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Abstract

Nickel (Ni) is a fundamental micronutrient in plants but hampers plant growth and metabolism at elevated levels in the soil by
inducing oxidative stress. In the recent years, use of polyamines (PAs) and arbuscular mycorrhiza (AM) have gained importance
for their roles in enabling plants to withstand Ni toxicity. However, information about their comparative effectiveness in
alleviating Ni stress is scanty. Therefore, the current study was designed to evaluate relative impacts of three PAs (Put, Spd,
and Spm) and AM (Rhizoglomus intraradices) in reducing Ni uptake, ROS generation, and modulating antioxidant defense
machinery in two pigeonpea genotypes (Pusa 2001-tolerant and AL 201-sensitive). Roots of Ni supplied plants accumulated
significantly more Ni than the leaves, more in AL 201 than Pusa 2001, which was proportionate to reduced dry weights and
enhanced oxidative burst. Although all the three PAs as well as AM inoculations upsurge plant growth by remarkably lowering
Ni transport as well as the sequential oxidative burden, AM was most effective, followed by Put, Spd with least positive impact of
Spm. The combined applications of AM and Put were able to strengthen antioxidant defense mechanisms, including those of
ascorbate-glutathione cycle, most strongly when compared with + Spd + AM and + Spm + AM. Pusa 2001 was more responsive
to PAs priming because of its proficiency to develop better effective mycorrhizal symbiosis with R. intraradices when compared
with AL201. Hence, the results suggest use of combined applications of PAs (mainly Put) and R. intraradices as an effective

strategy for mitigating Ni toxicity in pigeonpea genotypes.
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Introduction

Nickel (Ni) belongs to group VIII B of the transition series and
ranks 28th in the periodic table. It is a vital micronutrient for
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plants growth and development because it is required in es-
sential metabolic processes (Liu 2001; Sachan and Lal 2017,
Patra et al. 2019). However, at raised concentrations in soil
and water, it is considered as wide-scale pollutant (Sreekanth
etal. 2013) and is discharged into the soil by numerous natural
and human-induced sources (Bhalerao et al. 2015; Soares
et al. 2016). High concentrations of Ni in the soil adversely
affect plant growth by increasing membrane permeability
which causes electrolyte leakage, decrease photosynthe-
sis, N,-fixing efficiency, nutrient status, and yield of the
plants (Saad et al. 2016; Garg and Saroy 2019). In addi-
tion to this, high concentration of Ni also generates reac-
tive oxygen species (ROS) as well as induce oxidative
injury as reported in Solanum nigrum (Soares et al.
2016), Glycine max (Sirhindi et al. 2016), soybean
(Barcelos et al. 2018; Mir et al. 2018), etc.

In order to detoxify ROS, plant tissues upregulate the ac-
tivities of enzymatic antioxidants like superoxide dismutase
(SOD), catalase (CAT), guaiacol peroxidase (GPOX) and en-
zymes of ascorbate-glutathione (AsA-GSH) cycle—ascorbate
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peroxidase (APOX), monodehydroascorbate reductase
(MDHAR), dehydroascorbate reductase (DHAR) and non-
enzymatic glutathione reductase (GR), phytochelatins (PCs)
along with total glutathione (Gajewska and Sktodowska 2007,
Bhalerao et al. 2015). Reports on the activation of defense
mechanisms under Ni stress are diverse with some observing
an enhancement in SOD, CAT along with APOX activities,
and peroxidase in soybean (Sirhindi et al. 2016; Barcelos et al.
2018) while others recording a slight upsurge in SOD activity
with a decrease in CAT activity as well as enzymes of AsA-
GSH cycle in pigeonpea and soybean under Ni toxicity (Rao
and Sresty 2000; Mir et al. 2018). Moreover a decrease in
SOD and CAT activities has also been observed under Ni
stress in Hydrocharis dubia leaves (Zhao et al. 2008). In ad-
dition, the activities of these antioxidant enzymes vary among
the genotypes of a plant species (Garg and Bhandari 2016;
Garg and Kashyap 2019), with tolerant genotypes displaying
stronger antioxidant defense mechanisms than the sensi-
tive ones. GSH is a precursor of PCs that attaches to metal
for transport and sequestration inside the vacuole, thus
maintaining cellular redox status (Hasanuzzaman et al.
2017). Reports about the involvement of enzymatic and
non-enzymatic antioxidants in reducing Ni toxicity in
plants are scarce especially in legumes and require
investigations.

PAs are low molecular weight (LMW) polycations with
three main plant PAs namely spermidine (Spd), spermine
(Spm) along with their precursor putrescine (Put) (Tiburcio
et al. 2014; Chen et al. 2019). They are well recognized for
their good metal chelation properties, safeguarding ROS, and
protecting plant cells against metal-induced oxidative injuries
(Nahar et al. 2016; Paul et al. 2018). In a study, exogenous Put
supplementation lessened the toxic effects of Ni in Brassica
napus by enhancing nutrient status and endogenous PAs
(mainly Put) levels (Shevyakova et al. 2011). Besides, exog-
enous Spm application scavenged ROS via upgrading the ac-
tivity of enzymes and non-enzymatic antioxidants under Cd
stress in mungbean (Nahar et al. 2016). Similarly, Put and Spd
pretreatment promoted metal chelation, antioxidant defense
system, and conferred Cd tolerance in wheat (Szalai et al.
2020). Rady et al. (2016) observed Put to be more effective
than Spd and Spm in Triticum aestivum plants under Cd stress
while Spd was better than Put and Spm in cucumber under
water stress (Kubis et al. 2014).

Inoculation of plants with arbuscular mycorrhiza (AM) is
considered another important and cost effective strategy in
ameliorating heavy metal (HM) stress (Gamalero et al. 2009;
Begum et al. 2019; Dhalaria et al. 2020). A study found that
AM inoculation with Glomus mosseae could improve plant
growth by minimizing Ni uptake in Glycine max and Lens
culinaris (Jamal et al. 2002). In addition, Glomus etunicatum
inoculation to Sorghum vulgare, Alphitonia neocaledonica
and Cloezia artensis, under Ni stress, upgraded plant growth

by increasing mycorrhizal colonization (MC) and sporulation
of the fungal isolates since the symbionts acted as a barricade
to Ni uptake by the plants (Amir et al. 2013). Moreover, PAs
have been observed to upgrade MC and infection in plants
roots namely pea and soybean (El Ghachtouli et al. 1995;
Salloum et al. 2018). Furthermore, exogenic supply of three
PAs (Spm, Put, and Spd) has been recognized to upsurge plant
growth, mycorrhizal colonization, and biomass production of
Poncirus trifoliata seedlings, with Glomus versiforme inocu-
lation (Wu et al. 2010). Moreover, Put enhanced mycorrhizal
development and colonization in Freesia hybrida when inoc-
ulated with Rhizophagus intraradices (Rezvanypour et al.
2015). However, no information is available on the func-
tional complementarity between PAs and AM in reducing
Ni induced ROS generation and activation of antioxidative
defense mechanisms in plants which require elaborate
research.

Pigeonpea (Cajanus cajan L.) is a perennial crop of tropics
and sub-tropics (Ghosh et al. 2014), grown on 7.03 million
hectares of land worldwide. India is the major producer with
5.6 million hectares and 3.29 MMT produced annually
(FAOSTAT 2017). It is a rich source of proteins, carbohy-
drates, calcium, manganese, minerals as well as vitamins
(Saxena et al. 2010). It is moderately tolerant to metals and
is considered ideal for research studies. Till date, as per our
knowledge, there are no reports on the relative roles of PAs
and AM in reducing Ni induced stress responses in terms of
ROS generation and antioxidant defense in crop plants espe-
cially pigeonpea.

Therefore, this work was aimed to determine the compara-
tive effects of exogenous applications of PAs (Put, Spm, Spd)
and/or arbuscular mycorrhizal (Rhizoglomus intraradices) in
imparting Ni tolerance in two differentially tolerant pigeonpea
genotypes. The objectives of the present research was to (i)
evaluate the effect of Ni toxicity on growth, mycorrhizal sym-
biosis, Ni uptake, and ROS generation; (ii) assess the relative
impacts of PAs seed priming and AM inoculation in reducing
metal induced stress responses through the activation of ROS
scavenging enzymes as well as those of ascorbate-glutathione
cycle; and (iii) analyze the functional complementarity be-
tween PAs and AM in strengthening redox homeostasis as
well as modulating the activities of non-protein thiols and
PC contents.

Materials and methods

Present research is an extension of our preceding work (Garg
and Saroy 2019) in which we investigated the interactive im-
pacts of PAs and AM in modulating rhizobial symbiosis, tre-
halose, and ureide metabolisms in two differentially tolerant
pigeonpea genotypes under Ni stress. This research addresses
the impact of PAs/+AM applications in modulating oxidative

@ Springer



48874

Environ Sci Pollut Res (2021) 28:48872-48889

stress through the activation of various antioxidant defense
mechanisms in the two genotypes of pigeonpea subjected to
two Ni concentrations (Nijgg = 100 mg/kg soil and Niyyy =
200 mg/kg soil).

Procurement of biological materials and research set-
up

Seeds of pigeonpea (8 genotypes) were collected from agri-
cultural institutes of India (Indian Agricultural Research insti-
tute-IARI, New Delhi, Panjab Agricultural University-PAU,
Ludhiana, and Chaudhary Charan Singh Haryana Agricultural
University-CCSHAU, Hisar). The genotypes were raised un-
der a range of NiSO4 (50-300 mg/kg) and two genotype (Ni-
tolerant—Pusa 2001 and relatively sensitive—AL 201) were
selected with two Ni dosages (Ni;oo—100 mg/kg and Niygo—
200 mg/kg of soil) for comprehensive and comparative inves-
tigations. Spores of Rhizoglomus intraradices from The
Energy and Resource Institute-TERI and the inoculum of
Sinorhizobium fredii AR-4 were procured from IARI, New
Delhi. Experiments were performed in the Botany
Department of Panjab University, Chandigarh (30°45'N,
76°45'E and elevation 305-348 m above sea level) with a
relative humidity 45-57% (morning) and 36-50% (after-
noon), minimum temperature 22-29 °C, and maximum 34—
44 °C. Experiment soil (obtained from agricultural lands)
comprised of sand and loam (1:1), which was autoclaved for
1 h at 121 °C twice at an interval of 48 h in order to remove
native micro-flora. Soil had pH 7.4, ECe 0.825 dS m ', total N
= 0.42% (Nelson and Sommers 1973), organic C = 0.669%
(Estefan et al. 2013), P =10.11 mg kg ' (Olsen and Sommers
1982), available K = 0.17 meq/100 g (Mehlich 1953), and Ni
content=5.87 ug gf1 (Margui et al. 2007). The soil with Niygq
had total N (0.28%), P (5.09 mg/kg_l), organic C (0.523%),
and K (0.08 meq/100g).

Experimental layout and nickel dosages

Earthenware pots, disinfected with ethanol (70%), were lined
with polybags and then filled with autoclaved soil (8 kg/pot).
Seeds were disinfected with hydrogen peroxide (10% v/v)
solution and primed with 0.5 mM Put, Spd, and Spm for
12h and then coated with the inoculum of S. fredii. AM inoc-
ulum was prepared by growing the spores with Coriandrum
sativum, Zea mays, and Sorghum bicolor and consisted of a
mixture of soil, spores, and root fragments. The inoculum
(50 g per pot containing approximately 45 spores/g soil) was
kept beneath (1.5 cm) the seeds under each AM treatment and
in order to maintain consistency, non-AM sets were supple-
mented with uniform sterilized inoculum. After 15 days of
emergence (DAE), three plants per pot were maintained and
treated with 100 and 200 mg/kg NiSO,4, with/without PAs
treatments and AM inoculations (six replicates each). The
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experiment set up were arranged in 3 x 4 x 2 x 2 factorial
combination (completely randomized design), where three Ni
dosages (0, 100, and 200 mg/kg); two PAs (Spm, Spd, and
Put—0 and 0.5 mM); two AM inoculations [(+), (—)]; and two
genotype (Pusa 2001-tolerant and AL 201-sensitive). The
plants were harvested at 80 DAE, segregated into shoots and
roots for physiological and biochemical analysis. For dry
weight experiments, roots and shoots were oven dried at 70
°C for 72 h till they attained constant weight.

Mycorrhizal colonization and responsiveness

Percentage of mycorrhizal colonization (MC) in pigeonpea
roots was analyzed microscopically in all AM inoculated
stained roots as per the protocol of Phillips and Hayman
(1970) and Giovannetti and Mosse (1980). Mycorrhizal re-
sponsiveness (MR) was calculated according to the formula
given by Hetrick et al. (1992).

MC (%) = 100 (Total count of colonized segments / Total
count of segments seen)

MR (%) = 100 [Weight of AM plants (oven dried) —
Weight of non AM plants (oven dried)] / Weight of non AM
plants (oven dried)

Electrolyte leakage (EL) and membrane stability index
(MsI)

Fresh roots and leaves (2.5 g) were placed in 25 ml deionized
water and electrical conductivity (EC) of the solution was
noted by digital conductivity meter, 611 E. Samples have been
autoclaved, cooled, and EC measured (Zwiazek and Blake
1991). EL was calculated by the equation: EL = 100 x (EC
of solution before heat up / EC of solution after heat up).
Membrane stability index (MSI) was measured according
to the methodology of Sairam et al. (1997) where EC of plant
sample (500 mg) was analyzed in two groups and their corre-
sponding EC1 and EC2 observed through digital conductivity
meter, calculated as MSI = 100 [1 — (EC1 / EC2)] x 100.

ROS generation/oxidative stress indicators (O, ~, LPO,
H20,)

For assessing the superoxide radical (O, ), fresh roots and
leaves (100 mg) were dipped in potassium-phosphate buffer
(10 mmol), pH 7.8, having NBT and NaNs;. Two-milliliter
reaction solution was heated for 15 min (85 °C), cooled, and
read at 580 nm according to the method of Doke (1983).
According to the procedure given by Velikova et al. (2000),
amount of H,O, was evaluated and OD of supernatant read
spectrophotometrically at 390 nm. Estimation of lipid perox-
idation (LPO) was done on the basis of quantity of MDA
released through thiobarbituric acid (TBA) reaction according
to Heath and Packer (1968). The absorbance (Abs) was noted
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at 532 and 600 nm, Abs at 600 nm were deducted from Abs at
532 nm, and MDA content evaluated with the help of an
extinction coefficient (€ = 155 mM ' cm ™).

Enzymatic antioxidants (SOD, CAT, and GPOX)
Preparation of enzyme extract

Five hundred-milligram plant material (roots and leaves) was
crushed (with liquid N,) in potassium phosphate buffer
(50 mmol L', pH 7.8) containing EDTA (1 mmol L"), 2-
mercaptoethanol (3 mmol LY along with
polyvinylpolypyrrolidone (2% w/v). The homogenate materi-
al was centrifuged and the supernatant served for antioxidant
enzymatic activities (nkat mg ' protein).

SOD activity was evaluated at 560 nm by checking its
capacity to hamper the photochemical diminution of NBT
(Dhindsa et al. 1981). CAT activity was analyzed through
the reduction in Abs of H,O, at 240 nm as stated in procedure
of Aebi (1984). GPOX activity was examined by the protocol
given by Castillo et al. (1984). Upsurge in OD was noted at
470 nm because of the oxidation of guaiacol to tetra-guaiacol
and enzyme activity was estimated by using extinction coef-
ficient tetra-guaiacol (€ = 26.6 mM 'em ™).

Ascorbate-glutathione (AsA-GSH) cycle
Ascorbate pool (APOX, MDHAR, DHAR, AsA, DHA, total AsA)

Extraction procedure was similar to that of SOD, CAT, and
GPOX.

Ascorbate peroxidase (APOX) activity was examined as
the decline in OD as a result of oxidation of ascorbic acid to
MDHA and dehydroascorbate (DHA). The decrease in Abs
was noted at 290 nm by UV-visible spectrophotometer
(Nakano and Asada 1981). The quantity of AsA oxidized by
APOX activity was evaluated through extinction coefficient
(¢ =2.8 mmol ' em ). Dehydroascorbate reductase (DHAR)
activity was measured according to the rate of upsurge in Abs
at 265 nm (Asada 1984). MDHAR activity was calculated by
the reduction in Abs (340 nm) as per the procedure of
Nakagawara and Sagisaka (1984). Total AsA was calculated
according to Arakawa et al. (1981) and Nakagawara and
Sagisaka (1984). DHA content was calculated by subtracting
the AsA from the total AsA (DHA = total AsA — AsA). A
calibration curve was plotted using 0—10 pumol of AsA or
DHA to calculate AsA, DHA, total AsA concentration and
plotted as pmol g ' FW.

Glutathione pool (GR, GSH, and GSSG)

Extraction procedure for GR was similar to SOD. The assess-
ment of GR activity was based upon development of red-

colored complex by reduced glutathione through 5,5-
dithiobis-2-nitrobenzoic acid (DTNB) (Smith et al. 1988).
The reaction was begun by mixing 20 mmol GSSG (0.1 ml)
and the upsurge in Abs was observed spectrophotometrically
at 412 nm. For GSH and GSSG content, plant material (100
mg) was homogenized in potassium phosphate buffer solution
and then centrifuged. The supernatant collected was utilized
for the assessment of GSH and total glutathione according to
Castillo and Greppin (1988). A reduction in absorbance from
the oxidation of NADPH was noted at 340 nm. GSH concen-
trations were analyzed by assessing the upsurge in Abs at
412 nm resulting from reduction of DTNB. GSSG was calcu-
lated by deducting GSH from total GSH.

Total non-protein thiols (NP-SH) and phytochelatin
content

Non-protein thiols (NP-SH) were analyzed by the procedure
of Del Longo et al. (1993). Leaves and roots were crushed in
TCA (5%), incubated, and then centrifuged. SH group was
analyzed by adding aliquot (100 pl) to the reaction mixture
having phosphate buffer (0.1 M, pH 7.0), EDTA (0.5 mmol),
and DTNB (0.5 ml of 1 mmol) and Abs noted at 412 nm. A
calibration curve was drawn from different concentrations of
cysteine to evaluate the NP-SH content. To carry out theoret-
ical determination of PCs, the difference between total NP-SH
and GSH was assessed to signify PCs (Bhargava et al. 2005).

Statistical analysis

The data was statistically analyzes using SPSS 25.0 (Chicago,
USA). All figures and tables constituted the mean values of
six replicates + standard error (SE) for each treatment. Data
were examined by ANOVA for the major impact (Ni, Spm,
Spd, Put, AM, G) and interactions between them. One-way
ANOVA was used and further Duncan multiple range test
(DMRT at p < 0.05) applied to assess the variations among
the treatments. Regression analysis was applied to compare
the separate impacts of six independent factors (Ni, Spm, Spd,
Put, AM, G) on a specific parameter and presented as stan-
dardized coefficient ([3). Pearson’s correlation coefficient (r)
was conducted to draw the correlations among relevant depen-
dent factors for individual parameters.

Results

Growth parameters

Both concentrations of Ni had a negative correlation with root
and shoot dry weights (RDW, SDW) in the two genotypes

with higher concentration more toxic than the lower one
(Table 1). Pusa 2001 was able to tolerate Ni stress more
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strongly than compared with AL 201, there 35.72% and
72.7% decline in roots over control were recorded in Pusa
2001 and AL 201 individually under Niygo treatments. On
the other hand, SDW declined in Pusa 2001 by 29.12% and
in AL 201 by 54.30% respectively under Niy, treatments.
The decline was higher in terms of RDW than SDW, as evi-
denced by standardized {3 coefficients using regression anal-
ysis (ESM Table 1) [RDW (Ni) = —0.702, SDW B(Ni) =
—0.638] thus, disturbing the root to shoot ratio in a genotype
dependent manner (Table 1). Seed priming of both the geno-
types with three PAs along with AM inoculations with
R. intraradices had a positive impact in improving the plant
biomass significantly. Pusa 2001 was more responsive to
these amendments when compared with AL 201. Relative
comparison of the data indicated that AM had a much stronger
influence in improving both RDW and SDW, followed by
Put, Spd, and Spm as indicated by [ coefficient values
(ESM Table 1). AM and Put was able to ameliorate the neg-
ative impacts of Ni, oo completely and the data was significant-
ly better than even the control set of unstressed Pusa 2001
genotype, with significant beneficial effects recorded with
Spd. Spm priming was least effective with no significant im-
provement in both the genotypes. The co-treatments of AM
and Put were extremely beneficial in enhancing RDW, SDW
as well as root to shoot ratio than + Spd + AM and + Spm +
AM treatment and data was even higher Ni dosages than the
control in Pusa 2001. However, AL 201 was relatively less
responsive to all the combined treatments and displayed sig-
nificantly improved plant biomass, especially with + Put +
AM.

Mycorrhizal symbiosis

Microscopic assessment of the grid sections of roots indicated
no root colonization in uninoculated controls. Both genotypes
displayed a strong ability and efficiency to establish symbiosis
with R. intraradices, with Pusa 2001 (81.2%) recording
higher percent root colonization than AL 201 (77.6%)
(Table 1). Although, no significant difference was observed
in terms of percent MC in the unstressed control plants and
both the genotypes equally responsive to all the PAs treat-
ments. However, the differences in percent root colonization
became significant in the two genotypes with greater decline
in AL 201 than Pusa 2001, when the soil were supplemented
with the two Ni concentrations as authenticated by correlation
values [Pusa 2001 r(MC-Ni) = —0.869; AL 201 r(MC-Ni) =
—0.951 at p = 0.01]. However, even at Niygg, 59.03% was
recorded in tolerant Pusa 2001 and 41.38% in sensitive AL
201 respectively, indicating relatively less negative effects on
colonization potential than the growth parameters. A signifi-
cantly high MR was observed in Pusa 2001 when compared
with AL 201, which further increased with increasing Ni con-
centrations in rooting medium. All the three PAs were
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beneficial in strengthening percent root colonization, while
reducing MR in a genotype dependent manner, Put followed
by Spd and then Spm, there Put was able to completely nullify
the negative effects of even at Niy.

Total Ni concentrations

The total Ni concentrations estimated by WD-XRF in both
leaves and roots indicated significant increase in Ni uptake,
more AL 201 compare to Pusa 2001 (Table 1). Roots
absorbed and retained higher amount of Ni than leaves [roots
B(Ni) = 0.846, leaves 3(Ni) = 0.808]. PAs priming and AM
inoculation help in reducing Ni take up in root as well as their
movement to leaves. AM was relatively highly effective in
minimizing the metal concentrations when compared with
the three PAs as indicated by regression analysis (ESM
Table 1). Among the three PAs, maximum benefits were re-
corded with Put seed priming along with AM inoculations in
genotype related manner. Whereas, the beneficial impacts of +
Spm + AM were lowest under both Ni concentrations in the
two genotypes.

Electrolyte leakage (EL) and membrane stability index
(MsI)

Ni stress damaged the plasma membranes more negatively in
roots than leaves of AL 201 than Pusa 2001, which was equiv-
alent to the increased Ni concentrations (Table 2—roots and
ESM Table 2—Ileaves) [EL roots 3(Ni) = 0.676, leaves 3(Ni)
= 0.484]. The increased EL revealed an inverse relation with
the MSI under Ni toxicity in an organ dependent mode with
higher in AL 201 than Pusa 2001 [MSI roots 3(Ni) = —0.755,
leaves 3(Ni) =—0.718]. Among the various amendments, AM
was most effective in arresting membrane damage followed
Put, Spd, and Spm, thus reducing EL and increasing MSI. Put
seed priming complemented AM inoculations more strongly
when compared with + Spd + AM and + Spm + AM.

ROS generation/oxidative stress indicators (O, ~, LPO,
H;0,)

A substantial increase in ROS generation in terms of in O, ",
H,0, accumulation, and MDA was observed with increasing
concentrations of Ni, more in AL 201 than Pusa 2001
(Table 2—roots and ESM Table 2—Ieaves). The increase in
H,0, and O, was much higher in root than leaves in the two
genotypes as authenticated with regression analysis (ESM
Table 1). In addition a significant enhancement in MDA con-
tent was observed, with was proportionate to Ni concentration
as well as genotype (Table 2 and ESM Table 2). Exogenous
supplementation of PAs (mainly Put) and AM
(R. intraradices) lowered the concentrations of oxidative
stress markers, proportionate to the improved MSI of roots
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and leaves under Ni stress. Regression analysis confirmed that
AM and Put supply was more efficient in lessening ROS
generation in the two genotypes when compared with Spd
and Spm (ESM Table 1). The dual supplementations of Ni
stress soil further lowered O, and H,O, level in an organ
dependent manner. Higher benefits were recorded in Pusa
2001 where the quantum of ROS generation even lower than
the unstressed controls, with partial amelioration in AL 201.
Put and AM were the most effective in arresting ROS gener-
ation when given individually as well as in combination.

Antioxidant defense mechanisms
SOD, CAT, and GPOX

Significant enhancements were recorded in the activities of SOD,
CAT, and GPOX under Ni stress (Fig. I—roots; ESM Fig. 1—
leaves) and the extent of escalation was greater in leaves in con-
trast to roots, more in Pusa 2001 than AL 201 as evident from
regression analysis of statistics (ESM Table 1). SOD activity
(Fig. 1a; ESM Fig. 1a) was comparatively higher than GPOX
and CAT in roots as well as leaves which could be positively
correlated with the generation of ROS (H,O,, O, and MDA).
Significant Ni x Put x AM and Put x AM x G interactions (ESM
Table 3) of leaves and roots of SOD, CAT and GPOX activities
indicated that exogenic Put and AM lowered Ni content, higher
in Pusa 2001 comparison AL 201. The treatments of PAs and
R. intraradices further boosted the antioxidative enzyme activity
with + Put + AM more effective than + Spd + AM and + Spm +
AM. The co-application of AM and PAs indicated that + Put +
AM complemented each other which resulted in further enhance-
ment of these antioxidant enzymes at both Ni concentrations.

Ascorbate pool (APOX, DHAR, MDHAR, AsA, and DHA)

Both the genotypes displayed enhancement in the activities of
APOX, MDHAR, and DHAR (Fig. 1—roots; ESM Fig. 1—
leaves) together with AsA and DHA amount in roots and leaves
(Fig. 2—roots; ESM Fig. 2—Ileaves). An increased H,O, accu-
mulation under Ni stress strongly correlated with escalated
APOX activity and this correlation was stronger in Pusa 2001
[roots, Pusa 2001 r(H,0,-APOX) = 0.945, AL 201 r(H,0,-
APOX) = —0.860 at p = 0.01]. Interestingly, MDHAR and
DHAR activities were greater in roots compared with leaves
under Ni stress which subsequently results in higher AsA and
DHA content in a genotype and concentration dependent man-
ner, with Pusa 2001 exhibiting higher activity than AL 201,
which thus, results in diminution in ASA/DHA ratio (Table 3).
APOX, MDHAR, and DHAR activities further increased when
the genotypes were pretreated with all the three PAs (Fig. 1;
ESM Fig. 1), “especially Put” and improved ASA/DHA ratio.
As compare PAs, AM inoculated plants indicated remarkable
elevations in APOX, MDHAR, and DHAR activities in
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comparison with corresponding non-AM stressed plants. The
combined treatment were much more efficacious in maintaining
redox balance in terms of the metabolites of ascorbate pool, most
effective being + Put + AM treatments, especially in Pusa 2001.

Glutathione pool (GR, GSH, and GSSG)

GR activity along with GSH and GSSG and total glutathione
increased under both Nijoy and Niygq levels, the increment
being genotype and concentration dependent manner, com-
pared to control series (Fig. 2—roots; ESM Fig. 2—Ileaves).
GR activity under Ni stress was relatively lower than DHAR
that further elicits into greater accumulation of GSSG (oxi-
dized form) compare to reduced GSH, hence unbalancing
the GSH redox homeostasis (higher GSSG/GSH) in a geno-
type dependent manner (Table 3). A significant induction of
redox homeostasis was observed under AM and PAs treat-
ment which results in relatively greater accumulation GSH
than GSSG, thus strengthening the reformative enzymes of
glutathione cycle and improving GSH/GSSG ratio under both
Ni concentrations. Regression coefficients verified better pro-
ficiency of AM applications as compared to PAs pretreatment
(ESM Table 1). Moreover, tolerant Pusa 2001 genotype re-
vealed larger GSH/GSSG ratio than AL 201 and + Put + AM
application provided maximum redox stability as compared to
other PAs and AM combinations.

Thiol derivatives (NP-SH, total glutathione, and PCs)

Significantly higher total GSH content was observed with Ni
treatments which subsequently led to elevated level of NP-SH
and PCs (Fig. 3—roots; ESM Fig. 3—Ileaves), as a result
signifying stronger tendency of Ni to stimulate PC biogenesis
as mentioned by beta coefficient values [root total GSH (3(Ni)
= 0.787; NP-SH B(Ni) = 0.745; root PC 3(Ni) = 0.704].
Further enhancement in PC synthesis was recorded when Ni
stressed plants were pretreated with PAs and AM (Fig. 3c;
ESM Fig. 3c). Moreover, higher negative impact of Ni con-
centrations in AL 201 could be correlated with lesser biosyn-
thesis of GSH, therefore lesser accumulation of PC as well.
Individually, PAs priming and R. intraradices assisted plants
to deal with Ni toxicity by enhancing the activities GSH pool
related enzymes and maintain better redox balance, because of
this results in enhanced PC synthesis. Moreover, joint appli-
cations of individual PAs with AM (especially + Put + AM)
had high beneficial effect under control as well as stress con-
ditions in Pusa 2001 than AL 201.

Discussion

The present results indicated negative correlation between in-
creasing Ni concentrations and plant biomass with higher
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Fig. 1 Effect of PAs (Put, Spd, Spm) and arbuscular mycorrhiza (AM-
Rhizoglomus intraradices) inoculation on a SOD, b CAT, ¢ GPOX, d
APOX, e MDHAR, and f DHAR activities in roots (nkat mgfl protein) of
Pusa 2001 and AL 201 pigeonpea genotypes under Ni stress. Values are
the mean of six replicates + standard etror (SE). Different letters above
each bar indicate significant differences among the treatments, assessed

decline in RDW than SDW, thus leading to reduced root to
shoot ratio, with higher decline in AL 201 than Pusa 2001.

by Duncan multiple range test, at p <0.05. C = PAs and AM absent; Spm
= 0.5 mM Spm added; Spd = 0.5 mM Spd added; Put = 0.5 mM Put
added; AM = AM added; Nijoo = 100 mg/kg Ni added; Niygo = 200
mg/kg Ni added; Spm + AM = Spm and AM added; Spd + AM = Spd
and AM added; Put + AM = Put and AM added

The reduction of plant growth because of Ni stress is primarily
related to the elevated osmotic potential of Ni stressed soil
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Fig. 2 Effect of PAs (Put, Spd, Spm) and arbuscular mycorrhiza (AM-
Rhizoglomus intraradices) inoculation on a total ascorbate, b ascorbate, ¢
dehydroascorbate in roots (umole g' FW), d reduced glutathione
(nmoles g_1 FW), e oxidized glutathione (nmoles g_1 FW), and f GR
activity in roots (nkat mg~' protein), of Pusa 2001 and AL 201
pigeonpea genotypes under Ni stress. Values are the mean of six
replicates + standard error (SE). Different letters above each bar

which results in disturbed mineral nutrient as well as water
status, thereby inhibiting plant growth (Rucinska-Sobkowiak

indicate significant differences among the treatments, assessed by
Duncan multiple range test, at p < 0.05. C = PAs and AM absent; Spm
= 0.5 mM Spm added; Spd = 0.5 mM Spd added; Put = 0.5 mM Put
added; AM = AM added; Ni; oo = 100 mg/kg Ni added; Niyg = 200mg/kg
Ni added; Spm + AM = Spm and AM added; Spd + AM = Spd and AM
added; Put + AM = Put and AM added

2016). Moreover, roots are the first one organ to confront Ni
induced stress, hence suffer high deleterious effects as
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Fig. 3 Effect of PAs (Put, Spd,
Spm) and arbuscular mycorrhiza
(AM-Rhizoglomus intraradices)
inoculation on a total glutathione,
b non-protein thiols, and ¢
phytochelatins in roots (nmol g '
FW) of Pusa 2001 and AL 201
pigeonpea genotypes under Ni
stress. Values are the mean of six
replicates + standard error (SE).
Different letters above each bar
indicate significant differences
among the treatments, assessed
by Duncan multiple range test, at
p<0.05.C=PAs and AM absent;
Spm = 0.5 mM Spm added; Spd =
0.5 mM Spd added; Put = 0.5 mM
Put added; AM = AM added;
Nijgo = 100 mg/kg Ni added;
Nipgo =200 mg/kg Ni added; Spm
+ AM = Spm and AM added; Spd
+ AM = Spd and AM added; Put
+ AM = Put and AM added
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mentioned in pigeonpea (Rao and Sresty 2000). The reduced
plant growth was proportionate to the increase in Ni levels,
more in roots than leaves. About 50% Ni content is normally
retained in roots because of its sequestration to the interior
walls of xylem parenchymatic cells, also immobilization in
vacuoles of mungbean (Nahar et al. 2016); Lens culinaris
(Saad et al. 2016).

The colonizing ability of pigeonpea plants with
R. intraradices reduced under Ni stress with Pusa 2001
displaying better proficiency to develop mycorrhizal symbio-
sis than sensitive AL 201. The negative effects of Ni were
significantly higher on growth parameters when compared
with AM symbiotic establishment. The reduction in MC could
because of the straight impact of Ni concentrations on propa-
gation of spores, hyphal branching, and maturation or due to
the negative impacts of Ni upon roots (Twanabasu et al.
2013). Moreover, ability of AM to establish root colonization
even in the sensitive genotype AL 201 because of the fact that
AM fungal propagules never vanish entirely even in high HM-
contaminated soil sites (Vallino et al. 2006). The differential
response of two genotypes could also be due to higher MR
displayed by Pusa 2001 when compared with AL 201.

In the current study, a remarkable increment in the gener-
ation of ROS (O,, MDA and H,0,) was recorded in
pigeonpea in a dose and genotype dependent manner.
Elevated levels of oxidative stress indicators in AL 201
could be because of its lower ability to hinder Ni take up
into both roots as well as shoots, which led to higher
membrane damage and EL. Increased H,O, and MDA
contents in pigeonpea leaves and roots under Ni stress along
with increased LPO have been reported by Sirhindi et al.
(2016) in Glycine max and Rao and Sresty (2000) in pea plants
and in wheat (Gajewska and Sktodowska 2007). Higher det-
rimental effects of Niygp on membrane could be due to its
tendency to bind with —SH group and form disulfide bonds
leading distortion of structure as well as working of membrane
ion and channels (Gajewska and Sktodowska 2007). LPO
affects the permeability of lipid membranes by means of in-
creasing the microviscosity, probably via interconnection of
lipid radicals (Stark 1991). Increased ROS production under
Ni stress could also be related to elevated NADPH oxidase
activity as observed in roots of wheat seedlings (Hao et al.
20006).

Even though, ROS generation was accompanied by the
activation of antioxidant machinery, both genotypes experi-
enced significant negative effects of Ni stress on growth,
higher in AL 201 than Pusa 2001. Under stressful situations,
equilibrium among ROS production and antioxidant machin-
ery is extremely disturbed which inhibits many physiological
and biochemical functions mandated for adequate functioning
of plants (Al Mahmud et al. 2019). Our results displayed en-
hancement in the activities of SOD, CAT, GPOX, and APOX
antioxidant enzymes in pigeonpea plants subjected to high

levels of Ni signifying that SOD in Ni-induced plants might
have conferred defense over oxidative harm to a certain ex-
tent. The increase in the antioxidant enzymatic activities was
significantly higher in Pusa 2001 which might have been re-
sponsible for its superiority to tolerate Ni induced oxidative
stress when compared with AL 201. Moreover, overproduc-
tion of ROS under Ni stress results in higher accumulation of
DHA and GSSG, respectively, hence resulting in disturbed
redox status in the form of reduced AsA/DHA and GSH/
GSSG ratios. Equality among ROS generation and scaveng-
ing of oxidative indices by enzymatic and non-enzymatic an-
tioxidants is important in order to negate the effects of Ni
toxicity in plants (Nahar et al. 2016). Even though, an increase
in the activities of non-enzymatic antioxidants in form of NP-
SH, PCs along with total GSH was observed, they were not
adequate enough to deal from oxidative burden mainly be-
cause of persistent formation of ROS under Ni induced stress.
PCs are metal sensitive peptides, which confer tolerance by
binding toxic HMs (Galli et al. 1996).

The three PAs (Put, Spd, and Spm) were able to control the
Ni induced stress and could improve root, shoot biomass and
reduce Ni uptake as well as generation of ROS with Put most
effective. Inoculation of pigeonpea genotypes with
R. intraradices outperformed the positive roles of three PAs
with more beneficial impacts observed in Pusa 2001 relative
to AL 201. The enhancement in plant dry weights could be
because of the direct participation of PAs in cell partition,
replication, and transcription (Tiburcio et al. 2014; Chen
et al. 2019). Additionally, PAs minimize the aggregation of
HMs (Ni, Cd, Zn, Cu, and Pb) in wheat plants and improve
their tolerance for these HMs (Aldesuquy et al. 2014). The
present study also observed that, among the three PAs, the
stimulatory effects were higher in Put primed plants, which
could be due the fact that Put is a precursor of Spd and Spm in
PAs biogenesis (Sannazzaro et al. 2004). The relative perfor-
mance of three PAs is variable depending upon the plant spe-
cies as well the type of metal stress. Rady et al. (2016) found
Put to be more effective than Spd and Spm in Triticum
aestivum plants under Cd stress. In a study, exogenous Put
supplementation to Brassica napus lessened the toxic effects
of Ni on root growth by enhancing nutrient status
(Shevyakova et al. 2011). On the other hand, in cucumber
roots, Spd performed better than Put and Spm and exhibited
higher membrane stability under water stress (Cucumis
sativus cv. Dar) seedlings (Kubis$ et al. 2014). However, in
our previous study, Spm was found to be least effective in
improving growth as well as rhizobial symbiosis in pigeonpea
genotypes under Ni stress when compared with Put and Spd
(Garg and Saroy 2019). Higher beneficial effects of
R. intraradices could be awarded to its capability to minimize
endogenous Ni in the roots and leaves more proficiently than
PAs. The beneficial effects of AM could also be directly re-
lated to its better ability for adsorption or chelation of HMs in
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the soil. Numerous functional groups namely imidazole car-
boxyl, free hydroxyl, etc. allocate binding spots for HMs and
adsorb HMs in the land soil and obstruct transport inside the
plants (Dhalaria et al. 2020). Higher beneficial effects in Pusa
2001 were directly related its ability to establish a stronger
percent root colonization with more extensive hyphal network
in root rhizosphere which enabled the roots to explore larger
soil zone, when compared with AL 201. Mycorrhizas can
contribute plant species to colonize HMs polluted locations
by upgrading the plant’s P take up and eventually improving
their growth (Zhang et al. 2018).

Functional complementary between the three PAs and AM
inoculation was recorded in both the genotypes in terms of
improving plant biomass with highest positive effects under
combined treatments of + Put + AM in comparison to + Spd +
AM and + Spm + AM. PAs (Put, Spd, and Spm) have been
reported to significantly upsurge the mycorrhizal infection
along with the number of appressoria development in Pisum
sativum (El Ghachtouli et al. 1995). Exogenous supply of
three PAs (Put, Spd and Spm) has been identified to boost
plant growth, MC, and biomass production of Poncirus
trifoliata seedlings with Glomus versiforme inoculation (Wu
et al. 2010), with Put most efficient in increasing MC as well
as number of entry points, arbuscules, and vesicles as com-
pared to Spm and Spd. The results clearly conveyed that ex-
ogenously supplied PAs, especially Put, had a significantly
stimulating effect on mycorrhizal colonization and could be
considered a necessary regulatory factor in plant AM interac-
tions. In this research, exogenous co-supplementations of PAs
and AM (mainly + Put + AM) were most effective in reducing
the Ni concentrations in both root as well as shoots through
their cumulative roles under Ni stress, thus resulting in highest
plant biomass accumulation and restoring membrane damage
along with reduced LPO. PAs (Put, Spd, and Spm) signifi-
cantly reduced oxidative stress in pigeonpea plants subjected
to Ni stress by reducing EL and increasing MSI. PAs priming
decreased that rate of O, generation in mungbean under Cd
induced stress (Nahar et al. 2016), because of formation of
triplet complex with Fe** thus, protecting the membrane
(Velikova et al. 2000). AM inoculation could more efficiently
diminish the ROS generation than PAs, which could either be
due to its ability in maintaining better membrane stability and
reducing EL than PAs.

PAs and AM boosted the activities of antioxidative en-
zymes (SOD, CAT, and GPOX) as well as AsA-GSH cycle
under Ni stress. SOD establishes the primary line of defense
against ROS by reducing O, to H,O, (Nahar et al. 2016).
Attachment with antioxidant enzymes, PAs augment their
ROS scavenging activity, permit them to enter the site of
oxidative stress (Tang and Newton 2005). Put and Spd pre-
treatment has been found to promote metal chelation, antiox-
idant defense system, and confer Cd tolerance in wheat (Szalai
etal. 2020). Besides, exogenic supply of Spm scavenged ROS
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by upgrading the activity of enzymes (SOD, CAT, APOX,
etc.) and non-enzymatic antioxidants (ASA and GSH) under
Cd stress in mungbean (Nahar et al. 2016). PAs (mainly Put)
attach with CAT, GPOX and increases transmissivity to reach
the spots of oxidative stress inside the cells and increases the
efficiency of CAT, as observed in the present study.
Inoculation of pigeonpea plants with AM was most effective
in upregulating the antioxidant enzymatic activities due to its
direct role in escalating the genes (GintSODI with
R. intraradices; Cu/Zn SOD with Glomus margarita)
(Gonzalez-Guerrero et al. 2010). Mycorrhiza has some special
and unique genes encoding for antioxidant enzymes, whose
expression behavior stimulates the activities of antioxidant
enzymes individually (Alqarawi et al. 2014). Exogenous
PAs as well as AM significantly increased APOX,
MDHAR, DHAR, and GR activities while restoring AsA
and GSH, more in Pusa 2001 than AL 201. Therefore, stimu-
lation of these antioxidant enzymes in R. intraradices inocu-
lated plants could be due indirect outcome of improved effects
of AM on host plants growth and mineral status (mainly P)
than PAs. Triggering of MDHAR and DHAR (assemblage of
intermediatory metabolites of AsA pool) declined DHA,
hence resulted in upgraded AsA/DHA ratio with both PAs
and AM treatments. Exogenous PAs (especially Put) and
R. intraradices inoculation upsurge the activity of both GSH
and GSSG along with improved GSH/GSSG ratio thereby
conferring Ni tolerance in pigeonpea genotypes. Generally,
AsA is found in reduced form and its regeneration is entirely
necessary since completely oxidized DHA has a limited half-
life and is lost until it is reduced again (Foyer and Noctor
2011). In the GSH pool, GR reduces the disulfide bond of
GSSG as well as maintains the reduced status of GSH, thus
maintaining proportion within GSH and GSSG (Chellamma
and Pillai 2013).

In our study, increase in total GSH, NP-SHs, and PCs along
with reduced Ni content in Ni-affected pigeonpea plants were
observed, higher in Pusa 2001 than AL 201. PCs are oligo-
mers of GSH, formed by the enzyme PC synthase. PCs bind to
metals and transport them to vacuole and are effective in che-
lating HM ions (Zagorchev et al. 2013). PAs applications
further increased the contents of total GSH, NP-SHs, and PC
under Ni stress indicating upregulation of Ni chelation and
sequestration capacity mainly in the range of Put > Spd >
Spm. PAs were found to function as metal chelators in trans-
genic pear encoding PA biogenesis gene (Wen et al. 2010). In
addition, PAs are capable of increasing total GSH content and
escalate the production of PCs, which bind to metal as an
efficient metal detoxification strategy (Nahar et al. 2016). In
the current investigation, R. intraradices was more beneficial
in upregulating the synthesis of GSH, PCs, and NP-SH than
PAs in a genotype dependent manner. Glomalin, obtained
from contaminated land or from AM hyphae, is very efficient
in sequestering HMs particularly Cu, Cd, Pb, and Zn (Wright



Environ Sci Pollut Res (2021) 28:48872-48889

48887

and Upadhyaya 1998; Gonzalez-Chavez et al. 2004).
Therefore, AM may aggregate HMs in the land soil itself,
shorten their availability, and minimize toxic effects to soil
organisms and plants (Gamalero et al. 2009). In addition, al-
teration of metal content in AM inoculated plants with an
enhancement in plant tolerance, as recorded in our study,
might be due to immense alterations in gene expression to-
gether with protein anabolism triggered by the symbiosis. In
the present study, dual applications of the three PAs with
R. intraradices, especially + Put + AM, could completely
mitigate the Ni induced ROS generation by significantly low-
ering metal uptake and accumulation, enhancing PC produc-
tion, thereby sequestering Ni into the vacuoles.

Conclusion

In conclusion, Ni stress caused oxidative stress in pigeonpea
plants by causing membrane damage, increasing metal up-
take. The two PAs (Put and Spd) as well as AM pre-
treatment were highly effective in imparting Ni stress toler-
ance in pigeonpea plants by enhancing PC synthesis, with
benefits stronger in AM inoculated plants. Moreover the
pigeonpea genotype having better ability to colonize with
R. intraradices displayed complementarity with PAs, espe-
cially Put, thereby, displaying stronger resistance to the pres-
ence Ni in the rooting medium. Moreover, study emphasized
the significance of ascorbate-glutathione cycle in maintaining
redox balance, through accelerated activities of regenerative
enzymes, as a vital indicator of Ni tolerance. Hence, the com-
bined applications of PAs and AM proved to be a cost-
effective and environment-friendly strategy for reducing or
alleviating Ni toxicity in pigeonpea genotypes.
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