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Abstract

Nickel (Ni) toxicity disrupts the cellular processes and is detrimental for plant growth and development. Silicon (Si) and
AMF (arbuscular mycorrhizal fungi) alleviate heavy metal stress induced toxic responses in plants. Although Fabaceae
members are considered low Si accumulators, however, variations in their ability for Si uptake have been reported. Present
study compared the individual and cumulative roles of Si and AM (R. irregularis) in alleviating Ni (150 mg/kg) toxicity in
three seasonally different legume species namely chickpea (HC3), mungbean (Pusa-9531) and pigeonpea (Pusa-2002). Pres-
ence of Ni in the root rhizosphere declined growth, nitrogen fixing ability, N-assimilation and yield attributes, with chickpea
displaying highest sensitivity, mungbean showcasing moderate tolerance, while pigeonpea having maximum resistance
against metal stress. AM and Si were highly beneficial in mitigating the toxic effects of Ni especially in pigeonpea followed
by mungbean and chickpea. The higher beneficial effects of AM could be related to its ability in improving soil enzymatic
activities, nutrient availability and reduced metal uptake. Moreover, AM symbiosis complemented rhizobial symbiosis by
improving nodulation potential, trehalose turnover, thus leading to higher ammonia assimilation, ureide and amide synthesis
as well as their transport. Interestingly, mycorrhization significantly induced Si uptake and therefore, their co-applications
(+Si+ AM) proved to be most effective in alleviating Ni toxicity in all three legume species with maximum positive impacts
displayed by pigeonpea. Hence, study suggested the need of exploring more legume species having an ability to uptake Si
and establish efficient AM symbiosis in order to reduce Ni toxicity.
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1 Introduction

Heavy metals (HMs) are considered as one of the main
threats due to their non-degradable nature and deposition
into the agricultural soils [1]. Among the HMs, Nickel
(Ni), a trace metal, is considered as 22" extensively present
element on earth’s crust [2]. Ni-contaminated areas in the
world include, Canada, Australia, Indonesia, South Africa,
North America as well as India [3—6]. At low concentration
i.e., 0.05-10 mg/kg dry weight, it acts as an essential ele-
ment for plant growth as it is a fundamental part of enzyme
namely urease that plays a key role in nitrogen (N) metabo-
lism in higher plants [7]. However, excess of Ni acts as a
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potential phyto-toxic metal and can adversely affect normal
functioning of plant cells. High levels of Ni hinder multiple
processes inside the plants such as inhibition of photosyn-
thetic activity, generation of reactive oxygen species (ROS),
decline in dry mass production, leaf necrosis and chlorosis
[8] as well asrespiration, mineral acquisition (Cu, Fe, Mn
and Zn) [9, 10] and transport of assimilates [11]. In leg-
umes Ni restricts the formation of nodules and decreases
their number leading to decline in nitrogen fixation affect-
ing the overall crop productivity [12, 13]. Nickel enters the
environment through factory waste of ferrous and nonferrous
metallurgy, cement clinker production, mine tailings and
metallurgical factories, organic and mineral fertilizers and
pesticides [14]. In polluted soils, the uptake of Ni is chiefly
carried out via passive diffusion (through cation channels
via Mg ion transport system) and active transport through
the root system of plants [15]. The overall uptake of Ni by
plants depends on the concentration of Ni**, the acidity of
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soil, occurrence of other metals and plant metabolism [16].
Furthermore, Ni>* may also compete with other important
metal ions (Fe**, Co®*, Ca’**, Mg?t, NH,™, K*, Na*) when
absorbed by roots [17]. Almost 50% of Ni that is absorbed
by the plant is stored in the roots thus inhibiting their growth
to a larger extent than shoots [18]. This retention occurs due
to the sequestration of Ni at cation exchange sites of vessel
walls and xylem parenchyma [15].

In response to these stresses, plants exhibit complex,
quantitative traits that include accumulation of low-molecu-
lar weight organic compounds, known as compatible solutes
or osmolytes. Trehalose (Tre) is one such compound, which
bulks under several abiotic stresses in many organisms,
including bacteria, yeast, plants, and invertebrates [19]. Tre-
halose biosynthesis involves two enzymes namely, trehalose-
6-phosphate synthase (T6PS) and trehalose-6-phosphatase
(T6PP). On the other hand, Trehalase (TRE) is the enzyme
that hydrolyses trehalose into two glucose residues [20].
Trehalose safeguards the membrane and acts as a chemical
chaperone, preventing acetylation and glycation of protein
under stress [21]. Interestingly, symbiotic nitrogen-fixing
bacteria such as rhizobium and related genera can synthe-
size trehalose under unfavourable conditions for protection
against desiccation and osmotic shock [22]. Its accumulation
has been found in Medicago trunculata[23]) and chickpea
nodules [24]under salt stress. Inoculation of Rhizobium etli
strains in Phaseolus vulgaris, led to the overexpression of
T6PS and improved number of nodules and N fixing poten-
tial [25]. Moreover, various studies have also indicated that
rhizobial trehalose plays an important role in improving
growth and yield of legumes and helps in adaptation towards
abiotic stress [26-28].

Legumes are an important source of food, nutrition across
the world, as they provide essential nutrients including pro-
tein, minerals anddietary fibre because of their ability to
fix atmospheric N, in their nodules [29]. The fixed nitro-
gen can be exported to the aerial parts in form of amides
and ureides depending upon the plant species, with Cicer
arietinum L. (chickpea) exporting amides (glutamine-Gln,
asparagine -Asn) while others such as Vigna radiata L.
(mungbean) and Cajanus cajan L. (pigeonpea) as ureides
(allantoin and allantoic acid) [30]. Ureide synthesis takes
place with the help of xanthine dehydrogenase (XDH) that
converts xanthine into uric acid which is then oxidised by
uricase into allantoin (ALN). ALN is the biologically active
form in plants, that is converted into allantoic acid (ALA) by
allantoinase (ALNase) enzyme. ALA is further transported
to the leaves where it is converted into urea and ammonia
through the enzyme urease. In case of amide synthesis two
key enzymes, aspartate aminotransferase (AspAT) and
asparagine synthetase (AS) are involved that lead to Asn-
synthesis. The ureide and amide synthesis take place in
conjunction with the enzymes namely,glutamine synthetase
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(GS) and glutamate synthase (GOGAT), collectively called
as the GS-GOGAT pathway. The synthesis of ureides and
amides have been reported to impart tolerance in legumes
under abiotic stress [31, 32].

In the recent years, application of (Si) has come to light
as one of the effective approaches to mitigate abiotic stresses
[33, 34]. Si is the second most abundant element after oxy-
gen in the earth’s crust [35] and is regarded as a quasi-essen-
tial element as it is useful for overall development of higher
plants. The range of Si content could vary from 1 to 45%
in soil dry weight and it can further accumulate or redis-
tribute in soil during soil development [36]. Siis absorbed
indirectly and usually in the form of soluble silicic acid
[Si(OH),] [37] that is normally present at a concentration
of 0.1-0.6 mM in soil solution (pH 1-9) [38]. When Si(OH),
is transported to the shoot, it isfurther polymerized to form
colloidal Si(OH), through loss of water (transpiration) and
finally into silica gel [39]. In plants, concentration of Si can
greatly vary among different species and genotypes ranging
from 0.1 to 10.0% of dry weight in above ground plant parts
[40]. This wide variation is chiefly because of disparities
in the processes that involve uptake and transportation of
Si [41]. These processes are described as active, passive,
or rejective andbased on them plants are known as high-,
intermediate-, or non-silicon accumulators [42]. In general,
Poaceae members absorb more Si than other species, while
legumes are considered low silicon accumulators as most
of the Si uptake occurs passively [43—45]. Tansportation
of Si is facilitated by membrane intrinsic proteins, namely
aquaporins (AQP), more specifically NIP2s (NIP-IIT) which
are known to transport Si in high-Si accumulator species.
The presence of NIP-IIIs is strongly correlated to enhanced
uptake of Si in plants [39, 46, 47]. Ma et al. [39] found Si
transporters in rice (Lsil (OsNIP2.1) and Lsi6 (OsNIP2.2)),
and later in maize, barley, wheat, soybean, cucumber and
pumpkin. Moreover, based upon the presence of CcNIP2-1
[48-50] pigeonpea has also been found to be a Si accumu-
lator species. Till date, except for soyabean and pigeonpea,
Si transporters have not been identified in any other legume
species, indicating towards the variability among them for
uptake of silicon and its positive impacts.Si acts as a physi-
cal barrier in plants due to its deposition in the form of silica
gel leading to hinderance in metal uptake and [51], thereby
improving their growth and yield due to enhanced photosyn-
thetic rate, increased water status, higher osmotic adjustment
and lowered transpiration [52]. While Si is recognized for
its role in imparting tolerance towards stress, very less is
known about its positive role on N,-fixation of legumes in
response to metal stress.

Legumes can form a unique symbiotic relationship with
arbuscular mycorrhizal fungi (AMF) and that can enhance
plant fitness under environmental stresses [53, 54] by
improving the availability of inorganic nutrients specifically
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phosphorus (P) and nitrogen (N) [55, 56]) by stimulating
the activities of enzymes such as phosphatases (PHAs)and
urease (URE) even in contaminated soil [57]. AMF inocu-
lated pea plants subjected to arsenic As(V) displayed high
chlorophyll content, Mg and relative water content (RWC),
thus proving the role of AM symbiosis in sustaining Chl
biosynthesis, lower leaf chlorosis and high turgor [58, 59].
Moreover, AMF can stimulate the uptake and accumula-
tion of Si as reported in mycorrhiza-inoculated plants like
Glycine max [60]), Zea mays [61], and Cajanus cajan[62,
63]. Hammer et al. [64] also observed increased content of
Si in Rhizophagus irregularis (spores and hyphae) and its
transfer to the roots of Acacia cyanophylla. In addition, Si
nutrition has also been reported to enhance AMF symbiosis
by reducing the main released phenolics as well as polymeri-
zation and lignin synthesis in strawberry [65]. Furthermore,
mycorrhizal symbiosis can also improve trehalose produc-
tion by stimulating enzymes involved in its metabolism lead-
ing to trehalose accumulation [66—68], thus imparting stress
tolerance.

India is a major producer of important legumes account-
ing for 9.075 million tonnes of chickpea, 15.91 lakh tonnes
of mungbean and contributing 28.66 lakh tonnes of world’s
pigeonpea production [69, 70]. As these legumes are season-
ally different, their sensitivity towards nickel stress varies,
along with the differences in their response towards Sinutri-
tion and AMF colonization. Although, positive role of Si and
AMF has been reported but a comparative insight among
these legumes needs to be investigated in order to compare
the benefits provided in a species-specific manner. Thus, this
study aimed to investigate the functional complementarity
between Si and AMF in imparting Ni tolerance among three
legume species.

The objectives of study were to investigate the: (1) effect
of Ni toxicity on growth, yield, rhizobial symbiosis, ammo-
nia assimilation and trehalose metabolism in chickpea,
mungbean and pigeonpea (2) relative and cumulative roles
of Si and AMF in alleviating Ni stress by regulating amide
and ureide metabolism (3) role of Si and AMF in regulating
soil enzyme activities and nutrient bioavailability in the Ni
stressed rhizosphere soils of legume species.

2 Material and Methods
2.1 Plant Materialand Biological Inoculants

Seeds of C. arietinum were obtained from Haryana Agricul-
ture University (HAU), Hisar, India and V. radiata, C. cajan
from Pulse Laboratory, Indian Agriculture Research Institute
(IARI), New Dehli, India. Tolerant genotypes of C. arietinum
(HC3), V. radiata (Pusa-9531), C. cajan (Pusa-2002) were
selected based on screening experiments and were used for

further research purpose. Specific rhizobial strains for chick-
pea- Mesorhizobiumciceri PF:75, mungbean-Rhizobium radio-
bacter VBCK1062, pigeonpea-Sinorhizobium frediiAR-4
were obtained from Department of Microbiology, IARI, New
Delhi. Pure spores of AMF-Rhizoglomus intraradices(Ri) were
obtained from The Energy and Resource Institute (TERI),
New Delhi. The mycorrhizal inoculum of R. intraradices
was bulked and maintained in pot cultures with Zea mays L.,
Coriandrum sativum L., and Sorghum bicolor L. as consecu-
tive hosts. A mixture of soil, spores and roots was used as an
inoculum in the pot experiments.

2.2 Experimental Setup and Ni Application

The earthenware pots (30X 26x26 cm) were washed,
decontaminated (70% ethanol) and then lined with poly-
thene bags to avoid metal leaching. Each pot was filled with
10 kg of autoclaved soil containing sand and loam in the
ratio 1:1. The properties of soil were as follows:pH 7.55,
0.68% organic carbon (Estefan et al. 2013), 0.43% total
nitrogen, 9.8 mg kg~! phosphorus, 160 mg kg™! potassium,
15.67 mg kg™! calcium, 6.03 pg g7! Ni, 0.07 mg g™ silicon,
and ECe 0.87 dS m™!). The seeds of each genotype were
pre-treated with hydrogen peroxide (10%) for 10 min and
then washed thoroughly with distilled water. The seeds of
each species were coated with their specific rhizobia and left
for drying for 1 h. The mycorrhizal inoculum (50 g/pot) was
placed beneath the coated seeds (1.5 cm deep) before sow-
ing. They were treated with nickel (NiSO,) solution (150 ml/
pot) at the rate of 150 mg/kg of dry soil with/without Si
treatment and AM inoculation at 15 days after emergence
(DAE). The experimental setup comprised of a complete
randomized design with combination of three factors: Two
Ni concentrations (0, 150 mg/kg), two Si concentrations (0,
300 mg/kg) and two AMF treatments (Control/Non-AM,
R.irregularis) accounting to eight (2 X2 x2) treatments
with six replicates each for each species. Siwas given in the
form of potassium silicate (K,SiO;) solution (150 ml/pot)
at a concentration of 300 mg/kg of dry soil one week after
Ni treatment. Sampling of plants was done just before the
flowering stage i.e., as for chickpea 90 DAS (days of sow-
ing), mungbean 60 DAS and pigeonpea90 DAS. Out of the
18 pots (per treatment) 6 pots were maintained for harvest
analysis, other six kept in deep freezer (-80 °C) and another
six oven dried (72 h) at 70 °C for various fresh and dry esti-
mations respectively.

2.3 Data Collection
2.3.1 Biomass and Yield

Biomass of the plants was calculated in terms of shoot dry
weight (SDW) and root dry weight (RDW) by oven drying
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the shoots and roots separately at 70 °C for 72 h. To deter-
mine the yield of the three species their flower number, seed
and pod number and their fry weights were noted, and har-
vest index (HI) was also evaluated (Leport et al. [71]

Dry weight of seeds perplant

HI =
Above ground biomass at harvest

2.3.2 Mycorrhizal Attributes

Roots of plants with mycorrhizal inoculum were selected
randomly and autoclaved using 10% potassium hydroxide
(KOH). Thereafter, they were dipped in HCL (20%) and
later rinsed with water followed by staining with trypan blue.
After 24 h 100 sections (~1 cm) were checked under the
microscope for per-cent root colonization (MC) (Giovannetti
and Mosse [72]) whereas mycorrhizal responsiveness (MR)
was determined by the methodology of Hetrick et al. [73].

Total number of colonized intersections % 100

" Total number of intersections observed

_ Dry weight of AM plants — Dry weight of non — AM plants

MR X 100

Dry weight of non — AM plants

2.3.3 Nutrient Status,Si and Ni content

Oven dried plant samples were grounded into fine powder
for analysis of various nutrients, Si and Ni content in soil.
Roots and nodules with the help of LA-ICP-MS (Laser
Ablation Inductively Coupled Plasma Mass Spectrometry)
located in at SAIF (Sophisticated Analytical Instrumentation
Facility), Panjab University, Chandigarh.

2.3.4 ROS Generation, MDA Content and Electrolyte
Leakage (EL)

Estimation of hydrogen peroxide (H,0,) was done according
to the method suggested by Velikova et al. [74]. 0.1% TCA
(w/v) was used to homogenize the nodules, followed by its
centrifugation ((12,000 X g for 15 min). The supernatant was
separated and phosphate buffer and 1 M potassium iodide
were added to it. The content of H,0, was measured by read-
ing the absorbance at 390 nm using an extinction coefficient.

Superoxide radical (O,*") estimation was done according
to Doke [75] and was determined based on its potential to
reduce nitro blue tetrazolium (NBT). Nodules were homog-
enized in 10 Mm phosphate buffer (pH 7.8) containing NBT
(0.05 per cent (w/v)) and sodium nitrate (10 Mm), followed
by incubation at room temperature for 1 h. The obtained
solution was heated (85 °C) and increase in absorbance was
read at 580 nm.
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Malondialdehyde (MDA) that is the product of lipid
peroxidation was recorded by the method of Heath and
Packer [76]. Nodules were grounded in a solution con-
taining trichloroacetic acid (TCA, 0.1%)) and the mixture
was centrifuged (15,000 X g, 15 min). The supernatant was
separated followed by addition of thiobarbituric acid (TBA,
0.5%) and TCA (20%). The solution obtained was incubated
in boiling water and later cooled and centrifuged (10,000 X g,
10 min). The absorbance was taken at 532and 600 nm and
MDA was computed by deducting the absorption at 600 nm
from the absorption at 532 nm with the help of an extinction
coefficient.

The ion leakage from the leaves and roots was assessed
through the method given by Zwiazek and Blake [77] using
the equation:

EL = Electrical conductivity of solution before heating

Electrical conductivity of solution after heating

2.3.5 Nodular Parameters [Nodule Number, Nodule Dry
Weight, Leghaemoglobin (LHb) Concentration
and Nitrogenase Activity (Acetylene Reduction Assay
(ARA)]

Nodule number (NN) per plant was counted for each treat-
ment at the time of sampling and later they were oven dried
(70 °C,72 h) for determining their dry weight. Leghaemo-
globin (LHb) content was measured with the help of method
given by Hartree [78], based on the formation of hemochro-
mogen from hematin. The activity of nitrogenase (N,ase)
was evaluated as acetylene reduction assay (ARA) by the
method of Herdina and Silsbury [79]. The rate of N,ase
activity was measured as number of ethylene (C,H,) mol-
ecules formed per mg dry weight of nodules per hour (nmol
C,H, mg~! nodule dry wt.h™).

2.3.6 Trehalose Metabolism

Trehalose (Tre) content in nodules was measured by the
methodology given by Streeter and Strimbu [80]. The extrac-
tion of fresh nodules was done in methanol (80%, v/v), were
later incubated (60 °C, 10 min) and then centrifuged(10 min,
13,000 x g). Re-extraction of pellet was done three times and
the supernatant obtained was vacuum dried. Equal amount of
pyridine and STOX reagent was used to dissolve the solids.
Hexamethyldisilazane and trifluoroacetic acid were added
to the samples for their derivatization (60 min).Activity of
Trehalose-6-Phosphate synthase (T6PS) was determined
according to Salminen and Streeter [81] based on the libera-
tion of UDP from UDP glucose in the presence of glucose-
6-phosphate. The activity of Trehalose-6-phosphate phos-
phatase (T6PP) was based on the release of phosphate (Pi)
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from trehalose-6-phosphate [82]. Activity of trehalase (TRE)
was determined according to Miiller et al. [83] that involved
calorimetric estimation by quantifying the liberation of glu-
cose. The released glucose was measured with the help of
dinitrosulfosalicylic acid method as given by Miller [84].

2.3.7 Soil enzymes (Urease, phosphatases,
Dehydrogenase)

Methodology of May and Douglas [85] was used to deter-
mine the activity of urease (URE) by using 10% urea solu-
tion as a substrate. Fresh soil samples were mixed with cit-
rate solution (5 mL, pH-6.7) and were kept for 24 h at 37
°C. The mixture obtained was diluted with distilled water
(50 mL) and filtered after incubation. To 1 mL of superna-
tant, sodium hypochlorite (0.9%, 3 mL) and sodium phenol
solution (4 mL) was added. The activity was measured at
578 nm based on the ammonium ions released from hydroly-
sis of urea. Alkaline Phsopahatase (Alk. PHA) was evaluated
according to Eivazi and Tabatabai [86] methods. (Alk.) PHA
was determined by using Tris—HCl buffer (100 mM, pH 8.6)
comprising of sodium acetate (100 mM), MgCl, (10 mM),
para-nitrophenyl phosphate (pNPP) (0.03 M). This solution
was kept for 20 min in ice cold water and later centrifuged
followed by addition of CaCl, (5 mM) and NaOH (0.5 M).
The absorbance was read at 405 nm spectrophotometrically.
Dehydrogenase (DHase) activity was analysed according to
Casida et al. [87]. Soil (2.5 g) was suspended in solution
containing calcium carbonate (25 mg), 2,3,5-triphenyltetra-
zolium chloride (1%, 1.5 mL) and distilled water (1 mL).
Incubation of the above mixture was done at 37 °C for 24 h
followed by adding methanol (5 mL). The solution was then
filtered and diluted upto 50 mL with methanol. The absorb-
ance of red colour was measured at 485 nm.

2.3.8 Ammonia Assimilation

Glutamate synthetase (GS) activity was estimated by extract-
ing fresh nodules in potassium phosphate buffer (0.1 M, pH
7.8) containing sucrose (0.4 M), dithiothreitol (10 mM), KCl
(10 mM), MgCl, (1 mM) and EDTA (10 mM). The above
mixture was centrifuged (10,000 X g, 20 min) and the super-
natant obtained was used for the enzymatic assay, as sug-
gested by Thimmaiah [88]. The reaction mixture contained
Tris-maleate buffer (50 mM, pH 7.5), L-glutamine (80 mM),
hydroxylamine (67 mM), ATP (8 mM) and EDTA (4 mM)
to which enzyme extract was added. The activity was meas-
ured at 540 nm spectrophotometrically and was compared
with a calibration curve plotted by using pure g-glutamyl
hydroxamate. Determination of Glutamine oxoglutarate
aminotransferase (GOGAT) and Glutamate dehydrogenase
(GDH) activity was done by extracting fresh nodules in
extraction buffer (3 ml) that contained Tris HCI (0.05 M,

pH 7.5), b-mercaptethanol (0.01 M) and sucrose (0.4 M).
The above solution was centrifuged (10,000 X g, 20 min) and
enzyme assay was done as described by Thimmaiah [88].
1 ml of supernatant was added to reaction mixture consisting
of Tris—HCI buffer (0.1 M, pH 7.5), 2-oxoglutarate (0.33 M,
pH 6.0), NADH (1 mM) and L-glutamine (0.3 M) or NH,C1
(3 M) for GOGAT and GDH respectively. The absorbance
was read at 340 nm that was based on the NADH oxidation
in the reaction medium.

2.3.9 Ureide Metabolism

Xanthine dehydrogenase (XDH) and uricase were analysed
by extracting fresh nodules in TES-KOH buffer (25 mM, pH
7.5) containing polyvinylpolypyrrolidone (10% w/w). The
above mixture was centrifuged (1100 x g, 15 min). Activi-
ties of XDH and uricase activities were by Schubert [89]
methodology. For XDH the reaction mixture consisted of
NAD*(3.5 mM) and hypoxanthine (0.5 mM) in TES-KOH
buffer (50 mM, pH 8.4) and the crude extract. The absorb-
ance was taken at 340 nm on a spectrophotometrically and
was based on hypoxanthine dependent formation of NADH.
For determining uricase activity reaction medium contained
uric acid (50 pM) in glycine-KOH buffer (pH 9) and the
crude extract. The absorbance was measured at 293 nm
based on oxidation of uric acid.

Analysis of allantoinase (ALAase) was done according to
Schubert [89] by extracting the fresh nodules in tricine buffer
(50 mM) that contained MnSO, (2 mM), B-mercaptoethanol
(35 mM) followed by incubation (30 min, 30 °C). These
samples were later mixed with HCI (0.15 N) and phenylhy-
drazine (0.33%). The samples were kept in water bath (boil-
ing) for 2 min and kept for cooling. 1 ml HCL (conc.) and
250 pl K;Fe(CN)g (1.67%) were added to the samples. The
absorbance was measured at 520 nm for activity of ALNase.

Allantoin (ALN) and allantoic acid (ALA) concen-
trations were analyzed according to the method given by
Vogels and van der Drift [90]. Nodules were extracted in
potassium phosphate buffer (50 mM, pH 7) and centrifuged
(18,000 % g, 20 min). To the supernatant, NaOH (0.5 N) was
added and the solution was heated (30 min, 90 min) in water
bath. The mixture was cooled down and HCL (0.65 M) was
added followed by incubation (15 min). Later on, water,
phosphate buffer (0.4-M, pH 7) and phenylhydrazine solu-
tion was poured into the above mixture. Thereafter, the tubes
were kept in ice water bath to which 5 ml of HCl (conc.)
and and 1 ml of K;Fe(CN)4 was added. The absorbance was
measured at 535 nm.

Urea concentration in leaves was estimated by modified
method of Kyllingsbaek [91]. 1 ml of extraction medium con-
taining 10 mM formic acid was used to homogenize 0.5 g of
leaves that was later centrifuged (13,200 g, 5 min, 4 °C).
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Supernatant was separated and mixed with a colour develop-
ing reagent which was prepared by using a 1:1 proportion
of the colorimetric reagent (7%, 0.2 M diacetyl monoxime;
7%,0.05 M thiosemicarbazide) and the acid reagent (20%,
H,SO,; 0.06%, 74 mM FeCl; hexahydrate; 9%, orthophos-
phoric acid). The samples were incubated (15 min, 99 °C) and
later kept in ice cooled system under dark for 10 min and urea
concentration was spectrophotometrically analysed at 540 nm.

Modified method of Hogan et al. [92] was used to study
the leaf urease activity. The material was homogenized in
7.4 pH phosphate buffer and then centrifuged (18,000 X g,
20 min, 4 °C). The homogenate was incubated for 1 h
at 30 °C and later supernatant was separated to which
2.5 mL of reagent 1 containing 0.1 M phenol + 170 pM of
sodium nitroprusside and 2.5 mL of reagent 2 containing
0.125 M sodium hydroxide 4+ 0.15 M dibasic sodium phos-
phate + sodium hypochlorite, 3% of Cl, was added. Samples
were incubated for 35 min at 37 °C and readings were taken
at 625 nm for determining urease activity.

2.3.10 Amide Metabolism

Activity of Aspartate amino transferase (AspAT) activ-
ity was measured by homogenising the fresh nodules in
Tris—HCI (50 mM, pH 7.8) consisting of MgCl,(4 mM),
aspartic acid (10 mM), NADH (0.2 mM)and 2-oxoglutarate
(1 mM) [93]. For analysis of Asparagine synthetase (AS)
fresh nodules were extracted in 5 ml of 100 mM imida-
zole—HCl of pH 7.5 and mercaptoethanol (10 mM) followed
by centrifugation (5 min, 15,000 X g). The supernatant was
used as enzymatic extract and the assay was done accord-
ing to method given by Rognes [94]. The crude extract was
added to a mixture containing L-aspartate (10 um), ATP
(15 pm), MgCl, (400 um), NH,OH-HCI (brought to pH
7.6 with Tris) and dithiothreitol (2 um). The above mixture
was incubated (60 min, 37 °C) and the absorbance was read
at 540 nm after the addition of FeCl; reagent. Asparagine
(Asn) content quantification was done by extracting the dry
nodules in phosphate buffer (10 mM, pH 7.5) and incubat-
ing the mixture (5 min, 30 °C) followed by centrifugation
(10 min, 12,000 g). The methodology used for the assay was
according to the Vadez, Sinclair & Sarraj [95]. The reaction
mixture comprised of phosphate buffer (14.5 mM, pH 7.5),
a-ketoglutarate (600 Mm), NADH (10 mM), asparaginase
(2.5 U), aspartate aminotransferase (5 U), malate dehy-
drogenase (5 U) and enzyme extract. The absorbance was
recorded at 340 nm spectrophotometrically.

2.4 Statistical Analysis

The experimental setup consisted of eight treatments and six
replications. Data presented as mean + standard error (SE)
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and analysed through Statistical Package for Social Science
(SPSS,version 25.0) software with Ni stress (Ni), Si levels
(Si), AMF inoculations (AM) and legume species (G) as
main factors. All data was analyzed by four-way analysis of
variance (ANOVA) followed by Duncan multiple range test
(DMRT, p<0.05). Regression analysis was executed to find
out the relationship between the independent variables (Ni,
Si, AM and G) on dependent factors. To study the relation-
ship between the dependent variables of two parameters of
the three species, Pearson’s correlation coefficients (r) were
calculated.

3 Results
3.1 Mycorrhizal (MC, MR) and Growth Attributes

No root colonization was recorded in uninoculated roots of
all the three legume species. Upon inoculation with AM spe-
ciesi.e., R. irregularis extensive colonization was observed
with pigeonpea displaying highest degree of MC (74%), fol-
lowed by mungbean (71%) and then chickpea (67%) under
unstressed conditions (Fig. 1a). However, with the intro-
duction of Ni in the rooting medium there was a significant
decline in the colonizing ability and MC was in the follow-
ing order chickpea (49%), mungbean (58%) and pigeonpea
(65%). Amendment of soil with Si nutrition significantly
increased the colonizing ability of the three species with
maximum MC displayed by roots of pigeonpea and mung-
bean with least in chickpea under Ni stress (ESM Table 1).
Further, maximum mycorrhizal responsiveness was also
recorded in Si+ AM inoculated pigeonpea plants.

Presence of Ni significantly hampered the growth poten-
tial of legume species with higher toxic effects on roots
than shoots evident through regression analysis [RDW
B(Ni)=-0.128, SDW B(Ni)=-0.090]. Chickpea was the most
sensitive to Ni stress when compared to other two species,
while pigeonpea was relatively more tolerant and was able
to retain maximum plant biomass with mungbean display-
ing moderate tolerance (Table 1). Amendment of soil with
Si enhanced SDW and RDW significantly in pigeonpea
and mungbean with minimum positive impacts in chickpea
(7.3%, 8.6%; 14.2%, 15.8%; 15.5%,17.8% respectively) over
their stressed counterparts. On the other hand, AM inocu-
lations were highly beneficial in reducing the Ni induced
negative responses in all the three species, with higher posi-
tive effects on roots than shoots, thus improving their bio-
mass and balancing R/S ratios [RDW f(AM)=0.121, SDW
B(AM)=0.100]. These effects had a direct corelation with
per cent MC in the three species [T(RDW — MC) chickpea
0.908; mungbean 0.990; pigeonpea 0.996, p=0.01]. Inter-
estingly, the collective application of Si+ AM proved to be
the most beneficial in increasing root and shoot biomass in
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Fig. 1 Effect of silicon (Si) and arbuscular mycorrhiza fungi (AMF)
on (a) mycorrhizal colonization (%) (b) nickel content (mg g‘1
DW)(c)electrolyte leakage (%) (d) silicon content (mg g’1 DW)
under nickel (Ni—150 mg/kg) concentration in chickpea, mungbean
and pigeonpea nodules. Values are mean of 6 replicates +standard

pigeonpea and mungbean. However, cumulative effects were
not significant in chickpea when compared with individual
AM treatments (Table 1).

3.2 Ni Uptake, EL and Si content

Presence of high concentrations of Ni in the soil led to its
enhanced uptake both in nodules and roots (Fig. 1a; ESM
Fig. 1), with higher accumulation in roots (ESM Table 1)
with chickpea displaying maximum Ni content followed by
mungbean and then pigeonpea. Enhanced metal uptake could
be directly corelated to reduced biomass under Ni stress, in
legume species [chickpea r(Ni-RDW) =—0.933; mungbean
r(Ni-RDW) = —0.818; pigeonpea r(Ni-RDW)=—-0.752,
p=0.01)]. Metal stress induced ROS generation and lipid
peroxidation that was expressed in terms of H,O,, O,*” and
MDA content respectively and was in accordance with the
metal uptake in the nodules in the order: chickpea (MDA-
43.9%) > mungbean (MDA-36.8%) > pigeonpea (MDA-
30.7%) (Table 2). Ni toxicity further led to the degradation
of root and nodule plasma membrane which accelerated
electrolyte leakage that was in proportion to metal uptake

error (SE). Different letters above the bar indicate significant differ-
ences among the treatments assessed by Duncan multiple range test at
p<0.05. C=Si and AM absent, +Si=Si present, + AM =arbuscular
mycorrhiza present, + Si+AM = Si with AM present

[Roots B(Ni) =-0.682; nodules f(Ni)=-0.679]. Si nutrition
was able to reduce Ni uptake significantly under stressed
conditions, the impact being more prominent in pigeon-
pea than mungbean with least positive effects displayed
by chickpea. The three legumes were more responsive to
AM inoculations than Si in reducing Ni uptake. Both these
amendments could proportionately strengthen the mem-
branes, decrease the EL in nodules and roots (Fig. 1b; ESM
Fig. 1), reduced the oxidative outburst, with AM being
more effective than Si (ESM Table 1). Least metal uptake
could be detected when Si+ AM were given in combination
especially in pigeonpea and mungbean. Maximum amount
of Si content was detected in pigeonpea, closely followed
by mungbean and least Si in chickpea nodules and roots
(Fig. 1c; ESM Fig. 1). A significant decline in Si uptake
was recorded with the introduction of Ni in the soil (ESM
Table 1) with greater decline in chickpea. Addition of Si
to the soil enhanced its content more in roots than nod-
ules, maximum being detected in pigeonpea followed by
mungbean and then chickpea. Interestingly, introduction of
AM to soils significantly enhanced Si uptake in the order
pigoenpea > mungbean > chickpea. However, addition of
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Table 1 Effect of silicon (Si) and arbuscular mycorrhiza fungi (AMF) on root dry weight (RDW, g plant™"), shoot dry weight (SDW, (g plant™") and root to shoot ratio (RSR) and mycorrhizal

responsiveness (%) under nickel (Ni—150 mg/kg) concentration in chickpea, mungbean and pigeonpea

@ Springer

Mycorrhizal Responsiveness
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SDW

RDW

Parameters

Chickpea Mungbean Pigeonpea Chickpea Mungbean Pigeonpea Chickpea Mungbean Pigeonpea Chickpea Mungbean Pigeonpea
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Values are mean of 6 replicates +standard error (SE). Different letters in each column indicate significant differences among the treatments assessed by Duncan multiple range test at p <0.05.

C

Si with AM present

=arbuscular mycorrhiza present, 4+ Si+AM =

Si and AM absent, + Si=Si present, + AM

Si to the soil resulted in higher Si uptake when compared
to only AM inoculation (+ AM-Si) as evident through beta
coefficient (ESM Table 1). The cumulative treatment of Si
and AM proved to be the most efficient in restoring the Si
content with pigeonpea and mungbean displaying higher
responsiveness than chickpea. Variability in Si content in
the plant roots could be directly corelated with differen-
tial ability for MC among the three species [chickpea r(Si
— MC)=0.812; mungbean r(Si — MC) =0.984; pigeonpea
r(Si—MC)=0.997].

3.3 Nodular Parameters

Establishment of host-rhizobium symbiosis recorded in
terms of NN and NDW per plant declined in the presence
of Ni (Fig. 2a and b), which was proportionate to decline
in RDW [chickpea r(NDW-RDW) =0.996; mungbean
r(NDW-RDW) =0.990; pigeonpea r(NDW-RDW) =0.989,
p=0.01)]. Chickpea displayed the highest sensitivity
towards metal stress in terms of nodulation potential (NN
-44.39%; NDW -42.23%) than the other two species. Nodule
senescence was also a result of lipid peroxidation caused
byNi induced ROS generation and MDA formation [Nodule
MDA B(Ni)=0.635]. Both Si and AM improved the NDW
of the species, however the beneficial effects of Si were
limited when compared with significant positive impacts
of AM. Amongst the species pigeonpea was most respon-
sive to Si as well as AM followed by mungbean with least
impacts observed in chickpea which could be corelated to
their respective root colonizing abilities as well as Si uptake
[chickpea r(MC-NDW) =0.945, r(Si-NDW) =0.797; mung-
bean r(MC-NDW) =0.988, r(Si-NDW) =0.810; pigeonpea
r(MC-NDW) =0.992, r(Si-NDW) =0.954 p=0.01)]. How-
ever, the positive effects of Si were significantly enhanced
in the presence of AM (Si+ AM) in all three legumes spe-
cies. Decline in nodular potential under Ni treatment had
a negative impact on the functioning of nodules in terms
of leghaemoglobin content (LHb) and rate of nitrogenase
(N,ase) activity (Fig. 2c and d) more in chickpea [r(NDW-
LHb) =0.996; r(NDW- N,ase)=0.998, p=0.01] than
mungbean [r((NDW-LHb) =0.992; r(NDW- N,ase) =0.996,
p=0.01;] and pigeonpea [r(NDW-LHb) =0.990; r(NDW-
N,ase)=0.987, p=0.01]. Si nutrition remarkably improved
N,ase and LHb in a species dependent manner with AM
inoculations were relatively more effective. The combina-
tion of the two amendments (Si+ AM) was the most effec-
tive in improving the nodular parameters, with best effects
recorded in pigeonpea (N,ase -71.9%) than the other two
legumes (mungbean- N,ase 58.9%; chickpea- N,ase 45.6%)
over their stressed counterparts. Clearly, the establishment
of rhizobial symbiosis was proportional to the mycorrhizal
colonization ability and Si uptake with more remarkable
effects on pigeonpea.
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Table2 Effect of silicon (Si) and arbuscular mycorrhiza fungi (AMF) on hydrogen peroxide (H,0,, pmol g~! FW), superoxide radical (O,~, AAsgyx g™
FW) and malondialdehyde (MDA, pmol g~! FW)) under nickel (Ni—150 mg/kg) concentration in chickpea, mungbean and pigeonpea nodules

Parameters H,0, O,~ MDA

Treatments Chickpea Mungbean Pigeonpea Chickpea Mungbean Pigeonpea Chickpea Mungbean Pigeonpea

C 7.54+0.300c 8.01+0.237d  7.88+0.335¢c 0.40+0.005¢  0.35+0.009¢ 0.34+0.011bc  0.91+0.018c 0.86+0.020d  0.82+0.018¢c
C+Si 7.21+£0.312¢ 7.52+40.242de  7.17+0.387 cd 0.39+0.006c 0.33+0.018cd 0.31+0.012cd 0.89+0.017c 0.81+0.019de 0.75+0.017 cd
C+AM 6.71+0.323 cd  6.85+0.254ef 6.42+0.358de 0.37+0.008d 0.30+0.019de  0.27+0.013de  0.86+0.015d 0.75+0.018¢  0.67+0.016de
C+Si+AM 6.19+0.335d  6.170+0.231f 5.60+0.300e  0.35+0.009d 0.28+0.012¢ 0.24+0.014¢ 0.83+0.014d 0.68+0.017f  0.60+0.014e
C+Ni 11.06 +£0.346a  10.91+0.266a 10.21+0.329a 0.58+0.010a 0.47+0.013a  0.43+0.016a 1.32+0.023a  1.01+0.025a  1.08+0.025a
C+Ni+Si 10.57+0.358a  10.08+0.294b  9.06+0.318b 0.56+0.011a 0.43+0.014ab  0.38+0.017b 1.25+0.021a  1.08+0.024b  0.96+0.026b
C+Ni+AM 9.28+0.370bc  9.13+0.306c  7.87+0.306c 0.52+0.012b 0.39+0.016b  0.33+0.018¢c 1.10+£0.024b  0.96+0.023¢c  0.81+0.027c
C+Ni+Si+AM 8.65+0.375¢ 7.98+0.318d  6.61+0.346de 0.49+0.013b 0.34+0.017cd 0.28 +0.19de 1.03+0.025b 0.83+0.022d  0.67+0.028de

Values are mean of 6 replicates+standard error (SE). Different letters in each column indicate significant differences among the treat-
ments assessed by Duncan multiple range test at p<0.05. C=Si and AM absent,+Si=Si present,+ AM =arbuscular mycorrhiza pre-

sent, + Si+ AM=Si with AM present

3.4 Soil Enzymes and Nutrient Availability

Presence of Ni had a negative corelation with soil enzymes
activities with higher sensitivity in terms of URE followed

by dehydrogenases (DEH) and alkaline phosphatase (Alk-
PHA) [Fig. 3a-c]. This decline in enzymatic activities
led to reduced nutrient availability in the soil in terms of
N and P ((Fig. 3d and e) ultimately leading to decline in

OC BSi BAM BSi+AM

Nodule number (plant)

oC @Si @AM BSi+tAM

(b)

070

&

Nodule dry weight (g plant )
g

0C @Si BAM BSi+tAM

100

Leghaemoglobin concentration (ug g FW)

g

c Ni c Ni
Mungbean Pigeonpea

c Ni
Chickpea

OC BSi BAM @Si+AM

Nitrogenase activity (nmol ethylene mg NDW h-1)

Ni c

i

Chickpea

Mungbean Pigeonpea

Fig. 2 Effect of silicon (Si) and arbuscular mycorrhiza fungi (AMF)
on (a) nodule number (NN, plant_l) (b) nodule dry weight (NDW,
g plant 1) (c¢) leghaemoglobin (LHb, ug g~! FW) (d) nitrogenase
activity (N,ase, nmol ethylene mg NDW h~!) under nickel (Ni—
150 mg/kg) concentration in chickpea, mungbean and pigeonpea.

Values are mean of 6 replicates +standard error (SE). Different let-
ters above the bar indicate significant differences among the treat-
ments assessed by Duncan multiple range test at p <0.05. C=Si and
AM absent,+Si=Si present,+ AM=arbuscular mycorrhiza pre-
sent, + Si+ AM =Si with AM present
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their content in nodules and roots (Table 3; ESM Table 2)
with maximum decrement in chickpea. Si and AM appli-
cations helped to improve enzyme activities in the rhizo-
sphere of legume species with AM proving to be superior
than Si in alleviating the Ni induced detrimental effects on
soil enzymes as authenticated through regression analysis
[URE B(Si)=0.211; B(AM)=0.400; DEH p(Si)=0.215;
B(AM) =0.431; AIkPHA B(Si)=0.207; p(AM)=0.437].
The soil enzymatic activities were further improved when
the species were treated with Si and AM in combination, the
effects being more positive in soil environment of pigeonpea
and mungbean.

An increase in soil enzymatic activities resulted in a pro-
portionate increase in the nutrient uptake by roots and their
translocation to nodules upon addition of Si and AMF, with
AMF relatively more efficient. AMF seemed to play a direct
role in improving the nutrient content of the soil and the
resultant nutrient status of plants under Ni stress in a species

dependent manner, as evidenced by correlation values (ESM
Table3a-c). Pigeonpea and mungbean displayed higher
responsiveness towards Si nutrition, with almost negligible
positive effects displayed by chickpea. Maximum increment
in nutrient content of roots and nodules was observed when
the plants were supplemented with both Si and AM with sig-
nificant enhancement in pigeonpea followed by mungbean
and least in chickpea.

3.5 Trehalose Metabolism

Addition of Ni to the pot soils brought about a slight
increase in the Tre content due to high concentrations of
TRE as well as insignificant increase in the activities of its
biosynthetic enzymes namely T6PS and T6PP in the nod-
ules of all the three species (Fig. 4a-d). Individual applica-
tions of Si or AM had a significant impact in increasing
the biosynthesis of trehalose under unstressed and stressed

Fig. 3 Effect of silicon (Si) and (@)
arbuscular mycorrhiza fungi o
(AMF) on (a) urease (URE, o5

mg ammonia nitrogen g~ i

soil h™1) (b) dehydrogenase
(DHA, TPF g~ soil h™")(c)
alkaline phosphatase (Alk.
Phosphatase, mg phenol g™
DW soil) (d) nitrogen (N, mg
kg~! soil) (e) phosphorus (P, mg
kg™! soil) in soil under nickel

activity (mg ammonia nitrogen g-' soil

OC BSi BAM BSitAM (b)

OC BSi BAM BSitAM

T
zab

. activity (TPF g-' soil h-)

Dehydrogenas

(Ni—150 mg/kg) concentra- 010

tion of chickpea, mungbean and 000 € 0
pigeonpea. Values are mean M £ "

of 6 replicates + standard error (c) 0C OSi BAM BSitAM @
(SE). Different letters above 3

the bar indicate significant dif- , ¢

ferences among the treatments
assessed by Duncan multiple
range test at p <0.05. C=Si
and AM absent, 4+ Si=Si pre-
sent, + AM = arbuscular mycor-
rhiza present, +Si+ AM=Si
with AM present

Alkaline Phosphatase (mg phenol g- DW soil)

c Ni
Pigeonpea
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conditions, with AM more effective in modulating treha-
lose metabolism as validated through regression analysis
(ESM Tablel). However, species level differences were
prominent where both the amendments were able to boost
Tre synthesis to the maximum level in pigeonpea, moder-
ate in mungbean and least positive effects in chickpea.
Moreover, Si and AM stimulated Tre accumulation, was
Z 22222 Z2C directly linked to decrease in H,0,, O,°" content ulti-
mately leading to low MDA formation [pigeonpea r(Tre-
MDA) =0.970; mungbean r(Tre- MDA)=0.959; chick-
pea r(Tre- MDA)=0.924, p=0.01]. Higher increase in
Tre synthesis through mycorrhization could be directly
related to improved Njase activity of the nodules under
stress in a species dependent manner [pigeonpea r(Tre-
N,ase) =-0.627; mungbean r(Tre- N,ase) =-0.666; chick-
pea r(Tre- N,ase) =-0.697, p=0.01. The combined effect
of Si+ AM under stress proved to be most beneficial in
improving the synthesis of storage carbohydrate and main-
taining the osmotic balance.

1.90 + 0/069bc

83+0.054ab 2.00+0.075ab

2.15+0.081a
1.31+0.087¢
1.53+0.092d
1.75+0.098¢c
2.06 +0.104ab

Si with AM

Pigeonpea
1.78 +0.064c

74 +0.053bc

94 +0.055a

67 +0.052¢
11+0.056f
27+0.057e
46+0.058d
70+0.059¢

Mungbean

1.31+0.045¢

1.38 +0.047ab
1.43 +0.049a
0.63+0.051e
0.69+0.052¢
0.82+0.053d
0.92+0.054d

1.27 +0.042¢

Chickpea

Cu

3.30+0.052 cd

3.08+£0.037ab  3.50+0.050bc

3.77+0.053a
2.20+0.051f
2.62+0.054e
3.15+0.055d
3.70+£0.056ab

arbuscular mycorrhiza present, + Si+ AM

Pigeonpea
3.13+0.047d

2.95+0.036bc

3.23+0.038a

1.86+0.039f

1.35+£0.053 cd  2.16+0.040e

2.51+0.041d

2.91+0.042bc

Mungbean
2.83+0.035¢

3.6 Ammonia Assimilation Enzymes

2.40+0.046a

2.49+0.049a
1.25+0.052d

1.67+0.051bc

1.81+0.055b

2.30+£0.043ab

Chickpea

Treatment of legumes with Ni negatively affected the
activities of enzymes involved in the ammonia assimila-
tion pathway (Fig. 5a-c) by significantly damaging their
activity, especially in chickpea (GS -42.29%; GOGAT
-40.11%) with a concomitant increase in GDH activity
(12.9%) in nodules over unstressed control. Treatment of Si
elevated the GS-GOGAT pathway more than GDH under
stress with a maximum increment in pigeonpea followed
by mungbean and chickpea [pigeonpea r(Si-GS)=0.956;
r(Si-GOGAT)=0.921; r(Si-GDH) =0.881; mungbean r(Si-
GS)=0.809; r(Si-GOGAT)=0.821; r(Si-GDH) =0.779,
p=0.01; chickpea r(Si-GS) =0.758,; r(Si-GOGAT) =0.798;
r(Si-GDH) =0.732, p=0.01]. AM proved to be more effi-
cient in improving the enzymatic activities in a species
dependent manner which could be corelated to their root
colonizing abilities [pigeonpea (MC-GS)=0.997; r(MC-
GOGAT)=0.996; r(MC-GDH) =0.989, p=0.01; mung-
bean r(MC-GS)=0.985,; r((MC-GOGAT)=0.988,; r((MC-
GDH) =0.979, p=0.01;chickpea r(MC-GS)=0.978;
r(MC-GOGAT) =0.983; (MC-GDH)=0.964, p=0.01].
The combined application of Si and AM proved to be the
most beneficial in upregulating GS-GOGAT under Ni stress
with pigeonpea being more receptive towards the individual
and cumulative treatments of Si and AM than the other two
legumes.

Fe
3cd  2.23+0.040ab

4bc
Sabc

6a
Te

—_ e = =

4.20+0.

4.54+0.

4.95+0.

Pigeonpea
2.91+0.
3.42+0.20
4.00+0.18¢
4.69+0.21ab

Si and AM absent, + Si=Si present,+ AM
3.91+0.

3.37+0.05bc

Mungbean
3.21+0.07¢
3.55+0.06ab
3.76+0.08a
2.15+0.13f
2.46+0.10e
2.79+0.11d
3.21+0.12¢

3.02+0.07b

Chickpea

2.93+0.06b
3.17+0.08a
3.25+0.09a
1.72+0.11d
1.84+0.10d
2.19+0.12¢
2.37+0.13¢

19.68 +0.358b

21.02+0.370a
12.79+0.387¢e

17.55+0.318¢c
18.59 +0.346bc
15.20+0.398d
17.80+0.410c
20.94+0.421a

Pigeonpea

15.61 £0.300bc

15.02+0.290c
16.29+0.312ab
17.08+0.323a
9.58 +£0.326f
11.15+0.341e
12.97 +0.346d
15.03+0.358¢

Mungbean

13.80+0.242¢

14.34+0.277ab

14.72+0.289a
7.30+0.248e
7.80+0.266e
9.18+0.300d
9.86+0.312d

13.45+0.260c

Chickpea

3.7 Ureide Metabolism

The nodules of both pigeonpea and mungbean displayed
a slight increment in the ureides contents (ALN and

Table 3 Effect of silicon (Si) and arbuscular mycorrhiza fungi (AMF) on nitrogen (N, mg g~! DW), phosphorus (P, mg g~! DW), iron (Fe, mg g~ DW) and copper (Cu, mg g~! DW) in nodules
under nickel (Ni—150 mg/kg) concentration of chickpea, mungbean and pigeonpea. Values are mean of 6 replicates + standard error (SE). Different letters in each column indicate significant

differences among the treatments assessed by Duncan multiple range test at p<0.05. C

present
C+Ni+Si+AM

C+Si+AM

Parameters
Treatments
C+Si
C+AM
C+Ni
C+Ni+Si
C+Ni+AM

@ Springer



7510

Silicon (2023) 15:7499-7522

oC BSi GAM BSi+tAM
(a) 0o

50.0

) w I
S S S
=3 =3 =3

Trehalose Concentration (ug g-' FW)

s
S

0.0

BoC @Si BAM @Si+AM

(C 25.0 0C BSi BAM BSi+AM

20.0

Trehalose-6-Phosphate Synthase activity (nmol UDP mg-! protein h-') ~—

Ni
Pigeonpea

¢ Ni
Chickpea

Mungbean

0C BSi BAM BSi+AM

—~
[}
N
&
°

Trehalose-6-Phosphate activity (nmol Pi mg-! protein min-')

C Ni ¢} Ni C Ni

Chickpea Mungbean Pigeonpea

Fig.4 Effect of silicon (Si) and arbuscular mycorrhiza fungi (AMF)
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(T6PP, nmol Pi mg~' protein min~!) under nickel (Ni—150 mg/
kg) concentration of chickpea, mungbean and pigeonpea. Val-

ALA) as well as the enzymes involved in their synthesis
(XDH, Uricase, ALNase)with a decline in urease under
Ni stress with no data recorded in chickpea (Fig. 6a-
d; Fig. 7a). Increase in ALA was directly corelated to
increase in ALNase activity that was significantly more
in pigeonpea [r(ALA-ALNase)=0.983, p=0.01] than
mungbean [r(ALA-ALNase)=0.935, p=0.01] under
Ni stress. Si and AM positively impacted the enzyme
activities and the resultant ureide content with more
beneficial impacts of AM especially in pigeonpea (ESM
Table 1). Apparently, ALA concentration and N,ase activ-
ity displayed a negative corelation in stressed nodules
[pigeonpea r(ALA-N,ase) =-0.818, p=0.01; mungbean
r(ALA-N,ase) =-0.906. p=0.01]. Combined treatment
of Si+ AM was the most effective as it significantly
enhanced ureide synthesis under stress, with pigeonpea
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ues are mean of 6 replicates+standard error (SE). Different let-
ters above the bar indicate significant differences among the treat-
ments assessed by Duncan multiple range test at p <0.05. C=Si and
AM absent,+Si=Si present,+ AM =arbuscular mycorrhiza pre-
sent, + Si+ AM =Si with AM present

displaying better results than mungbean. Moreover, pro-
duction of urea and its conversion into NH; and CO,
declined due to reduced urease activity in the leaves under
Ni stress (Fig. 7b and c) Si supplementation boosted the
urease activity and improved the urea content more in
pigeonpea than mungbean as evident through corela-
tion coefficient [pigeonpea r(Si-Urease) =0.989; r(Si-
Urea) =0.957 p=0.01; mungbean r(Si-Urease) =0.944;
r(Si-Urea) =0.933, p=0.01]. However, AM colonization
was more effective in increasing the synthesis of urea
by significantly increasing the urease activity [pigeon-
pea r(MC-Urease) =0.998, r(MC-Urea) =0.990, p=0.01;
mungbean r(MC-Urease) =0.968, r(MC-Urea)=0.970,
p=0.01]. Si+ AM treatment was the most efficient in
enhancing the urease activity and helped to enrich the
urea pool especially in pigeonpea.
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Fig. 5 Effect of silicon (Si)
and arbuscular mycorrhiza
fungi (AMF) on (a) glutamine 3500
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in chickpea, mungbean and
pigeonpea. (d) Aspartate
aminotransferase activity

(AAT, umol NADH, g~! FW 20
h™!) (e) asparagine synthetase

3000

2500

2000

150.0

GS activity [pumol YGH (gFW)-! h'1]

100.0

(a) OC BSi BAM BSHAM

(d) OC BSi BAM BSHAM
700.0

600.0
500.0
400.0
300.0
200.0

100.0

Aspartate aminotransferase activity (imol NADHox g-! FW h-1)

0.0

activity (AS, n moles min~! g~! 00

Chickpea

FW) (f) asparagine concentra-

tion (Asn, mg g~' DW) under ()
nickel (Ni—150 mg/kg) con- 2500
centration in chickpea. Values
are mean of 6 replicates + stand-
ard error (SE). Different letters
above the bar indicate sig-
nificant differences among the
treatments assessed by Duncan
multiple range test at p <0.05.
C=Si and AM absent, + Si=Si
present, + AM = arbuscular myc-
orrhiza present, 4+ Si+AM =Si
with AM present

2000

1500

100.0

GOGAT activity [mmol NADHox (gFW)-! h-1]

500

0.0

OC Bsi BAM BSi+tAM

oC 3S8i BAM BSi+AM

_ ,_ N
S o S
> = >

“Asparagine synthetase activity (n moles min- g- FW)
g

0.0

Chickpea

80.0

70.0

60.0

GDH activity [jimol NADHox (gFW)-1 h-1]

(c) OC BSi BAM BSiHAM

® oC @si BAM BSi+tAM

200

B

5
2

Asparagine content (mg g-1 DW)

C Ni
Chickpea Mungbean

C Ni

Pigeonpea Chickpea

3.8 Asparagine Metabolism

Significant amide (Asn) synthesis was observed in
unstressed chickpea plants, which increased further with
the introduction of Ni in the rooting medium (Fig. 5d-f).
This increase was accompanied by an increment in the
activities of its biosynthetic enzymes (AspAT and AS)
which could be authenticated through corelation values
[chickpea r(Asn-AspAT)=0.988; r(Asn-AS)=0.984,
p=0.01]. Addition of Si did not bring about any significant
improvement in terms of Asn synthesis. On the other hand,
AM inoculations were highly efficient in improving the Asn

synthesis (ESM Table 1). Interestingly, Asn content had a
negative corelation with N,ase activity advocating higher
Asn synthesis in metal stressed nodules with decreased
Nsase activity [Chickpea r (Asn- N,ase) =-0.840, p=0.01].
The combined (Si+ AM) treatments were almost at par in
enhancing Asn content with those of individual AM treat-
ments under metal stress.

3.9 Yield Attributes

Reduction in root and shoot biomass led to decline in
crop yield elicited in the form of decrease in flower, pod
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Fig. 6 Effect of silicon (Si) and arbuscular mycorrhiza fungi (AMF)
on (a) xanthine dehydrogenase (XDH, pmol NAD g‘l FW h™)) (b)
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mg~! min~"),under nickel (Ni—150 mg/kg) concentration in mung-

and seed no. as well as seed dry weight and above ground
biomass, thus resulting in reduced HI (ESM Table4;
Table 4). On addition of Si to soil, there was a signifi-
cant improvement in the productive potential of plants,
maximum in pigeonpea followed by mungbean and least
in chickpea. However, AM inoculations were much more
beneficial in arresting flower abortion and subsequently
improving the seed dry weights as well as HI when com-
pared with the added Si nutrition in all three species [HI
B(AM) =0.565; B(Si) =0.235]. The increment in produc-
tive potential due to Si application and AM inoculations
can be attributed to increase in nutrient uptake by the
legumes. Based on the above data pigeonpea and mung-
bean were significantly more responsive towards Si and
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bean and pigeonpea. Values are mean of 6 replicates + standard error
(SE). Different letters above the bar indicate significant differences
among the treatments assessed by Duncan multiple range test at
p<0.05. C=Si and AM absent,+ Si=Si present,+ AM =arbuscular
mycorrhiza present, + Si+AM = Si with AM present

Si+ AM in terms of improving yield under Ni stress when
compared to chickpea.

4 Discussion

The present study compared the sensitivity of the three
legume species chickpea, mungbean and pigeonpeain Ni
contaminated soil. MC declined on introduction of Ni in
the rooting medium with maximum decrease recorded in
chickpea followed by mungbean whereas pigeonpea was
relatively more tolerant and displayed least decline. How-
ever, even under metal contaminated soils AMF species
i.e., R. irregularis was able to form and retain symbio-
sis due to the endurance of AMF spores towards metal
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Fig. 7 Effect of silicon (Si) and
arbuscular mycorrhiza fungi
(AMF) on (a) allantoic acid
(ALA, pg g-1 FW) (b) ure-

ase (u moles NH,* liberate
mg~' min~") (c) urea (umol
urea g~! FW)under nickel
(Ni—150 mg/kg) concentration
in mungbean and pigeonpea.
Values are mean of 6 repli-
cates = standard error (SE).
Different letters above the bar
indicate significant differ-
ences among the treatments
assessed by Duncan multiple
range test at p <0.05. C=Si
and AM absent, + Si=Si pre-
sent, + AM = arbuscular mycor-
rhiza present, +Si+ AM=Si
with AM present
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Table 4 Effect of silicon (Si) and arbuscular mycorrhiza fungi (AMF) on seed dry weight (g plant‘l), above ground biomass (Abv.GB, g plant_l)
and harvest index under nickel (Ni—150 mg/kg) concentration in chickpea, mungbean and pigeonpea

Parameters Seed Dry Weight Abv.GB Harvest Index

Treatments Chickpea Mungbean Pigeonpea Chickpea Mungbean Pigeonpea Chickpea Mungbean Pigeonpea

C 1.16+0.014b  1.07+£0.012c  3.32+0.058d  3.86+0.052c  3.48+0.058c 8.10+£0.173d  0.301+0.002b  0.308 £0.003bc  0.410+0.004¢
C+Si 1.20+0.023b  1.13+0.017bc  3.58 £0.069bc  3.97+0.064bc 3.63+0.052bc 8.63+0.182cd 0.302+0.004b  0.311+0.003b  0.415+0.005bc
C+AM 1.27+0.018ab 1.19+0.021b  3.87+0.081b  4.18+0.075ab 3.80+0.075ab 9.22+0.208bc  0.304+0.001ab 0.313+0.002ab  0.420+0.002b
C+Si+AM 1.33+-.030a  1.28+0.024a 4.21+0.092a  4.35+0.078a 4.01+£0.087a 9.92+0.219a  0.306+0.003a  0.319+0.004a  0.424 +0.003a
C+Ni 0.66+0.020d  0.73+0.014f  2.49+0.064f  2.25+0.058f 2.40+0.069f 6.19+£0.191f  0.294+0.007d  0.304+0.005d  0.402+0.009d
C+Ni+Si 0.71£0.029d  0.84+0.020e  2.90+£0.075¢  2.40+0.069f 2.72+0.064e 7.18£0.196e  0.297+0.006c  0.307+0.007c  0.404+0.006 cd
C+Ni+AM 0.85+0.024c  0.96+0.023d 3.42+0.087cd 2.85+0.08le 3.12+0.081d 8.35+0.214d  0.299+0.008bc 0.308 +0.006bc  0.410+0.010c
C+Ni+Si+AM 0.93+0.031c  1.11+£0.026b 4.01+£0.100b  3.08+0.084d 3.59+0.080bc 9.63+0.231ab  0.300+0.005bc 0.309+0.008bc  0.416+0.008bc

Values are mean of 6 replicates+standard error (SE). Different letters in each column indicate significant differences among the treat-
ments assessed by Duncan multiple rangetest at p<0.05. C=Si and AM absent,+Si=Si present,+ AM =arbuscular mycorrhiza pre-

sent, 4+ Si+ AM=Si with AM present

toxicity since the spores never completely vanish, thus
leading to significant root colonization even under stressed
conditions [96, 97]. Further, Ni toxicity led to reductions
in root and shoot dry weights, the impacts being more
severe on roots than shoots in a species dependent manner
which ultimately declined the root to shoot ratio. Roots
are severely affected as they store majority of Ni and do
not allow much of it to be transported to the shoots [13].
Moreover, high Ni concentration in the roots interferes
with various physiological activities including cell divi-
sion, formation of root hairs etc. [14].

The three species were able to form rhizobial sym-
biosis and develop nodules for efficient nitrogen fixation
under unstressed conditions. However, addition of Ni had
a negative impact on the nodulation potential in terms of
NN and NDW with maximum sensitivity shown by chick-
pea followed by mungbean and pigeonpea, which was pro-
portionate to their respective declines in root weights. The
decreased NN could be attributed to a number of factors
such as reduced root biomass, less root hair formation,
depletion of rhizobia in soil and altered nod gene expres-
sion [98] [99]. Decrement in NDW was followed by reduc-
tion in the synthesis of LHb which was accompanied by
a decrease in the rate of nitrogenase activity (ARA) in a
species dependent manner. The depletion in LHb, exposes
N,ase to excess O, that ultimately diminishes its activity
[100]. A negative corelation between Ni stress and nitrogen
fixation could also be related to the damaged C (carbon)
metabolism that ultimately might have affected bacteroid
respiration [101]. The decline in root and nodule biomass
was proportionate to the uptake of Ni by these organs which
was maximum in chickpea while pigeonpea had the ability
to limit the same. Furthermore, accumulation of Ni esca-
lated EL of root plasma membrane which led to significant
reductions in root biomass. The NDW, LHb content as
well as N,ase activity decreased along with increased ROS
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generation and MDA content as a result of Ni uptake. In
addition, a significant decline in Si content in the roots and
nodules was also recorded under Ni stress which was spe-
cies specific. Interestingly, no study has been carried out to
compare the relative and selective uptake of Si in legume
species under any abiotic stress.

Apart from reducing plant biomass accumulation, Ni also
negatively affected the enzymatic activities of the rhizos-
phere soils of the three species in the following sequence:
URE > DEH > AIkPHA. HMs restrict enzymatic reactions
by complexing with substrate or obstructing the functional
groups of enzymes or reacting with enzyme—substrate com-
plex [102]. This decrease in enzyme activities resulted in
reduced nutrient availability as well as uptake (N and P)
especially P which might have decreased the nodular effi-
ciency as P is required for mitochondrial and symbiosome
membrane synthesis during nodule development and ATP
synthesis [104]. The decline in these nutrients was accom-
panied by the decreased uptake of Cu and Fe because Ni
competes with these ions due to similar transporters (Nramp,
ABC, CTR, and ZIP families of metal transporters), thus,
preventing their uptake by plant roots especially those of
chickpea [105]. Consequently, the plant biomass production
strained as a result of decreased nutrient acquisition and soil
enzymatic activity.

Metal toxicity impaired the GS-GOGAT pathway of
ammonia assimilation severely in chickpea with moderate
effects observed in mungbean and pigeonpea. The decrease
in the activity of GOGAT and GS enzymes indicated the
disturbance in NH, + assimilation induced by metal toxicity,
which was supported by decreasing N content. However, the
activity of the GDH enzyme increased under metal stress as
an alternate pathway to overcome stressful environments.
under impaired GS/GOGAGT system. GDH can reduce the
accumulation of toxic levels of NH,* and provide the glu-
tamate required for several defensive biomolecules [106].
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The overall decline in GS and GOGAT activity was a con-
sequence of oxidative damage that further degraded LHb
[107]. Furthermore, reduced GOGAT activity is closely
corelated to decrease in N,ase activity as demonstrated by
Khadri et al. [108] in Phaseolus vulgaris under salt stress.
Amides and ureides play an important role in storage-trans-
port of N and for combatting stresses [32, 109, 110]. Though
the ureide and amide synthesis was increased to an extent
under Ni toxicity more in pigeonpea than mungbean, but
their transport to leaves was hindered that ultimately led to
decline in N assimilation.Translocation of ALA (ureide) to
the leaves was obstructed which eventually led to less urea
formation.Finally, in leaves urea is converted into NH; and
CO, with the help of urease enzyme. Ni is a constituent
of the urease prosthetic group and its supply increases the
enzyme activity but at high Ni concentrations, urease activ-
ity declines [111] as also recorded in the present study. The
decrease in urease activity and urea level was more promi-
nent in mungbean than pigeonpea. Therefore, low urea avail-
ability and decline in urease activity ultimately decreased
NH,* production consequently leading to large N losses.

The present study indicated that Ni induced high flower
abortion leading to reduction in pod no., seed no., seed
dry weight and HI in the three legumes with maximum
negative impacts on chickpea followed by mungbean and
pigeonpea. Abiotic stress constricts the pollen tube growth,
causes abnormal functioning of gametes (male and female)
and flower abortion [112]. Higher decline in plant yield in
chickpea could be due to higher Ni uptake, reduced plant
biomass and decrease in nutrient content of plant especially
in terms on N and P as observed in the present study. Irfan
et al. [113] reported that application of Cd to the soil sig-
nificantly decreased yield parameters in Brassica juncea L.
while that of Hordeum vulgare L. under Cr (VI) [114]. These
studies suggest that HM stress restricts the physiological
processes, growth and yield attributes, reducing overall crop
production [115]. The differential sensitivity of the three
legumes towards Ni toxicity could be due to their genetic
makeup and their relative ability to uptake and transfer the
metal in different plant parts.

Current study revealed that Si and AMF improved growth
and biochemical parameters in all the three legumes, with
AMF being more beneficial than Si in ameliorating the toxic
effects due to its more effective role in reducing metal uptake
than Si. Si nutrition displayed differential effectiveness in
reducing the metal stress symptoms with highest positive
impacts observed in pigeonpea followed by mungbean and
least in chickpea.

The reduction in metal uptake could be corelated to the
relative root colonizing ability of the host species with R.
irregularis.Si aids in co-precipitation of metals, metal ions
chelation, compartmentation and structural modifications of
plant tissues that leads to metal detoxification thus aiding

in enhanced RDW [116]. Higher beneficial effects of AMF
on root growth and nutrient uptake owing to its direct role
in inducing the development of healthy roots and enhanced
number of root hair and surface area for the acquisition of
nutrients under abiotic stresses [117, 118]). Si and AMF
were highly beneficial in strengthening the plasma mem-
branes and reducing the EL in roots and nodules thereby
bringing down Ni uptake. Si-HMs co-precipitation aids in
cell wall thickening through the formation of strong silica
barriers that bind and obstruct the transport of toxic metals
[116]. AM proved to be more beneficial in lowering metal
content in all the three legumes, more in pigeonpea and
mungbean than chickpea due to their differential colonizing
rates. Si uptake enhanced with the supplementation of Si
nutrition with maximum Si content observed in pigeonpea
roots and nodules. This can be attributed to the presence of
transporters CcNIP2-1 (an AQP) predicted to transport Si in
pigeonpea [119] that led to increased uptake of Si from the
soil whereas no Si transporters have been reported in the
other two species till date. Limited Si uptake in chickpea and
mungbean could be due to the passive or active uptake of Si
rather than through transporters as most of the legumes are
low Si accumulators [120].

Si uptake enhanced upon mycorrhization with pigeonpea
most responsive to these treatments. AMF plays an impor-
tant role in the uptake of Si, its transport from the external
solution into the intraradical mycelium, and transfer from
the fungal cells to the root cells. Although the mechanisms
are still not clear, but active transport might be the involved
via transporters present in the extraradical hyphae at the
soil-fungus interface for Si uptake and at the plant—fun-
gal interface (arbuscule) for its translocation across the
peri—arbuscular interface in the plant cells [121]. Interest-
ingly, supplementation with Si nutrition to the soil enhanced
the MC of all the three species with least positive effects
recorded in chickpea. This could be attributed to the dispar-
ity in terms of Si uptake by the three species.

There was a significant improvement in the functional
efficiency of nodules (LHb, ARA) upon supplementation
with Si and AM along with increase in NN and NDW, with
AMF being more beneficial than Si in all the three legume
species, while Si synergistically effective in pigeonpea and
mungbean. Putra et al. [122] observed that Si increased the
concentrations of specific flavonoids in Medicago trunca-
tula that function as Nod-gene regulators along with higher
synthesis of free amino acids, total soluble protein and total
N thus resulting in enhanced nodulation. AMF inocula-
tion improved the nodulation by increasing absorption and
translocation of nutrients (especially P) as also observed by
Gough et al. [123] in Vigna radiata. Si enhances N, fixation
[124] as its deposition changes the permeability of nodule
that may impact the solute transport and gaseous (e.g. oxy-
gen and nitrogen) diffusion though the exact mechanism
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is still not clear [125, 126]. Furthermore, enhancement of
oxygen and nitrogen fluxes could have accelerated bacteroid
metabolism (respiration and nitrogen fixation) inside the root
nodules [125]. AMF proved to be more beneficial than Si in
upregulating the LHb content and N,ase activity in all three
species especially pigeonpea due to maximum P uptake.

In the present study, Si and AMF inoculations increased
the Tre synthesis by upregulating T6PS and T6PP activity
and lowering the activity of TRE ultimately reducing the
ROS and MDA content.Tre is a common reserve carbohy-
drate but also a molecule involved in defence actions as it
detoxifies ROS [127]. Pigeonpea displayed higher synthe-
sis of Tre which could be due to more per-cent MC than
the other two legumes. Calonne et al. [128] reported that
in response to chemical (disodium arsenate) or heat stress
AMF activated transcriptionally and/or post-transcription-
ally the tre metabolism enzymes, which led to tre accumula-
tion. Si supplementation also led to increased tre synthesis
with higher accumulation in pigeonpea, moderate in mung-
bean and lowest in chickpea. Tre and N,ase activities were
observed to have a negative corelation with one another sug-
gesting that the nodules under stress i.e., with reduced N,ase
activity produced more tre to mitigate metal induced oxida-
tive damage. Thus, tre might have played an important role in
protecting N,ase from the free radicals due to its antioxidant
nature [129]. Luo et al. [130] observed a direct role of tre in
reducing H,0, and O,°” in heat stressed wheat plants. In the
present study the increase in nodular parameters, including
NDW and Njase activity could be directly related to Si and
AMF stimulated tre synthesis that decreased the generation
of ROS.

Increased soil enzymatic activities such as URE, Alk-
PHA and DEH enhanced nutrient availability (N and P)
and their uptake by host plant in the presence of R. irregu-
laris. AMF increases the soil enzyme activity by improving
microbial activities in the plant rhizosphere [131]. These
results were strongly supported by the findings of Qian et al.
[132] who reported increment in the activities of various
soil enzymes in AMF inoculated ryegrass grown in mine
soils. Furthermore, fungal association also increased the
uptake of nutrients namely Fe and Cu and increased their
content in roots and nodules. Si exhibited lower effects
than AMF on soil enzymes which could be due to its spar-
ingly soluble nature [133]. However, Si supplementation
increased the nutrient status of plant with higher positive
impact on pigeonpea followed by mungbean and chickpea.
There have been reports regarding its involvement in chang-
ing the microbial environment leading to improved soil
properties (pH and enzymatic activities) and availability
of mineral nutrients to the plants [38]. This might be due
to Si stimulated upregulation of the genes that are related
with NPK transport and utilization [134]. Fe and Cu uptake
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and concentrations also increased with Si nutrition as it
supressed the Ni uptake from the soil thus increasing the
mineral content of the legumes.

Application of Si and AMF positively revived the GS/
GOGAT pathway with little increase in GDH, signifying
the importance of GS-GOGAT in eliminating Ni induced
toxic effects. Pigeonpea was highly responsive to both the
treatments which could be related to its ability to absorb
Si more efficiently as well as establish a more effective
AMF symbiosis than mungbean with chickpea displaying
positive impacts with AM only. Calcium silicate (CaSiO5)
proved to be beneficial in upregulating the GDH activity
in Zn stressed barley plants [135]. In the present study,
AMF was more beneficial in improving ammonia assimi-
lation due to the functional complementarity between the
two symbiosome. The direct role of AMF on these path-
ways is still unclear, however the increase in their activity
can be attributed to the ability of AMF to impart overall
stress tolerance. R. irregularis promoted GOGAT and GS
activities in chickpea under beryllium stress as reported
by Sheteiwy et al. [136].

The present study observed that introduction of Si and
AMF modulated ureide metabolism and significantly
increased the ureide content under Ni stress, more in
pigeonpea than mungbean. The mechanism through which
Si and AMF enhance the ureide synthesis is still unclear
but it could be due to upregulation of their biosynthetic
enzymes and inhibition of the catabolic enzymes. Similar
findings were observed in Arabidopsis that reported low
expression of the ALN degrading enzyme gene, allantoi-
nase with a concurrent increase in the expression of ALN
biosynthesis enzyme gene, uricase under abiotic stress
[137-140, 142]. Several studies suggested that ALN may
function as an antioxidant due to its role in eliminating
ROS-induced oxidative damage in plants [141]. The trans-
location of ureides to the leaves was restored through the
application of Si and AMF thus increasing urea synthe-
sis, more so in AMF inoculated pigeonpea plants, along
with enhanced urease activity that ultimately improved the
urea catabolism and NH,* production.Chickpea, being an
amide transporter displayed a significant increase in Asn
content in the nodules with AM supplemented stressed
plants while, Si did not seem to play any significant role
due to relatively low Si uptake. The enzymes AspAT and
AS involved in the synthesis were upregulated that ulti-
mately increased the Asn concentration. Andrade et al.
[142] reported high levels of Asn in AMF inoculated jack
bean plants subjected to Cu stress.Moreover, supplemen-
tation of Si and AMF enhanced the productivity potential
of all three legumes, with AMF displaying higher effi-
ciency than Si. AMF inoculations were more beneficial
in improving the flower no., pod formation, seed biomass
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and overall yield of all three species while Si was effective
in pigeonpea and mungbean. This could be attributed to
the AM aided increased root biomass, increased nutrient
uptake especially P, N, fixation and efficient transloca-
tion of nitrogen metabolites (amides and ureides). He et al.
[143] indicated that AMF (Glomus mosseae) decreased the
yield losses in tomato under salt stress.

The combined applications of Si+ AM completely
nullified the negative effects of Ni stress, especially in
pigeonpea and mungbean, due to enhanced Si uptake aided
by fungal symbiosis. The cumulative treatments not only
enhanced the root and shoot biomass, they also positively
influenced the nodulation potential, trehalose metabolism,
soil enzymes and nutrient acquisition, leading to increased
productivity of all three legumes species. Moreover,
ammonia assimilation and nitrogen transport were greatly
enhanced by their dual application with pigeonpea benefit-
ting to a maximum extent due to highest mycorrhization
and silicon uptake, followed by moderate positive effects
on mungbean. However, no significant functional com-
plementarity between Si and AMF was observed in case
of chickpea.

5 Conclusion

Application of Si helped in the re-establishment of the three
legume species subjected to Ni stress with pigeonpea most
responsive towards Si nutrition, closely followed by mung-
bean, with least positive effects displayed by chickpea. The
differential impacts of Si nutrition could be related to the
disparities in terms of relative Si uptake abilities among the
species. AM, on the other hand, was efficient in all experi-
mental species and improved the nitrogen fixing potential
and seed yield, with pigeonpea able to establish a stronger
AM symbiosis when compared with other legumes. Com-
bined application of + Si+ AM proved to be the most ben-
eficial treatment whichhad a cumulative effect in nullifying
the harmful effects of Ni stress in all three species, especially
in pigeonpea, which could be attributed to maximum AM
mediated Si uptake. The findings suggested the importance
of identifying particular legume species, able to establish
an effective AM symbiosis and benefit from Si nutrition in
order to alleviate Ni toxicity in the contaminated soils.
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