, P., Pareek, A., Singh, D.P.,
Prabha, R., Sahu, P.K., Gupta, V.K., Singh, H.B., 2017. Abiotic stress responses and
microbe-mediated mitigation in plants: the omics strategies. Front. Plant Sci. 8, 172.

Miller, R.M., Jastrow, J.D., 2000. Mycorrhizal fungi influence soil structure. In:
Arbuscular Mycorrhizas: Physiology and Function. Springer, Netherlands, pp. 3–18.

Mohamadi, P., Razmjou, J., Naseri, B., Hassanpour, M., 2017. Population growth para-
meters of Tuta absoluta (Lepidoptera: Gelechiidae) on tomato plant using organic
substrate and biofertilizers. J. Insect Sci. (Online) 17, 36.

Moreno, J.L., Bastida, F., Ros, M., Hernández, T., García, C., 2009. Soil organic carbon
buffers heavy metal contamination on semiarid soils: effects of different metal
threshold levels on soil microbial activity. Eur. J. Soil Biol. 45, 220–228.

Mukhongo, R.W., Tumuhairwe, J.B., Ebanyat, P., AbdelGadir, A.H., Thuita, M., Masso, C.,
2017. Combined application of biofertilizers and inorganic nutrients improves sweet
potato yields. Front. Plant Sci. 8.

Murumkar, D.R., Nalawade, S.V., Indi, D.V., Pawar, S.M., 2017. Response of sugarcane
seed plot to microbial inoculation by Gluconacetobacter diazotrophicus and phosphate-
solubilizing bacteria. Sugar Tech 19 (1), 26–32.

Navarro-Noya, Y.E., Gomez-Acata, S., Montoya-Ciriaco, N., Rojas-Valdez, A., Suarez-
Arriaga, M.C., Valenzuela-Encinas, C., Jimenez-Bueno, N., Verhulst, N., et al., 2013.
Relative impacts of tillage, residue management and crop rotation on soil bacterial
communities in a semi-arid agroecosystem. Soil. Biol. Biochem. 65, 86–95.

Nayak, D.R., Babu, Y.J., Adhya, T.K., 2007. Long-term application of compost influences
microbial biomass and enzyme activities in a tropical Aeric Endoaquept planted to
rice under flooded condition. Soil Biol. Biochem. 39, 1897–1906.

Naz, I., Ahmad, H., Khokhar, S.N., Khan, K., Shah, A.H., 2016. Impact of zinc solubilizing

P.K. Sahu et al. Ecological Indicators xxx (xxxx) xxx–xxx

10

http://refhub.elsevier.com/S1470-160X(18)30435-7/h0295
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0295
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0295
http://dx.doi.org/10.3389/fmicb.2017.00172
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0305
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0305
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0310
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0310
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0310
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0315
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0315
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0320
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0320
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0320
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0325
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0325
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0330
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0330
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0335
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0335
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0335
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0340
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0340
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0345
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0345
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0350
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0350
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0350
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0355
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0355
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0355
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0360
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0360
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0365
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0365
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0365
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0370
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0370
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0370
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0375
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0375
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0380
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0380
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0385
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0385
http://dx.doi.org/10.2174/1874285801509010001
http://dx.doi.org/10.2174/1874285801509010001
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0395
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0395
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0400
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0400
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0400
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0405
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0405
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0405
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0410
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0410
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0410
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0410
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0415
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0415
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0420
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0420
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0425
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0425
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0425
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0430
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0430
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0430
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0430
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0435
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0435
http://dx.doi.org/10.1111/nph.13138
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0445
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0445
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0445
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0450
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0450
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0455
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0455
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0455
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0460
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0460
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0460
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0465
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0465
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0465
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0470
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0470
http://dx.doi.org/10.1098/rstb.2007.2178
http://dx.doi.org/10.1098/rstb.2007.2178
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0480
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0480
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0480
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0485
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0485
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0485
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0490
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0490
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0490
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0495
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0495
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0495
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0500
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0500
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0500
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0500
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0505
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0505
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0505
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0505
http://dx.doi.org/10.1007/s11103-015-0417-8
http://dx.doi.org/10.1007/s11103-015-0417-8
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0515
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0515
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0515
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0520
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0520
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0520
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0525
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0525
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0525
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0530
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0530
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0535
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0535
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0540
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0540
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0540
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0540
http://dx.doi.org/10.1038/s41598-017-01418-8
http://dx.doi.org/10.1038/s41598-017-01418-8
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0550
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0550
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0550
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0550
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0555
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0555
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0555
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0560
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0560
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0565
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0565
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0565
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0570
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0570
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0570
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0575
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0575
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0575
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0580
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0580
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0580
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0585
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0585
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0585
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0585
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0590
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0590
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0590
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0595


bacteria on zinc contents of wheat. Am. -Eurasian J. Agric. Environ. Sci. 16, 449–454.
Neher, D.A., 2001. Role of nematodes in soil health and their use as indicators. J.

Nematol. 33, 161.
Nguyen, T.H., Phan, T.C., Choudhury, A.T., Rose, M.T., Deaker, R.J., Kennedy, I.R., 2017.

BioGro: A plant growth-promoting biofertilizer validated by 15 years’ research from
laboratory selection to rice farmer’s fields of the Mekong Delta. In: Agro-
Environmental Sustainability. Springer International Publishing, pp. 237–254.

Nicolas, C., Hernandez, T., Garcia, C., 2012. Organic amendments as strategy to increase
organic matter in particlesize fractions of a semi-arid soil. Appl. Soil Ecol. 57, 50–58.

Niemeyer, J.C., Lolata, G.B., de Carvalho, G.M., Da Silva, E.M., Sousa, J.P., Nogueira,
M.A., 2012. Microbial indicators of soil health as tools for ecological risk assessment
of a metal contaminated site in Brazil. Appl. Soil Ecol. 59, 96–105.

Nogueira, M.A., Albino, U.B., Brandão-Júnior, O., Braun, G., Cruz, M.F., Dias, B.A.,
Duarte, R.T.D., Gioppo, N.M.R., Menna, P., Orlandi, J.M., Raiman, M.P., Rampazo,
L.G.L., Santos, M.A., Silva, M.E.Z., Vieira, F.P., Torezan, J.M.D., Hungria, M.,
Andrade, G., 2006. Promising indicators for assessment of agro ecosystems alteration
among natural, reforested and agricultural land use in southern Brazil. Agric. Ecosyst.
Environ. 115, 237–247.

Nosratabad, A.R.F., Etesami, H., Shariati, S., 2017. Integrated use of organic fertilizer and
bacterial inoculant improves phosphorus use efficiency in wheat (Triticum aestivum
L.) fertilized with triple superphosphate. Rhizosphere 3, 109–111.

Oades, J.M., 1984. Soil organic matter and structural stability: mechanisms and im-
plications for management. Plant Soil 76, 319–337.

Ohno, T., Griffin, T.S., Liebman, M., Porter, G.A., 2005. Chemical characterization of soil
phosphorus and organic matter in different cropping systems in Maine, USA. Agric.
Ecol. Environ. 105, 625–634.

Oliveira, W.S., Coelho, I.L., Oliveira, J.R.S., Leite, M.C.B.S., Arnaud, T.M.S., Stamford,
N.P., Silva, E.V.N., da Silva, V.S.G., de Oliveira, M.W., de Oliveira, D.C., Oliveira,
T.B.A., 2017. Biological control of the bacterial wilt Ralstonia solanacearum by bio-
protector with fungi chitosan from Cunninghamella elegans on tomatoes. Afr. J. Agric.
Res. 12, 42–49.

Ortíz-Castro, R., Valencia-Cantero, E., López-Bucio, J., 2008. Plant growth promotion by
Bacillus megaterium involves cytokinin signalling. Plant Signal Behav. 3, 263–265.

Owen, D., Williams, A.P., Griffith, G.W., Withers, P.J.A., 2015. Use of commercial bio-
inoculants to increase agricultural production through improved phosphorus acqui-
sition. Appl. Soil Ecol. 86, 41–54.

Pankhurst, C.E., Hawke, B.G., McDonald, H.J., Kirkby, C.A., Buckerfield, J.C., Michelsen,
P., O'Brien, K.A., Gupta, V.V.S.R., Doube, B.M., 1995. Evaluation of soil biological
properties as potential bioindicators of soil health. Anim. Prod. Sci. 35, 1015–1028.

Pant, R., Pandey, P., Kotoky, R., 2016. Rhizosphere mediated biodegradation of 1,4-di-
chlorobenzene by plant growth promoting rhizobacteria of Jatropha curcas. Ecol. Eng.
94, 50–56.

Park, Y.S., Dutta, S., Ann, M., Raaijmakers, J.M., Park, K., 2015. Promotion of plant
growth by Pseudomonas fluorescens strain SS101 via novel volatile organic com-
pounds. Biochem. Biophys. Res. Commun. 461 (2), 361–365.

Parmar, P., Sindhu, S.S., 2013. Potassium solubilization by rhizosphere bacteria: influ-
ence of nutritional and environmental conditions. J. Microbiol. Res. 3, 25–31.

Patra, M.K., Dash, B.K., Mahalik, J.K., 2017. Effect of bio-fertilizers with graded doses of
NPK on Tomato (cv. Pusa ruby) infected by Meloidogyne incognita. Ann. Plant Prot.
Sci. 25, 190–194.

Pieterse, C.M., Van der Does, D., Zamioudis, C., Leon-Reyes, A., Van Wees, S.C., 2012.
Hormonal modulation of plant immunity. Annu. Rev. Cell. Dev. Biol. 28, 489–521.

Pii, Y., Mimmo, T., Tomasi, N., Terzano, R., Cesco, S., Crecchio, C., 2015. Microbial in-
teractions in the rhizosphere: beneficial influences of plant growth-promoting rhi-
zobacteria on nutrient acquisition process. A review. Biol. Fert. Soils 51, 403–415.
http://dx.doi.org/10.1007/s00374- 015-0996-1.

Querne, A., Battie-laclau, P., Dufour, L., Wery, J., Dupraz, C., 2017. Effects of walnut trees
on biological nitrogen fixation and yield of intercropped alfalfa in a Mediterranean
agroforestry system. Eur. J. Agron. 84, 35–46.

Richardson, A.E., Simpson, R.J., 2011. Soil microorganisms mediating phosphorus
availability update on microbial phosphorus. Plant Physiol. 156, 989–996.

Rillig, M.C., Aguilar-Trigueros, C.A., Bergmann, J., Verbruggen, E., Veresoglou, S.D.,
Lehmann, A., 2015. Plant root and mycorrhizal fungal traits for understanding soil
aggregation. New Phytol. 205, 1385–1388.

Rillig, M., Mummey, D.L., 2006. Mycorrhizas and soil structure. New Phytol. 171, 41–53.
Rojas-Tapias, D., Moreno-Galván, A., Pardo-Díaz, S., Obando, M., Rivera, D., Bonilla, R.,

2012. Effect of inoculation with plant growth-promoting bacteria (PGPB) on ameli-
oration of saline stress in maize (Zea mays). Appl. Soil Ecol. 61, 264–272.

Rosswall, T., 1976. The internal nitrogen cycle between microorganisms, vegetation and
soil. Ecol. Bullet 157–167.

Sabbagh, S.K., Poorabdollah, A., Sirousmehr, A., Gholamalizadeh-Ahangar, A., 2017. Bio-
fertilizers and systemic acquired resistance in Fusarium infected wheat. J. Agri. Sci.
Technol. 19, 453–464.

Sahu, P.K., Lavanya, G., Gupta, A., Brahmaprakash, G.P., 2016. Fluid bed dried microbial
consortium for enhanced plant growth: a step towards next generation bioformula-
tion. Vegetos 29, 1–5.

Schafer, M., Kotanen, P.M., 2004. Impacts of naturally-occurring soil fungi on seeds of
meadow plants. Plant Ecol. 175, 19–35.

Schneider, S., Hartmann, M., Enkerli, J., Widmer, F., 2010. Fungal community structure
in soils of conventional and organic farming systems. Fungal Ecol. 3, 215–224.

Shaharoona, B., Naveed, M., Arshad, M., Zahir, Z.A., 2008. Fertilizer-dependent efficiency
of Pseudomonads for improving growth, yield, and nutrient use efficiency of wheat
(Triticum aestivum L.). Appl. Microbiol. Biotechnol. 79, 147–155.

Shahbaz, M., Kuzyakov, Y., Sanaullah, M., Heitkamp, F., Zelenev, V., Kumar, A.,
Blagodatskaya, E., 2017. Microbial decomposition of soil organic matter is mediated
by quality and quantity of crop residues: mechanisms and thresholds. Biol. Fert. Soils

1–15.
Shange, R.S., Ankumah, R.O., Ibekwe, A.M., Zabawa, R., Dowd, S.E., 2012. Distinct soil

bacterial communities revealed under a diversely managed agroecosystem. PLoS One
7, e40338.

Sharifi, R., Ryu, C.M., 2016. Are bacterial volatile compounds poisonous odors to a fungal
pathogen Botrytis cinerea, alarm signals to Arabidopsis seedlings for eliciting induced
resistance, or both? Front. Microbiol. 7.

Sharma, N.K., Rai, A.K., Stal, L.J., 2014. Cyanobacteria: An Economic Perspective, first
ed. John Wiley & Sons, Chischester, UK.

Sharma, S.B., Sayyed, R.Z., Trivedi, M.H., Gobi, T.A., 2013. Phosphate solubilizing mi-
crobes: sustainable approach for managing phosphorus deficiency in agricultural
soils. Springer Plus 2, 587.

Shen, J., Li, C., Mi, G., Li, L., Yuan, L., Jiang, R., Zhang, F., 2013. Maximizing root/
rhizosphere efficiency to improve crop productivity and nutrient use efficiency on
intensive agriculture of China. J. Exp. Bot. 64, 1181–1192.

Shilev, S., Sancho, E.D., Benlloch-González, M.B., 2012. Rhizospheric bacteria alleviate
salt-produced stress in sunflower. J. Environ. Manage. 95 (Suppl.), S37–S41.

Sieverding, E., Silva, G.A., Berndt, R., Oehl, F., 2014. Rhizoglomus, a new genus of the
Glomeraceae. Mycotaxon 129, 373–386. http://dx.doi.org/10.5248/129.373.

Simarmata, T., Turmuktini, T., Fitriatin, B.N., Setiawati, M.R., 2016. Application of
bioameliorant and biofertilizers to increase the soil health and rice productivity.
HAYATI J. Biosci. 23, 181–184.

Singh, D.P., Prabha, R., Yandigeri, M.S., Arora, D.K., 2011. Cyanobacteria-mediated
phenylpropanoids and phytohormones in rice (Oryza sativa) enhance plant growth
and stress tolerance. Antonie van Leeuwenhoek 100, 557–568.

Singh, D.P., Singh, H.B., Prabha, R. (Eds.), 2016. Microbial Inoculants in Sustainable
Agricultural Productivity. Vol 1. Research Perspectives. Springer, pp. 343.

Singh, D.P., Singh, H.B., Prabha, R. (Eds.), 2016. Microbial Inoculants in Sustainable
Agricultural Productivity. Vol 2. Functional Applications. Springer, pp. 308.

Singh, G., Biswas, D.R., Marwah, T.S., 2010. Mobilization of potassium from waste mica
by plant growth promoting rhizobacteria and its assimilation by maize (Zea mays)
and wheat (Triticum aestivum L.). J. Plant Nut. 33, 1236–1251.

Singh, J.S., 2015. Microbes: the chief ecological engineers in reinstating equilibrium in
degraded ecosystems. Agric. Ecosyst. Environ. 203, 80–82.

Singh, J.S., Kumar, A., Rai, A.N., Singh, D.P., 2016. Cyanobacteria: a precious bio-re-
source in agriculture, ecosystem, and environmental sustainability. Front. Microbiol.
7, 529. http://dx.doi.org/10.3389/fmicb.2016.00529.

Singh, M., Mishra, J.S., Bhatt, B.P., 2017. Effect of integrated nutrient management on
production potential and quality of summer mungbean (Vigna radiata L.). J. Krishi
Vigyan 5, 39–45.

Smith, S.E., Jakobsen, I., Grønlund, M., Smith, F.A., 2011. Roles of arbuscular mycor-
rhizas in plant phosphorus nutrition: interactions between pathways of phosphorus
uptake in arbuscular mycorrhizal roots have important implications for under-
standing and manipulating plant phosphorus acquisition. Plant Physiol. 156,
1050–1057.

Souza, R.D., Ambrosini, A., Passaglia, L.M.P., 2015. Plant growth-promoting bacteria as
inoculants in agricultural soils. Genet. Mol. Biol. 38, 401–419.

Spaepen, S., Vanderleyden, J., 2011. Auxin and plant-microbe interactions. Cold Spring
Harbor Perspect. Biol. 3, a001438.

Spaepen, S., Vanderleyden, J., Remans, R., 2007. Indole-3-acetic acid in microbial and
microorganism-plant signaling. FEMS Microbiol. Rev. 31, 425–448.

Stamford, N.P., Silva, E.V.N.D., Oliveira, W.D.S., Silva, M.C.F.D., Martins, M.D.S., Silva,
V.S.G.D., 2017. Organic matter inoculated with diazotrophic bacterium Beijerinckia
indica and Cunninghamella elegans fungus containing chitosan on banana “Williams”
in field. Acta Sci. Agron. 39, 33–41.

Syiem, M.B., Singh, A.K., Rai, A.N., 2017. N2-fixing cyanobacterial systems as bio-
fertilizer. In: Agro-Environmental Sustainability. Springer International Publishing,
pp. 43–61.

Tahir, H.A., Gu, Q., Wu, H., Raza, W., Hanif, A., Wu, L., Colman, M.V., Gao, X., 2017.
Plant growth promotion by volatile organic compounds produced by Bacillus subtilis
SYST2. Front. Microbiol. 8.

Taktek, S., Trépanier, M., Servin, P.M., St-Arnaud, M., Piché, Y., Fortin, J.A., Antoun, H.,
2015. Trapping of phosphate solubilizing bacteria on hyphae of the arbuscular my-
corrhizal fungus Rhizophagus irregularis DAOM 197198. Soil Biol. Biochem. 90, 1–9.

Taktek, S., St-Arnaud, M., Piché, Y., Fortin, J.A., Antoun, H., 2017. Igneous phosphate
rock solubilization by biofilm-forming mycorrhizobacteria and hyphobacteria asso-
ciated with Rhizoglomus irregulare DAOM 197198. Mycorrhiza 27, 13–22.

Thokchom, E., Thakuria, D., Kalita, M.C., Sharma, C.K., Talukdar, N.C., 2017. Root co-
lonization by host-specific rhizobacteria alters indigenous root endophyte and rhi-
zosphere soil bacterial communities and promotes the growth of mandarin orange.
Eur. J. Soil Biol. 79, 48–56.

Tisdall, J.M., Oades, J.M., 1982. Organic matter and water stable aggregates in soils. J.
Soil Sci. 33, 141–163.

Tiwari, S., Singh, P., Tiwari, R., Meena, K.K., Yandigeri, M., Singh, D.P., Arora, D.K.,
2011. Salt-tolerant rhizobacteria-mediated induced tolerance in wheat (Triticum
aestivum) and chemical diversity in rhizosphere enhance plant growth. Biol. Fert.
Soils 47, 907–916.

Tripti Kumar, A., Usmani, Z., Kumar, V., 2017. Biochar and flyash inoculated with plant
growth promoting rhizobacteria act as potential biofertilizer for luxuriant growth and
yield of tomato plant. J. Environ. Manage. 190, 20–27.

Trivedi, P., Delgado-Baquerizo, M., Anderson, I.C., Singh, B.K., 2016. Response of soil
properties and microbial communities to agriculture: implications for primary pro-
ductivity and soil health indicators. Front Plant Sci. 7, 990.

Tu, C., Ristaino, J.B., Hu, S., 2006. Soil microbial biomass and activity in organic tomato
farming systems: effects of organic inputs and straw mulching. Soil Biol. Biochem. 38,
247–255.

P.K. Sahu et al. Ecological Indicators xxx (xxxx) xxx–xxx

11

http://refhub.elsevier.com/S1470-160X(18)30435-7/h0595
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0600
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0600
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0605
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0605
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0605
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0605
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0610
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0610
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0615
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0615
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0615
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0620
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0620
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0620
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0620
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0620
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0620
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0625
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0625
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0625
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0630
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0630
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0635
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0635
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0635
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0645
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0645
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0645
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0645
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0645
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0650
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0650
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0655
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0655
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0655
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0660
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0660
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0660
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0665
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0665
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0665
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0670
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0670
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0670
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0675
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0675
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0680
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0680
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0680
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0685
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0685
http://dx.doi.org/10.1007/s00374- 015-0996-1
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0695
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0695
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0695
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0700
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0700
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0705
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0705
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0705
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0710
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0715
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0715
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0715
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0720
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0720
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0725
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0725
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0725
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0730
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0730
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0730
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0735
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0735
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0740
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0740
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0745
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0745
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0745
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0750
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0750
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0750
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0750
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0755
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0755
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0755
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0760
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0760
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0760
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0765
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0765
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0770
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0770
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0770
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0775
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0775
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0775
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0780
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0780
http://dx.doi.org/10.5248/129.373
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0790
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0790
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0790
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0795
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0795
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0795
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0800
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0800
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0805
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0805
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0810
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0810
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0810
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0815
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0815
http://dx.doi.org/10.3389/fmicb.2016.00529
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0825
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0825
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0825
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0830
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0830
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0830
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0830
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0830
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0835
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0835
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0840
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0840
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0845
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0845
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0850
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0850
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0850
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0850
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0860
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0860
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0860
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0865
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0865
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0865
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0870
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0870
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0870
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0875
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0875
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0875
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0880
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0880
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0880
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0880
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0885
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0885
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0890
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0890
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0890
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0890
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0895
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0895
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0895
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0900
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0900
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0900
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0905
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0905
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0905


Van Bruggen, A.H.C., Semenov, A.M., 2000. In search of biological indicators for soil
health and disease suppression. Appl. Soil Ecol. 15, 13–24.

van der Wal, A., de Boer, W., 2017. Dinner in the dark: illuminating drivers of soil organic
matter decomposition. Soil Biol. Biochem. 105, 45–48.

Van Veen, J.A., van Overbeek, L.S., van Elsas, J.D., 1997. Fate and activity of micro-
organisms introduced into soil. MMBR 61, 121–135.

Verhulst, N., Kienle, F., Sayre, K.D., Deckers, J., Raes, D., Limon-Ortega, A., Tijerina-
Chavez, L., Govaerts, B., 2011. Soil quality as affected by tillage-residue management
in a wheat-maize irrigated bed planting system. Plant Soil 340, 453–466.

Wallenstein, M.D., Weintraub, M.N., 2008. Emerging tools for measuring and modeling
the in situ activity of soil extracellular enzymes. Soil Biol. Biochem. 40, 2098–2106.

Wang, Y.P., Law, R.M., Pak, B., 2010. A global model of carbon, nitrogen and phosphorus
cycles for the terrestrial biosphere. Biogeosciences 7, 2261–2282.

Wessén, E., Hallin, S., 2011. Abundance of archaeal and bacterial ammonia oxidizers–
possible bioindicator for soil monitoring. Ecol. Indic. 11, 1696–1968. http://dx.doi.
org/10.1016/j.ecolind.2011.04.018.

Xu, W., Cai, Y.-P., Yang, Z.-F., Yin, X.-A., Tan, Q., 2017. Microbial nitrification, deni-
trification and respiration in the leached cinnamon soil of the upper basin of Miyun
Reservoir. Sci. Rep. 7, 42032. http://dx.doi.org/10.1038/srep42032.

Yang, Y., Wu, L., Lin, Q., Yuan, M., Xu, D., Yu, H., Hu, Y., Duan, J., Li, X., He, Z., Xue, K.,
van Nostrand, J., Wang, S., Zhou, J., 2012. Responses of the functional structure of

soil microbial community to livestock grazing in the Tibetan alpine grassland. Global
Change Biol. 19, 637–648.

Yang, W.W., Ponce, A., 2011. Validation of a Clostridium endospore viability assay and
analysis of Greenland ices and Atacama Desert soils. Appl. Environ. Microbiol. 77,
2352–2358.

Yao, L., Wu, Z., Zheng, Y., Kaleem, I., Li, C., 2010. Growth promotion and protection
against salt stress by Pseudomonas putida Rs-198 on cotton. Eur. J. Soil Biol. 46,
49–54.

Yi, H.S., Ahn, Y.R., Song, G.C., Ghim, S.Y., Lee, S., Lee, G., Ryu, C.M., 2016. Impact of a
bacterial volatile 2, 3-butanediol on Bacillus subtilis rhizosphere robustness. Front.
Microbiol. 7.

Yilmaz, E., Sonmez, M., 2017. The role of organic/bio–fertilizer amendment on aggregate
stability and organic carbon content in different aggregate scales. Soil Till. Res. 168,
118–124.

Zhang, F.S., Shen, J.B., Zhang, J.L., Zuo, Y.M., Li, L., Chen, X.P., 2010. Rhizosphere
processes and management for improving nutrient use efficiency and crop pro-
ductivity: implications for China. In: Sparks, D.L. (Ed.), Advances in Agronomy 107.
Academic Press, USA, San Diego, pp. 1–32.

Zhou, J., Gu, Y., Zou, C., Mo, M., 2007. Phylogenetic diversity of bacteria in an earth-cave
in Guizhou province, southwest of China. J. Microbiol. 45, 105–112.

P.K. Sahu et al. Ecological Indicators xxx (xxxx) xxx–xxx

12

http://refhub.elsevier.com/S1470-160X(18)30435-7/h0910
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0910
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0915
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0915
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0920
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0920
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0925
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0925
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0925
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0930
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0930
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0935
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0935
http://dx.doi.org/10.1016/j.ecolind.2011.04.018
http://dx.doi.org/10.1016/j.ecolind.2011.04.018
http://dx.doi.org/10.1038/srep42032
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0950
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0950
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0950
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0950
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0955
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0955
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0955
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0960
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0960
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0960
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0965
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0965
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0965
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0970
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0970
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0970
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0975
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0975
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0975
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0975
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0980
http://refhub.elsevier.com/S1470-160X(18)30435-7/h0980

	Connecting microbial capabilities with the soil and plant health: Options for agricultural sustainability
	Introduction
	Microbes connect roots with the soils
	Nutrient cycling and organic matter decomposition
	Nutrient acquisition
	Production of phytohormones
	Plant growth promotion
	Soil health management
	Biocontrol activity
	Alleviation of abiotic stress

	Microorganisms as indicators of soil health
	Microbial indicators
	Microbial functions in agronomic practices
	Microbial volatile organic compounds (MVOCs)

	Microbial management of nutrient use efficiency
	Nitrogen use efficiency
	Phosphorus use efficiency
	Microorganisms improve use efficiency of other nutrients

	Future trends in microbial soil–plant health indicators
	Conclusion
	Acknowledgement
	References




