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Abstract Among various abiotic factors influencing the biology of rhizosphere,
soil organic matter (SOM) and humus formation play a major role in regulating
the nutrient acquisition capability of roots. Nitric oxide present in the rhizosphere
is a widely distributed gaseous biomolecule which plays a pivotal role in regu-
lating plant growth and metabolism. There exists a possible functional link asso-
ciated with the soil organic matter and NO generation in the rhizosphere. It is
important to understand the various biotic and abiotic sources of rhizospheric NO
being accumulated by the activity of microbes and in-vivo production of NO by
plant roots. Rhizosphere microclimate affects NO generation both from soil and
plant roots, however, excessive accumulation of NO may turn toxic for micro-
bial and plant growth. Plants synthesize NO both in the apoplast and symplast
region of root tissues. Thus, plant derived-NO contributes to the total available NO
in the rhizosphere which in turn affects root functioning. Soils harbour different
types of microbes which involve nitrifying-denitryifying bacteria, photoautotrophs,
chemotrophs or facultative/obligate symbionts. Nitric oxide levels in the rhizosphere
largely depends upon the nature of biotic community present in the soil which
in turn affects soil C:N ratio resulting from root exchange. Abiotic stress factors
like heavy metal stress, drought stress or hypoxia stress are alleviated by rhizo-
spheric NO. Furthermore, rhizospheric NO has been associated with management
of mineral deficiency in plants. NO stands to be an important molecule in nitrate-
sensing process of roots. NO acts differently at low and high levels of N present
in the soil. Humus mediated-NO formation also results in NO-IAA crosstalk which
acts upstream to PM-H+ATPase expression. Among various physiological effects
exhibited by NO, protein modification at cysteine residues, tyrosine nitration and
mobilization of secondary messengers have been reported to be active in response
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to abiotic stress. The rhizosphere-plant-atmosphere continuum of NO functioning is
therefore associated with plant-environment interactions.

Keywords Abiotic stress · Nitric oxide · Nitrate · Rhizosphere ·Microbes

1 Introduction

Rhizosphere is a unique facet of plant-environment interaction affected by various
biotic and abiotic factors. In this context, it is important to assess the microbial flora
of rhizosphere which largely regulates plant growth and nutrient exchange across
the roots. Among various abiotic factors influencing the biology of rhizosphere,
soil organic matter (SOM) and humus formation play a major role in regulating the
nutrient acquisition capability of roots. A diverse group of biomolecules like sugars,
amino acids, peptides, organic acids, minerals and other secondary metabolites are
exchanged in the soil-root interface. Nitric oxide present in the rhizosphere is a
widely distributed gaseous biomolecule which plays a pivotal role in regulating plant
growth and metabolism. It is important to understand the various biotic and abiotic
sources of rhizosphericNObeing accumulated by the activity ofmicrobes and in-vivo
production ofNOby plant roots. Nitric oxide is chemically amphipathic in nature and
capable of free diffusion across plasmamembranes. Plants synthesize NO both in the
apoplast and symplast of root tissues. Thus, plant derived-NO contributes to the total
available nitric oxide in the rhizosphere which in turn affects root functioning. Soils
harbour different types of microbes which involve nitrifying-denitryifying bacteria,
photoautotrophs, chemotrophs or facultative/obligate symbionts. Therefore, nitrifi-
cation and denitrification activities play a major role in the formation of NH3, NO2,
NO3 andNO in rhizosphere (Ġodde andConrad 2000).Mineralization of soil compo-
nents by heterotrophic microbes yield NH4 compounds which are further converted
to NO2, NO3 and NO. Furthermore, bio-fertilization results in agricultural soils
being rich in nitrification activities which may also result in higher accumulation of
NO. Nitric oxide levels in the rhizosphere largely depend upon the nature of biotic
community present in the soil which in turn affects soil C:N ratio resulting from root
exchange. Thus, NO levels in the rhizosphere affect the rate of N cycling between
the plant and soil. A part of the NO produced also reacts with other organic compo-
nents and is responsible for ozone formation in the troposphere. Soil-generated NO
in the rhizosphere has chemical abilities to form various nitrogenous forms like
N2O, N2O3 or peroxynitrites (Stöhr and Ullrich 2002). This in turn affects various
metabolic pathways within the plant roots. Additionally, different plant species have
been reported to exhibit varied levels of NO emission resulting due to nitrification
reactions (Wildt et al. 1997). Rhizospheric soils have been reported to exhibit higher
nitrification abilities in comparison with non-rhizospheric soils (Chowdhury et al.
2016). Thus,microbial activity is likely to decreasewith increase in soil distance from
plant roots. Root exudations and mycorrhizal associations contribute to the levels of
humus formation in the rhizosphere. This in turn affects the microbial flora present
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in the rhizosphere. Rhizospheric NO has been reported to regulate various morpho-
logical and physiological responses in plants. Regulation of root architecture and
morphology is partially controlled by available free NO present in the rhizosphere.
Abiotic stress factors like heavy metal stress, drought stress or hypoxia stress are
alleviated by rhizospheric NO (Arasimowicz-Jelonek et al. 2011b; Molina-Favero
et al. 2007). Furthermore, rhizospheric NO has been associated with management of
mineral deficiency in plants (Zhang et al. 2012). NO uptake has also been reported to
be regulated byNO concentrations in the rhizosphere (Simon et al. 2013). NO plays a
major role in communication between rhizospheric microbes and roots (Pande et al.
2021). The current chapter thus summarizes the aspects of plant growth and stress
tolerance mechanisms mediated by rhizospheric nitric oxide.

2 Sources of NO Generation and Its Distribution
in the Rhizosphere

Nitric oxide formation in the rhizosphere results from both microbial activity and
plant based NO biosynthesis in the roots. Bacterial nitrification and denitrification
are major microbial pathways responsible for NO accumulation in the rhizosphere.
NO in soil is likely to be produced by autotrophic or heterotrophic nitrification or
denitrification reactions (Robertson and Groffman 2005). Soil based variation in the
levels of NO largely depend upon the types of ecosystem. Tropical moist forest
lands have been reported to exhibit high turnover of NO prevalent in the rhizosphere
(Butterbach-Bahl et al. 2001). NO and N2O are the major nitrogen oxides produced
in the rhizosphere among which N2O flux usually appears higher than NO. Various
parameters of soil texture, temperature, fertilization and microbial activity affect NO
levels in the rhizosphere (Stange et al. 2000; Parton et al. 2001; Butterbach-Bahl
et al. 2001). Rhizosphere microclimate affects NO generation both from soil and
plant roots, however, excessive accumulation of NO may turn toxic for microbial
and plant growth (Zumft 1997). Simon et al. (2009) has reported the evidences of
rhizospehric NO being absorbed by plant roots. This has been attributed to NO-
induced regulation of pedospheric nitrogen allocation among various components
of the rhizosphere. NO level in the rhizosphere is indicative of the relative levels of
microbial and plantmetabolism prevalent in the zone.Microbialmetabolism involves
requirement of various amino acids and ammonium compounds in the soil. Thus,
low levels of NO in the rhizosphere signify poor N-turnover generated by micro-
bial metabolism (Simon et al. 2013). Various nitrifying bacteria like Rhizobium,
Azotobacter or Azospirullum influence the rate of NO flux from the rhizosphere.
Chemolithotrophic bacteria present in the rhizosphere may also alter nitrate use effi-
ciency and influence the rate of NO generation (Laanbroek and Woldendorp 1995).
Presence of arbuscular-vescicular mycorhizal fungi (Glomus sp.) associated with the
rhizospher regulate NO generation through nitrification and denitrification activities
(Zhang et al. 2013). Evidences suggest the crucial role of soil fungi in regulating
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N2O and NO emission from the rhizosphere (Ma et al. 2008). Fungal respiration
pathway thus involves the conversion of N2O to NO. However, unlike bacterial deni-
trification process fungal metabolism involves aerobic conditions in the rhizosphere.
Thus, oxygen levels in the rhizosphere may regulate the rate of fungal and bacterial
metabolism contributing to NO generation (Ma et al. 2008). Hypoxic condition in
the rhizosphere alters the rate of heterotrophic nitrification thus causing changes in
the NO flux. The conversion of rhizospheric NO to N2O catalyzed by the activity of
nitric oxide reductase has been reported in some fungal members (Zhang et al. 2001;
Zhou et al. 2002; Watsuji et al. 2003).

Nitric oxide produced in the rhizosphere is transient and freely diffusible. Plant-
derived nitric oxide also contributes to rhizospheric NO. NO by the virtue of its
unpaired electron has been suggested to possess high reactivity with O2 or O2−. In
this regard it is worth mentioning that certain amount of NO formed in the rhizo-
sphere gets converted to nitrite by oxidation (Stohr and Ulrich 2002). Additionally
autooxidation of NO in the rhizosphere also yields peroxynitrite species (ONOO−)
(Huie and Padmaja 1993). Subsequently NO toxicity affects plant metabolismwhich
is attributable to the formation of oxidizing species of peroxynitrite. Furthermore
during hypoxic conditions NO tends to react with thiols and secondary amines.
Alkaline soil in the rhizosphere supports the formation of N2O. Thus formation and
distribution of NO in the rhizosphere is precisely regulated by the edaphic factors
associated with the nature of microflora.

3 Rhizosphere Composition Regulates Apoplastic
and Symplastic NO Production in Roots

Nitric oxide in plants is biosynthesized both by enzymatic and non-enzymatic path-
ways. In animal systems NO is mainly synthesized by the enzyme nitric oxide
synthase (NOS). Although putative NOS like activity has also been detected in plants
(Durner et al. 1998; Foissner et al. 2000) major part of NO in cytosol is produced
by the enzyme nitrate reductase (cNR). Nitrite has been reported to be an important
precursor of NO in plant cells (Delledonne et al. 1998). Non-enzymatic pathway of
NO biosynthesis involves protonation of nitrite to form nitrous acid which subse-
quently yields NO and NO2

−. Bethke et al. (2004) suggested that such mechanism of
NO generation is likely to be prevalent in the apoplast of plant roots. Various factors
like low pH, nitrite permeable transporters and nitrite present in the apoplast support
apoplastic pathway of NO production in plants. However, root tissues may vary in
their apoplastic nitrite content which partially depends upon the N turnover rate of
rhizosphere. Interestingly Bethke et al. (2004) have reported the presence of pheno-
lics to promote NO formation in the apoplastic regions. Rhizospheric region has been
reported to contain higher amount of NO2

− compare to the soil solutions away from
the vicinity of plan roots (Binnerup and Sorensen 1992). Intriguing facts remain to
be deciphered as to whether plant roots involve more of enzymatic or non-enzymatic
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pathway leading to NO generation. There are possibilities of rapid changes in root
apoplastic pH mediated by various signaling events like auxin efflux, gravitropic
response or changes in ion flux (Fasano et al. 2001; Pagnussat et al. 2002). Further-
more, root plasma membranes are known to possess NR activity which subsequently
draws the possibility of apoplastic NO generation both through enzymatic and non-
enzymatic pathways (Stohr and Ullrich 2002). According to Wildt et al. (1997)
different plant species have been reported to possess variable NO emission limits in
their rhizosphere. Thus, both apoplastic and symplastic NO produced by plant roots
is likely to diffuse into the rhizosphere. Tobacco root cell plasmamembrane has been
reported to possess a nitrite: NO reductase enzyme capable of NO generation from
nitrite (Stöhr et al. 2001). Earlier investigations suggested underground NO forma-
tion only under the control of microbial sources (Stöhr and Ullrich 2002). However,
investigation across the last decade has put forward some intriguing facts about the
rhizospheric regulation of NO generation in plant roots. The absorptive zone of roots
contains abundant root hairs. This zone is active for nutrient exchange from soil
solution. Furthermore, the morphology and architecture of root is under the precise
control of rhizosphere nutrient levels (Forde and Lorenzo 2001; Forde 2002). Nitrate-
induced lateral root formation thus coincides with cellular NO generationmanifested
as an effect of soil nitrate levels (Zhang and Forde 2000). Cytoslic nitrate reductase
activity is induced by soil and apoplastic nitrite levels. Anoxic condition in the rhizo-
sphere is likely to exert compartmentalisation of nitrite in the apoplast thus leading
to NO generation in the apoplast (Botrel et al. 1996; Stoimenova et al. 2003). Nitrite
mediated NO formation in the apoplast is upregulated by ascorbic acid and phenolic
substances (Bethke et al. 2004). According to Stöhr and Stremlau (2006) it is difficult
to quantify plant liberated NO present in the rhizosphere as bacterial nitrification–
denitrification process remains active in the vicinity of roots. Soil liberated NO lies
in the range of 1 mg Nm−2 h−1 which, however, is a function of rhizosphere pH, soil
temperature, moisture and fertilization (Stöhr and Ulrich 2002). Anoxic conditions
result in high amount of apoplastic NO generation in plant roots. This amount of NO
generation inadvertently protects cellular biomolecules from NO toxicity.

4 Rhizospheric Organic Matter Elevates NO Biosynthesis
and Subsequent Upregulation of Plant Growth Hormones

Rhizospheric nitric oxide can possibly modulate the activity of various plant growth
regulators like auxin (IAA), cytokinin (Cyt), abscisic acid (ABA) and ethylene (Et).
Crop productivity is largely regulated by the content of soil organic matter in the field
(MacCarthy et al. 1990; Magdoff and Weil 2004). Root-generated NO and humus
(SOM) affect microbial metabolism in the rhizosphere. Humus originates primarily
from fresh organic matter of plant and animal debris. Microbial and fungal activity
in the rhizosphere causes degradation of complex organic substances. This regu-
lates the nutrient availability of the soil viz. rhizosphere (Tipping et al. 2002; Chen
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et al. 2004). Investigations have suggested that a certain amount of humus with low
molecular weight can penetrate root apoplast thus affecting nutrient exchange capa-
bility of the roots (Vaughan et al. 1985; Vaughan 1986; Nardi et al. 2002, 2009).
Humification has been reported to directly regulate NO biosynthesis in roots which
is also associated with increase in plasma membrane bound H+ ATPase activity and
hormone biosynthesis (IAA,ABA, Et) (Mora et al. 2014). Furthermore, humusmedi-
ated effects can be manifested through variable concentration of growth regulators
prevalent in root and shoot of plants (Mora et al. 2014). Since NO is a biologically
active signaling molecule, therefore it is worthwhile to state that humus mediated
regulation of PGRs is likely mediated by root NO levels. Rhizospheric humus has
been suggested to elevate auxin activity (Mora et al. 2014). Interestingly, humus
mediated upregulation of root PM-H+ ATPase activity enhances nitrate uptake by
plants (Mora et al. 2014). In this context, Jannin et al. (2012) reported that rhizo-
spheric humus preferably up regulates the genes associated with nitrate transport in
roots. Humus-induced nitric oxide surge acts as a rapid response which triggers the
expression of PM H+ATPase, IAA and Et in the roots (Zandonadi et al. 2010; Mora
et al.2014). These physiological changes later manifest in the form of better root
growth, root hair proliferation and increased root dry weight. Humus mediated-NO
formation also results in NO-IAA crosstalk which acts upstream to PM-H+ATPase
expression (Xu et al. 2010; Terrile et al. 2012; Freschi 2013). According to Terrile
et al. (2012) NO can preferably S-nitrosylate the TIR-1 region of auxin receptor and
down regulate IAA-oxidase activity. Humus mediated enhancement in nitrate uptake
therefore promotes cytosolic NO biosynthesis in plant roots. Thus, in the context of
rhizopshericNOhumus acts as a positivemodulator of plant growth.However, further
investigations are required to decipher the analysis of NO contributed by the plant
root and microflora in the rhizosphere separately. Humus associated rhizosphere
acidification is likely to regulate the microbial metabolism thus affecting NO flux
from rhizosphere.

5 Rhizospheric NO Regulates Nitrate Assimilation
and Root Architecture in Plants

Various investigations have deciphered the role of endogenous nitric oxide in
growth promoting effects on various plant organs. However, rhizospheric NO also
exerts unique regulation on root architecture and its proliferation. Autotrophic or
heterotrophic nitrification promotes rhizospheric NO in soils (Fig. 1). Azospirillum
brasilense is a soil dwelling plant—growth-promoting bacteria which liberates NO
through itsmetabolic pathways.Aerobic denitrification processmediated byAzospir-
illum brasilense has been considered as a major source of NO flux from rhizosphere.
Tomato (Solanum lycopersicum Mill.) plants investigated for Azospirillum medi-
ated growth promoting effects were observed to exhibit better root proliferation
(lateral and adventitious root) in presence of bacterial inoculation. The malleability



Dynamic Pool of Nitric Oxide (NO) in Rhizosphere Modulates Root … 155

Fig. 1 Sources of rhizospheric NO. In the aboveground parts of plants NO are being synthesized
inside plant cell and is translocated to below ground. In the belowground rhizospheric region has
substantial NO that is uptaken up by plant roots. Region outside rhizosphere acts as supplier of NO
through soil organic matter (humus) that transport NO through diffusion into rhizosphere followed
by roots. A number of free living nitrogen fixing bacteria converts NH4+ into NO which is then
transported to rhizosphere where it gets converted into NO3− (nitrate) that is readily taken up by
plant roots. Additionally, number of nitate fertlizers also acts as a source of NO subsequently into
nitrate. Furthermore, ammonia itself in solution gets translocated to rhizospheric region in the form
of NO. Inside the rhizospheric region, a number of symbiotic nitrogen fixing bacteria and arbuscular
mycorrhizal fungi (AMF) are found associated with plant roots that also acts NO source in plant
roots

of NO-induced root growth was confirmed by treatments of NO scavengers. Azospir-
illum brasilense is unique among various plant-growth-promoting bacteria (PGPB)
and regulates root architecture through root hair proliferation and LR formation
in wheat and tomato (Kolb and Martin 1985; Okon and Kapulnik 1986; Fallik
et al. 1994; Dobbelaere et al. 1999; Creus et al. 2005). According to Hartmann and
Zimmer (1994) dissimilatory nitrate reduction pathway of Azospirillum produces
nitrite in addition to nitric oxide and nitrous acid. NO prodiction by Azospirillum
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has been suggested to be accomplished by various pathways during aerobic condi-
tions (Molina-Favero et al. 2007). Aerobic denitrification has been suggested to be
accomplished by periplasmic nitrate reductase activity (Jetten et al. 1997). Other
metabolic pathways likely to be prevalent are heterotrophic denitrification of ammo-
nium compounds which liberate hydroxylamine and NO as intermediates (Wrage
et al. 2001). Different strains of Azospirillum have been used for inoculation with
plants. Nutrient status of the rhizosphere regulates the nature ofmetabolism exhibited
by Azospirillum and energised by NH4

+, NO3
–, or arginine availability. NO produc-

tion, however, can also result from stressful situations. Rhizospheric NO is a volatile
membrane permeable gaseous growth modulator likely to diffuse into plant roots.
Nitrite uptake by roots can promote apoplastic NO formation in plants. NO-induced
root proliferation is mediated by downstream auxin response (Pagnussat et al. 2002).
Molina-Favero et al. (2008) suggest the possibility of NO-induced activation of
cyclin D3 proteins necessary for cell cycle regulation, which in turn regulates cell
division leading to root proliferation. Exogenous humus application has also been
reported to increase PM H+-ATPase activity in maize seedlings (Zandonadi et al.
2010). Interesting observations have been obtained for the rate of reductive denitri-
fication activity prevalent in the rhizosphere of barley crops. NO has been reported
to be associated with nitrate assimilation at varying levels of nitrogen in the rhizo-
sphere. The process of nitrate uptake through roots is followed by long distance from
roots to shoots. NO stands to be an important molecule in nitrate-sensing process of
roots (Sanz-luque et al. 2013, Sun et al. 2015a). NO has been reported to regulate
the expression of transcripts associated with nitrate assimilation pathway. However,
NO-induced modulation of NR activity showed varietal differences in its expression
levels. Interestingly, NO liberated by NR activity counter-regulates the activity of
nitrate transporters thus increasing N uptake. This is further manifested by increased
lateral root growth (Zhang et al. 2007; Ruffel et al. 2011; Mounier et al. 2013; Sun
et al. 2015b). NO acts differently at low and high levels of N present in the soil. Low
N content leads to NO-induced activation of nitrate transporters to increase internal
N levels in the plant roots. However, during high N-levels in soil NO inhibits the
phosphorylation of 14–3–3 and causes S-nitrosylation of the protein (Frungillo et al.
2014). Non-mycorhizal beech roots (Fagus sylvatica) were reported to be associated
with increased uptake of ammonium and glutamate sources induced byNO treatment
(Simon et al. 2009). These observations thus imply that Rhizospheric NO-mediated
N partitioning possibly occurs between plant roots and soil microbes in natural soil.
Variable concentrations of NO in presence of different N levels in soil rhizosphere
exhibit differences in the intensity of N-uptake in Scots pine (Pinus sylvestris L.)
seedlings (Simon et al. 2013). Higher concentrations of NO supported preferential
uptake of nitrate and arginine. Amonium uptake was, however, independent of NO
concentration. This substantiates the fact that high concentration of NO preferen-
tially increases nitrate and arginine uptake through roots. Thus, rate of N assimila-
tion by plants mostly appears to be a function of rhizospheric NO concentrations.
To summarize, N-sources potentially available to pine seedlings were mostly ammo-
nium, nitrates, glutamine and arginine. The authors also stated that NO-mediated
response of N-uptake varies in different plant species. Dong et al. (2015) suggests the



Dynamic Pool of Nitric Oxide (NO) in Rhizosphere Modulates Root … 157

synergistic effects of rhizospheric NO and CO2 to affect N-uptake in Fagus sylvatica
seedlings. Rhizospheric CO2 is another important regulatory molecule released by
microbial or plant respiration. CO2 functioning associated with such soil-root inter-
face also regulates N-uptake (Cramer et al. 1996; Van der Merwe and Cramer 2000;
Viktor and Cramer 2005). The effect of NO on N-uptake was more pronounced at
ambient CO2 concentrations. High and lowCO2 concentrations prioritised the uptake
of organic or inorganic N-uptake in presence of NO.

6 Nitric Oxide Mediated Abiotic Stress Tolerance in Plants
is Partially Regulated by Rhizospheric Interactions

Unfavourable growth environment for plants aremostly associatedwith high nutrient
depletion, heavy metal infusion, poor cation exchange capability of soils, sodicity
or temperature adversities. Furthermore, anoxic and hypoxic conditions also result
in physiological imbalances occurring in various plant organs. Changes in the pH,
temperature and oxygen content of the rhizosphere primarily affect root metabolism
and membrane functioning. Nitric oxide synthesis and its distribution in plants is
regulated at the root-soil interface and accompanied by various factors like composi-
tion of microflora, available soil NO and N availability. Natural soils mostly involve
NO flux obtained due to microbial metabolism. Agricultural fields, however, are
subject to variable NO flux regulated by fertilization, irrigation and type of culti-
vation practiced. Alkaline and acidic soils show differences in microbial communi-
ties and available sources of NO. NO mediated imbalance in the reactive nitrogen
species (RNS) levels triggers various nitrosative responses in plants (Corpas et al.
2011). Environmental adversities led to formation of reactive radical species thus
causing harm to various cellular and metabolic processes. In this context, roots are
likely to produce high amounts of apoplastic NO which prevents cytoplasmic NO
toxicity. Thus beneficial effect of NO is largely mediated by signaling response
associated with stress stimuli. Roots are subjected to higher rates of environmental
variations in comparison with shoot or aerial organs. Thus root-mediated abiotic
stress signals are transduced to aerial organs through long distance signal transduc-
tion. Among various physiological effects exhibited by NO, protein modification at
cysteine residues, tyrosine nitration and mobilization of secondary messengers have
been reported to be active in response to cadmium toxicity in soils (Gill et al. 2013).
Persistence of cadmium in soils is mostly due to its prolonged biological half-life
and common in areas contaminatedwith industrial effluents or phosphate fertilization
(Gill et al. 2013). This heavy metal has been reported to be readily uptaken by roots.
Conversely, NO has been attributed to facilitate cadmium uptake from rhizosphere
which contradicts to its role in alleviating cadmium toxicity (Arasimowicz-Jelonek
et al. 2011a). However, NOmediated amelioration depends upon rhizosphere compo-
sition, N turnover and NO flux from root-soil interface. Upregulation of endogenous
NO biosynthesis has been reported to be regulated by cadmium stress. Hypoxia is
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a major soil-mediated abiotic stress signal inducing morpho-anatomical and phys-
iological changes in plants. Water logging in soils cause oxygen deficiency which
affects plants at the early vegetative stages. Liu et al. (2015) have reported that
hypoxia-induced NO formation in Populus is primarily regulated by nitrate levels
available in the nutrient solution. Thus nitric oxide production in roots induced by
oxygen deficiency is likely to be a function of rhizospheric nitrate concentration and
subsequent nitrite formation catalyzed by cNR activity in roots. Similar investiga-
tions by Wany et al. (2017) revealed that ethylene-induced aerenchyma formation
in wheat roots was possibly regulated by NO activity during hypoxic conditions.
Hypoxia-induced NO formation was catalyzed by NR activity prevalent in roots.
The authors also reported that NO-signal during hypoxia was possibly transduced
by xylem mediated long distance transport of NO-precursor or NO derivative from
root to aerial shoots of Populus. Soil-dwelling chemolithotrophs are responsive to
nitrification process induced by stressful conditions (Laanbroek and Woldendorp
1995). Thus, abiotic stress-induced microbial nitrification in the rhizosphere is one
of the major regulators of NO production and its downstream action in plants. Mora
et al. (2014) have reviewed the beneficial role of rhizospheric humus in promoting
abiotic stress tolerancemediated byNO.Sodic stress-inducedNOsignaling primarily
operates through NO-IAA crosstalk in cucumber plant roots (Gong et al. 2015).

Interestingly, plant based non-symbiotic haemoglobins have been reported to
act as important endogenous regulator of NO in roots (Dordas et al. 2003). Plants
subjected to hypoxia often exhibit a surge in cytosolic NO content. Hypoxia-induced
haemoglobin synthesis has been reported in maize roots (Taylor et al. 1994). Rhizo-
spheric changes associated with O2 defeciency and water logged conditions promote
haemoglobin accumulation in roots. This family of protein in its oxyhaemoglobin
form ligates with NO to form nitrosylhaemoglobin. Thus, haemoglobin-NO interac-
tion triggered by hypoxia stress is involved with plant tolerance to O2 defeciency,
adventitious rooting and prevention of nitrosative stress (Dordas et al. 2003). In
this context, it is important to understand that exogenous nitrate levels also regulate
haemoglobin mediated NO interaction in roots (Dordas et al. 2003). NO has been
reported to increase Fe availability in Arachis hypogaea Linn. hsuji grown in iron
deficient calcareous soils (Zhang et al. 2012). NO-induced increased Fe uptake has
been suggested to be accomplished by increased FeIII reductase activity in the roots
followed by increased levels of available Fe form in the rhizosphere (Zhang et al.
2012). Thus rhizospheric NO level is important in regulating the pH, available Fe
content and Fe reducing ability in the soil-root interface. NO-mediated alleviation
of Fe deficiency thus manifests in better plant growth and increased biomass. Zn-
stress tolerance in Solanum nigrum plants have been reported to be operative through
NO production and subsequent modulation of antioxidative homoeostasis. Zn stress-
inducedNO formation has been suggested to cause programmed cell death at the root
apex followed by regulation of root architecture. Salinity stress and plant community
assemblage have been reported to regulate microbial denitrification in natural wet
land vegetations of coastal regions (Bañeras et al. 2012). Al-induced NO production,
however, exerts negative impact on Al-tolerance of plants (Sun et al. 2015a, 2015b).
NO produced by Al toxicity further decreases pectin methylation in root cell wall.
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This results in increased Al uptake from rhizosphere. Thus rhizosphere composi-
tion affected by nutrient availability and concentration of essential and non-essential
minerals regulate NO-mediated responses during abiotic stress.

7 Rhizobacteria Mediated NO Formation
in the Rhizosphere Regulates Abiotic Stress Tolerance
in Plants

Root-colonizing rhizobacteria are important regulators of abiotic stress tolerance in
plants. Plant-bacteria interaction in the rhizosphere triggers a series of physiological
events associated with stress tolerance, free radical detoxification and amelioration
of the effects of soil toxicity. The rhizosphere is suitable for root colonizing bacteria
due to the fact that around 85% of soil organic carbon is obtained from roots and
underground plant tissues (Barber and Martin 1976). Rhizobacteria respond to the
root exudates and colonize by the mechanism of chemotaxis. A complex networking
has been suggested to develop between the bacterial proteins and plant root exudates
obtained in the rhizosphere (Gomez-Gomez and Boller 2002; Navarro et al. 2006).
Among various biomolecules produced by rhizobacteria, NO is liberated in the rhizo-
sphere. NO further induces resistance to soil pathogens and increases bioavailability
of soil associated essential minerals (Dimkpa et al. 2009). Rhizobacteria mediated
NO liberation regulates hormone biosynthesis pathway in the roots and aerial organ
of the plants. Auxin, gibberllin and ethylene are themajor target biomolecules modu-
lated byNO.However, stress response induces elevation of ABA in the roots exposed
to stress factors in the rhizosphere.Rhizobacteria can colonize both in the external and
internal region of root cortex and hypodermis. The various soil dwelling rhizobac-
teria include Bacillus, Pseudomonas, Klebsiella, and Streptomyces which can also
grow as endophytes in the roots (Hallmann et al. 1997; Long et al. 2008). NO medi-
ated regulation of root architecture has been reported in Azospirullum-plant interac-
tion (Creus et al. 2005; Molina-Favero et al. 2008). NO-mediated ethylene biosyn-
thesis can, however, be reduced by the action of bacterial ACC deaminase activity
which reducedACC and ethylene levels in the roots. Thus, rhizobacteria colonization
imparts abiotic stress tolerance mediated by reduced ethylene levels in plants. NO
and IAA produced by the bacterial metabolism promotes lateral root development in
plants. Furthermore, the beneficial effect of NO is manifested by increased accumu-
lation of compatible solutes and antioxidants. Belimov et al. (2009) has suggested
growth improvements and increased water use efficiency in pea plants supplemented
with ACC deaminase producing bacterial strains. Plant growth promoting bacteria
can possibly facilitate NO-induced salt stress amelioration. The process of NO-
mediated modulation of enzyme activity (lipoxygenase, peroxidase, phenylalanine
ammonialyase, catalase, superoxide dismutase) and subsequent proline accumu-
lation has been reported to be enhanced by bacterial inoculation in salt-stressed
soybean plants (Vaishnav et al. 2013). Furthermore, bacterial growth in association



160 P. Mathur and S. Mukherjee

to exogenous nitric oxide effectivelymodulates ion transportmechanismsmanifested
by altered sodium and potassium levels. Evidences therefore imply that microbial
composition at the rhizosphere region possibly regulate NO-induced processes of
ion transport and metabolism in roots. Rhizobacteria-mediated NO production has
been reported in response to drought, salinity and heavy metal stress (Dimkpa et al.
2009). Rhizobium sp. has been reported to trigger IAA induced-NO production in
Pisum, Medicago and sugar beet plants (Ramachandran et al. 2011; Molina-Favero
et al. 2007). Thus application of rhizobacteria in the form of biofertilizer promotes
nutrient availability and NO production in the rhizosphere.

8 Future Perspectives: Rhizospheric NO Regulates
Symbiotic Associations with Plant Roots

Nitric oxide has been reported to play a pivotal role in the aspects of plant-fungi and
plant-bacterial symbiosis. Soil nitrate levels accompanied by N-uptake and rhizo-
spheric NO production are some of the primary factors associated with the establish-
ment of symbiotic associations. NO primarily regulates process of nodule formation
and its senescence during legume-rhizobium symbiosis (Puppo et al. 2013). In this
context both plant and bacterial metabolism associated with NO liberation provides
important insights to the signaling process. Nitrate reductase, putative NO synthase
and nitrate levels play a major role in the intensity of NO liberation (Meilhoc et al.
2011). However, excess NO causes inactivation of nitrogenase in the rhizobium
colonies of root nodules. Thus bacterial enzymatic systems include haemoglobin,
nitric oxide reductase and flavoredoxinswhich convertNO into nitrates, nitrous oxide
or amonia (Cabrera et al. 2011). Bethke et al. (2004) considers both plant and bacteria
as potential sources contributing to rhizospheric NO involved in symbiotic process.
Different metabolic pathways are likely to be trigger NO generation in aerobic and
anaerobic conditions. (Gupta et al. 2011; Mur et al. 2013). Thus O2 environment
is an important determinant of NO-mediated root-bacterial signaling. According to
Leach et al. (2010) NO production during soybean-Bradyrhizobium japonicum inter-
action is likely to be NOS dependent. Contradictory observations by Boscari et al.
(2013), however, do not state the possibilities ofNOSmediatedNOgeneration during
the early phase of NO-mediated symbiosis. Rhizospheric NO levels can effectively
upregulate leg haemoglobin genes (LjHB1) in plants (Shimoda et al. 2005; Nagata
et al. 2008). Interestingly NO burst occurring at the early stage of root-bacterial
symbiosis induces haemoglobin synthesis which down regulates further NO produc-
tion thus facilitating nodulation process in the roots. NO in general has been reported
to exert both positive and negative regulation in the nodulation process in various
plant systems (Pii et al. 2007; Leach et al. 2010; Shimoda et al. 2009). Hypoxic
condition in the rhizosphere regulates NO-mediated symbiotic interaction associ-
ated with nitrate levels and subsequent NR activity (Meakin et al. 2007; Sanchez
et al. 2010; Horchani et al. 2011). Nitrate mediated NO generation is likely to be
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accomplished by mitochondrial and bacterial electron transfer chain (Horchani et al.
2011). NO mediated regulation of nitrogenase levels has been reported to be regu-
lated by S-nitrosylation activity (Xue et al. 2010; Puppo et al. 2013). Mycorhizal
inoculation by Gigaspora margarita has also been reported to induce NO formation
in Medicago trunculata (Calcagno et al. 2012). NO mediated mycorhizal symbiosis
has been reported to be assisted by downregulation of defence resposne thus facili-
tating mycorhizal associations in the root (Boscari et al. 2013; Espinosa et al. 2014).
Plasma membrane associated NR activity, NO reducatse and rhizospheric nitrate
levels are important determinants of mycorhizal symbiosis (Moche et al. 2010). NO,
ROS and phytohormone crosstalk has been reported to be crucial in establishing
both mycorhizal and lichen symbiosis (Hichri et al. 2015). Rhizospheric NO has
been reported to exhibit differential effects on N-uptake rates in mycorhizal and
non-mycorhizal roots (Simon et al. 2009). Thus, further investigations are necessary
to decipher complex reguations of rhizosphere NO in regulation of mycorhizal and
lichen associations. The rhizosphere-plant-atmosphere continuumofNO functioning
is therefore associated with plant-environment interactions.
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in cadmium challenged plants. Plant Sci 181:612–620

Arasimowicz-Jelonek M, Floryszak-Wieczorek J (2011b) Understanding the fate of peroxynitrite
in plant cells—from physiology to pathophysiology. Phytochem 72:681–688

Bañeras L, Ruiz-Rueda O, López-Flores R, Quintana XD, Hallin S (2012) The role of plant type and
salinity in the selection for the denitrifying community structure in the rhizosphere of wetland
vegetation. Int Microbiol 15:89–99

Barber DA, Martin JK (1976) The release of organic substances by cereal roots into soil. New
Phytol 76:69–80

Belimov AA, Dodd IC, Hontzeas N, Theobald JC, Safronova VI et al (2009) Rhizosphere bacteria
containing 1-aminocyclopropane-1-carboxylate deaminase increase yield of plants grown in
drying soil via both local and systemic hormone signalling. New Phytol 181:413–423

Bethke PC, BadgerMR, Jones RL (2004) Apoplastic synthesis of nitric oxide by plant tissues. Plant
Cell 16:332–341

Binnerup SJ, Sorensen J (1992) Nitrate and nitrite microgradients in barley rhizosphere as detected
by a highly sensitive denitrification bioassay. Appl Environ Microbiol 58:2375–2380

Boscari A, Del Giudice J, Ferrarini A, Venturini L, Zaffini AL et al (2013) Expression dynamics
of the Medicago truncatula transcriptome during the symbiotic interaction with Sinorhizobium
meliloti: which role for nitric oxide? Plant Physiol 161:425–439

Botrel A, Magne C, Kaiser WM, (1996) Nitrate reduction, nitrite reduction and ammonium
assimilation in barley roots in response to anoxia. Plant Physiol Biochem 34:645–652

Butterbach-Bahl K, Stange F, Papen H (2001) Regional inventory of nitric oxide and nitrous oxide
emissions for forest soils of south–eastGermany using the biogeochemicalmodel PnET-NDNDC.
J Geophys Res 106D:34155–34166

Cabrera JJ, Sanchez C, Gates AJ, Bedmar EJ, Mesa S et al (2011) The nitric oxide response in
plant-associated endosymbiotic bacteria. Biochem Soc Trans 39:1880–1885



162 P. Mathur and S. Mukherjee

Calcagno C, Novero M, Genre A, Bonfante P, Lanfranco L (2012) The exudate from an arbuscular
mycorrhizal fungus induces nitric oxide accumulation inMedicago truncatula roots. Mycorrhiza
22:259–269

Celeste-Molina F, CeciliaMónica C, Luciana-Lanteri M, Natalia C, Aragunde, María CL, Cell
Physiol 46:99–107

Chen Y, Clapp CE, Magen H (2004) Mechanisms of plant growth stimulation by humic substances:
the role of organo-iron complexes. Soil Sci Plant Nutr 50:1089–1095

Chowdhury S, ThangarajanR,BolanN,Reilly-Wapstra J, KunhikrishnanA et al (2016)Nitrification
potential in the rhizosphere of Australian native vegetation. Soil Res 55:58–69

Corpas FJ, Leterrier M, Valderrama R, Airaki M, Chaki M et al (2011) Nitric oxide imbalance
provokes a nitrosative response in plants under abiotic stress. Plant Sci 181:604–611

Cramer MD, Savidov NA, Lips SH (1996) The influence of enriched rhizosphere CO2 on N uptake
and metabolism in wild-type and NR-deficient barley plants. Physiol Plant 97:47–54

Creus CM, Graziano M, Casanovas EM, Pereyra MA, Simontacchi M et al (2005) Nitric oxide is
involved in the Azospirillum brasilense-induced lateral root formation in tomato. Planta 221:297–
303

Delledonne M, Xia Y, Dixon RA, Lamb C (1998) Nitric oxide functions as a signal in plant disease
resistance. Nature 394:585–588

Dimkpa C, Weinand T, Asch F (2009) Plant–rhizobacteria interactions alleviate abiotic stress
conditions. Plant Cell Enviro 32:1682–1694

Dobbelaere S,CroonenborghsA,ThysA,VandeBrookeA,Vanderleyden J (1999) Phytostimulatory
effect ofAzospirillum brasilensewild type andmutant strains altered in IAA production onwheat.
Plant Soil 212:155–164

Dong F, Simon J, Rienks M, Lindermayr C, Rennenberg H (2015) Effects of rhizopheric nitric
oxide (NO) on N uptake in Fagus sylvatica seedings depend on soil CO2 concentration, soil N
availability, and N source. Tree Physiol 35. https://doi.org/10.1093/treephys/tpv051

Dordas C, Rivoal J, Hill RD (2003) Plant haemoglobins, nitric oxide and hypoxic stress. Ann Bot
91:173–178

Durner J, Wendehenne D, Klessig DF (1998) Defense gene induction in tobacco by nitric oxide,
cyclic GMP, and cyclic ADPribose. Proc Natl Acad Sci USA 95:10328–10333

Espinosa F, Garrido I, Ortega A, Casimiro I, Alvarez-Tinaut MC (2014) Redox activities and ROS,
NO and phenylpropanoids production by axenically cultured intact olive seedling roots after
interaction with a mycorrhizal or a pathogenic fungus. PLoS ONE 9:e100132

Fallik E, Sarig S, Okon Y (1994). Morphology and physiology of plant roots associated with
Azospirillum. In: Okon Y (ed) Azospirillum plant associations, pp 77–86. CRC Press, Boca
Raton, FL, U.S.A.

Fasano JM, Swanson SJ, Blancaflor EB, Dowd PE, Kao TH, Gilroy S (2001) Changes in root cap
pH are required for the gravity response of the Arabidopsis root. Plant Cell 13:907–921

Foissner I, Wendehenne D, Langebartels C, Durner J (2000) In vivo imaging of an elicitor-induced
nitric oxide burst in tobacco. Plant J 23:817–824

Forde B, Lorenzo H (2001) The nutritional control of plant development. Plant Soil 232:51–68
Forde BG (2002) Local and long-range signaling pathways regulating plant responses to nitrate.
Ann Rev Plant Biol 53:203–224

Freschi L (2013) Nitric oxide and phytohormone interactions: current status and perspectives. Front
Plant Sci 4:398

Frungillo L, Skelly MJ, Loake GJ, Spoel SH, Salgado I (2014) S-nitrosothiols regulate nitric oxide
production and storage in plants through the nitrogen assimilation pathway. Nature Commun
5:5401
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