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ABSTRACT

Nickel, an essential micronutrient is required to plants in low concentration. Agricultural soils contaminated by Ni, adversely effect plant growth.
Excess concentration of Ni is toxic to plants causing anatomical damage, oxidative stress, disrupts cellular homeostasis and causes molecular
alterations. The present study evaluates the effects of Ni stress on plants and plant growth promoting rhizobacteria MGNJ-01 that mitigates Ni toxicity
in Ni tolerant chickpea cultivar Cicer arietinum (L.), ICCV 10102. This has been achieved by studying the anatomical, proteomic and in silico
approaches. Ni toxicity or stress has caused marked reduction in root vascular tissue diameter and altered stomatal morphology, which has hampered
the transport and gaseous exchange. Inoculation of PGPR MGNJ-01 to the chickpea plant under Ni toxicity significantly elevated root and leaf
anatomical features. Proteomic analysis identified two differentially expressed key proteins Mn-SOD (Manganese superoxide dismutase) and LEA
(Late embryogenesis abundant protein). Mn-SOD was observed under Ni stress and was responsible for antioxidative defense, while LEA was
prominent under Ni + PGPR treated condition indicating improved cellular protection. In silico characterisation and protein-protein interactions
confirmed the functional stability and central roles in stress tolerance. These observations highlight that, PGPR is a sustainable strategy to alleviate Ni

stress in Ni tolerant chickpea cultivar ICCV 10102.
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INTRODUCTION

Contamination of agricultural soils by heavy metals is emerging as a
major environmental hazard, limiting crop production and food security.
Nickel (Ni) an essential micronutrient for plants at low concentrations, is
considered as a heavy metal. Accumulation of Ni in soil leads to severe
toxic effects on plants that include impaired growth, altered metabolism,
oxidative stress, disruption of cellular and anatomical structures Cicer
arietinum, commonly known as chickpea plays a vital role in human
nutrition and soil fertility through biological nitrogen fixation. This plant
is vulnerable to heavy metal stress making its yield a concern in its
production. Plants exposed to Ni stress exhibit a cascade of events. Apart
from root and leaf anatomy and changes in protein expression profiles, Ni
induces generation of reactive oxygen species at cellular level leading to
oxidative damage of membranes, proteins and nucleic acids. To
withstand these adverse effects, plants activate complex defense
mechanisms which involve antioxidant enzymes, stress responsive
proteins and structural adaptations. Of late, use of plant growth
promoting rhizobacteria (PGPR) is being considered as  eco-friendly,
economical and sustainable approach to mitigate heavy metal
toxicity in plants. Under stress conditions, PGPR enhance plant growth
by modulating the phyto-hormone levels, improving nutrient uptake,
immobilising heavy metals and activating antioxidant defense systems.
It was observed that bacterial inoculation has shown to alleviate metal
induced stress by regulating physiological and molecular responses of
plants due to which the stress tolerance and overall plant performance is
improved. Stress induced molecular changes can be deciphered, by
identifying the differentially expressed proteins that are involved in
detoxification, antioxidative defense, cellular protection and metabolic
regulation. To serve this purpose, proteomic analysis is of great use.
Furthermore, in silico characterization and protein protein interaction
(PPI) network analysis also provides valuable insights into the structural,
functional and interactive properties of stress-responsive proteins which
enables a deeper understanding.

The present study analyses, the effect of Ni stress and Ni stress coupled
with PGPR inoculation on a Ni tolerant chickpea cultivar ICCV 10102.
This has been achieved by integrating anatomical, proteomic and
bioinformatic approaches. This study is focused

on, i) evaluating Ni, Ni + Bacteria induced anatomical changes in roots
and leaves against control. ii) Identified the differentially expressed
proteins under Ni stress and Ni + Bacterial inoculation using SDS-PAGE
and MALD-TOF/MS and iii) Performed in silico characterisation and
PPI network analysis of stress responsive proteins. This integrated
approach provides comprehensive approach of beneficial PGPR
mitigating Ni toxicity and enhancing stress tolerance in chickpea.

1. Material Methods:

A Nickel tolerant chickpea cultivar (ICCV 10102) was chosen and was
examined for the possible effects under exclusive Nickel stress, bacterial
inoculation and nickel stress with bacterial inoculation against control.
Anatomical changes in root and leaf were observed along with proteomic
responses in the leaf. The experiment was conducted under four groups
as control, Ni treated, Bacterial cells treated and Ni + Bacteria treated.
The seedlings in all the four experimental groups were treated every
alternate day with respective solutions and bacterial innoculum for 3
weeks.

1.1. Anatomy

Anatomical changes in root and leaf from all the experimental groups
were performed by observing under the microscope. Root and first fully
expanded leaves from all the experimental groups were fixed in FAA
(16) for 72 hours and then kept in 70% ethyl alcohol. The upper and
lower epidermis is peeled and stained by safranine (21). Cross sections of
root were stained with 1% safranine and 50% glycerin was used for
mounting. The slides were examined and photographed using a Lynx
light microscope and captured by capture 2.4 HDMI camera.

2. Identification and Characterisation of differential proteins under Ni-
stress in ICCV 10102 with bioinnoculant.

2.1 Protein Extraction

0.5gm of fresh and young leaves of each experimental groups were
homogenised separately with 2ml extraction buffer containing 50mM
Tris-Glycine (pH 8.3), 0.5M Sucrose, 50mM EDTA, 0.1M KCI, 2mM
PMSF and 0.1% 2-mercapto ethanol in chilled mortar and pestle. The
homogenate was centrifuged at 14000rpm for 10 minutes at 4°C. The
supernatants were stored at - 20°C for further analysis.
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2.2. Protein separation by SDS-PAGE & Peptide elution from gel
To separate the proteins by SDS-PAGE, 0.1ml of extracted protein
samples from all the experimental groups were suspended in sample
loading buffer added in a ratio of 3:1 of sample volume to sample buffer.
The sample loading buffer consists of 0.5M Tris-HCI (pH 6.8), 20.2%
(v/v), glycerol 0.0001% (w/v) SDS, 0.03% 9w/v) Dithiothreitol (DTT)
and 0.04% (v/v) 2-mercaptoethanol. The protein and the sample loading
buffer were boiled at 95°C for 5min and kept in ice before loading into
the gel. 12% resolving gel was prepared by 1.5M Tris-HCI (pH 8.8), 20%
SDS, 10% ammonium persulphate and TEMED. 0.5M Tris-HCI
(pH6.8), 20% SDS, 10% ammonium persulphate and TEMED were
used to prepare 5% stacking gel. Electrophoresis was accomplished at
100V for 1hr using Vertical Electrophoretic unit with running buffer that
consisted 25mM tris base, 192mM glycine and 3mM SDS. The gel was
stained with 0.5% Coomassie Brilliant Blue R-250 in 45% (v/v)
methanol, 10% (v/v) acetic acid for 1hr and destained for 12hrs in 20%
(v/v) methanol and 10% (v/v) acetic acid. The gel was washed with distill
water until a clear background, before being viewed and photographed
with Geldoc. The differentially expressed peptide bands were extracted
from the gel, cut into smaller fragments and squashed carefully. They
were then washed twice with 50% accetonitrile in 25mM ammonium
bicarbonate for 15 minutes at room temperature, immersed and
homogenised in elution buffer. The homogenate was centrifuged at
10000rpm for 10minutes at -4°C.

2.3. Identification of Peptide

The extracted peptide bands were identified by protein mass finger
printing (PMF) using MALDI-TOF/MS (Applied Biosystems, Foster
city, CA). The eluted protein fractions were subjected to trypsin
digestion (1mg/ml) at 37°C for overnight. 0.5uL of digested peptide
sample is injected onto a matrix that comprised saturated «-Cyano-4-
hydroxycinnamic acid prepared in 50% acetonitrile and 5%
trifluoroacetic acid. Data from the mass spectrometer is obtained in
reflector mode in the mass range of 700-5000 Da. The raw data from the
mass spectrometer is processed by GPS Explorer software and generated
a peak was generated using various settings such as, signal-to-noise
filtering, an exclusion list and depositing factors. The generated mass
spectrum is subjected to homology searching against sequence databases
using MASCOT software. The score acquired from MASCOT software
analysis is crucial to showing the likelihood of a genuine positive
identification and had to be at least 50.

2.4, Insilico characterisation of identified proteins.

The amino acid sequence of identified proteins was retrieved from NCBI
and the sequences were subjected to further analysis in FASTA format.

ExPasy's ProtParam server was used to compute the physicochemical
properties. The secondary structural elements in the identified peptide
were predicted by SOPMA (Self Optimized Prediction Method). The
SOPMA algorithm initially explores the SWISSPORT database and
identifies the most similar sequences by employing the FASTA
programme. Subsequently, by using the CLUSTAL programme, the
query sequence is aligned with the list of identified homologous protein
sequences and finally SOPMA was applied to each aligned sequence to
predict the ability of amino acids to exhibit different secondary structural
elements including alpha helices, B sheets, random coils and loops. To
predict the 3D structure of identified proteins, ab initio method alongside
the swiss model (18) were used. PROCHECK server was used to
validate the predicted 3D model of identified proteins by Ramachandran
plot analysis. Additionally, the accuracy of predicted 3D structure was
validated using ERRAT. The protein-protein interactions were studied by
using STRING analysis

(7). The PPI network was constructed by using PPl couples that had
protein interaction values greater than 0.4. An analysis of topological
features of PPl networks including betweenness and node degree, was
conducted using the Centiscape v2.1 plug-in in the Cytoscape Desktop v
3.4.0 (6)

3. RESULTS AND DISCUSSION

3.1. Anatomy

The cross section of roots from all treatment groups displayed
considerable heterogeneity in the diameter of vascular tissue. Under
controlled and bacterial inoculation (MGNJ-01) conditions, the root
displayed conventional anatomical features including a distinct
epidermis, cortex, endodermis, pericycle and centrally positioned
vascular structures. Exposure to 100uM Ni induced significant
anatomical changes characterized by a considerable increase in thickness
of epidermis and cortex. Xylem exhibited greater robustness, preserving
the overall structural integrity of the root. The intercellular gaps in the
cortex were restricted, signifying maintained cellular organisation. The
control plants exhibited vascular tissue with a larger diameter, while Ni
treated plants displayed a reduced diameter of vascular tissue. The
diameters of vascular tissue from the roots of control, Ni-treated, MGNJ-
01 treated and Ni + MGNJ-01 treated groups were measured as 255.727,
122.898, 319.829 and 203.828um respectively.

[

Fig 1: Root cross-sections A) Control B) Ni-treated C) MGNJ-01-treated D) Ni + MGNJ-01 treated.

Microscopic analysis of leaf stomata demonstrated significant
morphological variations across all treatment groups are displayed in

table 1.
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Fig 2: Micrographs of stomatal anatomy A) Control B) Ni-treated C) MGNJ-01 treated
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D) Ni + MGNJ-01 treated.

Table: 1. Stomatal dimensions from all the treatment groups of chickpea cultivar

S. No. Treatment Group Stomatal dimensions (um)
Length Width
1 Control 235.606 192.892
2 Ni treated 242.774 112.586
3 MGNJ-01 treated 280.820 171.492
4 Ni + MGNJ-01 treated 267.570 178.880

This study revealed that chickpea roots displayed notable structural
changes due to Ni stress and showed beneficial effects of MGNJ 01
treatment. The results align with the findings of (30) and 1Ahmad et al.,
(2015) who mentioned that the significant thickening of cell walls,
especially in the endodermal region, potentially indicating suberization as
a defensive mechanism to limit metal absorption. (40) found xylem
vessels decreased in diameter and distorted which may impair water and
nutrient uptake, transport and eventually affects plant growth. (23)
reported that application of PGPR may improve antioxidant enzyme
functioning, mitigate oxidative damage and promote healthy root
development. This study revealed significant variations in stomatal
features of chickpea leaves exposed to Ni stress and those inoculated
with PGPR under Ni stress. Under controlled conditions, leaves
displayed typical stomatal density, size and shape reflecting appropriate
physiological performance. Under Ni stress, they exhibited diminished
stomatal density, smaller malformed guard cells and an increased
prevalence of partially closed or collapsed stomata. These findings align
with earlier studies by (31) and 1Ahmad et al., 2012) which indicated
that heavy metal stress hinders stomatal growth and function, resulting in
compromised gas exchange and diminished photosynthetic efficiency.
(32) posited that, decrease in stomatal density and modified guard cell
morphology under Ni stress may result from metal induced oxidative
stress that disrupts cellular differentiation and diminished stomatal
aperture and the prevalence of aberrant stomata indicating that Ni stress
constrains transpiration and carbon dioxide assimilation, impairing plant
development and productivity.

The current investigation demonstrated that MGNJ-01 treated plants
under Ni stress had enhanced stomatal density, more uniform and turgid
guard cells and a reduced incidence of aberrant stomata in comparison to
plants exposed solely to Ni stress. These findings correspond to studies of
(9) and (25) which indicated that PGPR inoculation augments plant
tolerance to heavy metal stress by regulating phytohormone levels
enhancing nutrient absorption and mitigating oxidative damage. (23)
indicated that PGPR are recognised for enhancing stomatal growth and
sustaining cellular homeostasis during stressful circumstances. The
beneficial effects of PGPR may involve mechanisms like generation of
ACC deaminase, siderophores and exopolysaccharides, which together
immobilize metals, thereby safeguarding root tissues and enhancing leaf
Architecture (10; 28).

3.2.  Evaluation of Proteomic response

Protein bands were observed by SDS-PAGE analysis. Control, Ni-
treated, MGNJ-01 treated and Ni + MGNJ-01 treated protein bands were
compared across lanes with molecular weights determined using a
protein marker (M) spanning from 11 kDa to 245 kDa. The current work
demonstrated that majority of protein bands were analogous across all

four treatment groups. However, a significant alteration occurred under
controlled and stressful situations. All lanes had unique protein bands
signifying the existence of diverse protein species within each treatment.
Prominent bands were seen at approximately 63, 48 and 35kDa in all
samples indicating that these proteins are constitutively produced in
chickpea irrespective of treatment.

Under Ni treatment, a significant emergence of novel band at around 25
kDa suggests that Ni stress specifically produces this protein. MGNJ-01
treatment group displayed an additional distinct peptide band at 15 kDa
showing that bacterial treatment specifically induces this protein. Ni +
MGNJ-01 treatment group displayed the presence of ~25 kDa peptide
band which was more pronounced than that observed in MGNJ-01-
treated group. These proteins are likely associated with the plant's
response to simultaneous Ni stress and beneficial microbial interactions.
The expression of 25 kDa and 15 kDa proteins in this work aligned with
the findings of (39) which indicated that heavy metal stress including Ni
exposure, causes significant physiological and biochemical alterations in
plants, frequently leading to modified protein expression. Similarly, (33)
indicated that heavy metal stress predominantly results in the
modification of pre-existing proteins rather than the production of
completely new proteins.

These differentially expressed proteins were associated with several
cellular and physiological functions which include osmoregulation,
photosynthesis, carbohydrate metabolism, redox homeostasis and ion
balance. (20) asserted that alterations in a living environment or cellular
function led to corresponding modifications in the cell's proteome to
adapt to diverse conditions. (36) indicated that, treatment with PGPR
alone did not give significant alterations in the protein profile relative to
the control, implying that PGPR inoculation under non-stress conditions
may not substantially modify the principal soluble proteins. Our findings
align with those of (11) indicating that stress leads to an increased
accumulation of proteins potentially responsible for the particular
production of salt shock proteins with molecular weights of 15, 28 and 72
kDa in resistant genotypes.

The protein bands having molecular weight 25 kDa and 15 kDa were
extracted from the gel and subjected to in-gel digestion and analysed by
matrix assisted laser desorption ionisation-time of flight mass
spectrometry (MALDI-TOF-MS). The obtained peptide mass fingerprints
were used to search the National Centre for Biotechnology Information
database using mascot. Peptide identification results of 25 and 15 kDa
from Ni-treated and Ni + MGNJ-01 treated groups were illustrated in the
table 2 and the figures (figures 3 and 4) for MALDI-TOF-MS spectra of
25 kDa and 15 kDa protein bands from Ni treated leaf and Ni + MGNJ-
01 treated leaf are given below.

Table 2: Proteins identified from the 25 and 15 k Da SDS gel bands

Source Organism| Protein Max. homology Best match Expt/Theor. Mw Score
Band (protein name) organism (KD) (MS/M S) Acces. No.
Cicer arietinum 25 kDa Mn-SOD Lathyrus oleraceus 25/27 97% P27084
Cicer arietinum 15 kDa LEA Cicer arietinum 14/13 94% Al199863.1
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Fig 3: MALDI-TOF MS spectra of 25 kDa protein protein band from Ni treated leaf.
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Fig 4: MALDI-TOF MS spectra of 15 kDa band from Ni + MGNJ-01 treated leaf

These results imply that chloroplast and mitochondria are the mostly
influenced organelles inside the cells by heavy metals stress. Proteome
analysis of chickpea leaf proteins suggest that a complex cellular network
is influenced by Ni stress. MnSOD is an important antioxidant enzyme
found mainly in mitochondria catalysing the dismutation of superoxide
radicals into hydrogen peroxide and molecular oxygen, thereby
protecting plant cells from oxidative damage caused by abiotic stresses
including heavy metal toxicity (2). PMF analysis in the current study
revealed the up-regulation of MnSOD in chickpea leaves subjected to Ni
stress, indicating the generation of reactive oxygen species as a response
to Ni toxicity. In agreement with the present findings, (32) showed that
higher MnSOD levels in legumes indicate an active defense mechanism
to attenuate oxidative damage generated by Ni. (13) asserted that PGPR
can mitigate metal induced oxidative stress by augmenting antioxidant
enzyme activities and improving overall plant viability.

PMF identification of LEA proteins in Ni + MGNJ-01 treated chickpea
leaves highlight their potential function in cellular protection under stress

conditions. (17) asserted that PGPR are recognised for inducing
systemic tolerance in host plants potentially by activating stress-
responsive pathways, including those associated with LEA proteins.
These are hydrophilic proteins most frequently connected with
dehydration and osmotic stress tolerance, though they are being
acknowledged for their role in regulating plant responsiveness to heavy
metal stress (4). PMF based proteomic analysis indicate that both Mn-
SOD and LEA proteins are key components of chickpea leaf proteome in
response to Ni stress and its amelioration by PGPR. Their varied
expression highlights the intricated network of antioxidative and
protective mechanisms, employed by plants to mitigate heavy metal
toxicity with beneficial microorganisms, further augmenting these
protective responses.

3.3. In-silico characterisation of Identified Proteins.
Physicochemical characterisation and the amino acid sequence of the
proteins Mn-SOD and LEA retrieved from PDB were shown in the tables
3 and 4.

Table 3: Physiochemical characteristics of Mn-SOD and LEA proteins

Parameter Mn-SOD LEA
Total no. of amino acids 226 118
Molecular weight 25153.68 Da 13158.25 Da
pl 7.86 8.17
Positively charged residues 24 13
Negatively charged residues 23 12
Extinction coefficient 46410 M-lcmt 8480 M-icm?
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Instability index 27.98 22.22
Aliphatic index 94.60 103.05
GRAVY -0.306 0.097
Half-life In mammalian reticulocytes 30 hours 30 hours
In yeast >20 hours >20 hours
In E. coli >10 hours >10 hours
Formula C1137H1779N3090330S3 C598H941N1670162S3
Table 4: Amino acid sequence of Mn-SOD and LEA proteins
Amino acid Mn-SOD LEA
No. of Residues % of Residues No. of Residues % of Residues
Ala (A 23 10.2 6 5.1
Arg (R) 6 2.7 7 5.9
Asn (N) 11 49 3 2.5
Asp (D) 10 44 4 34
Cys (C) 1 04 0 0.0
Gln (Q) 10 44 2 17
Glu (E) 13 5.8 8 6.8
Gly (G) 15 6.6 11 9.3
His (H) 10 44 8 68
Ile (1) 15 6.6 4 34
Leu (L) 25 111 13 11.0
Lys (K) 18 8.0 6 5.1
Met (M) 2 0.9 3 25
Phe (F) 4 18 7 5.9
Pro (P) 9 4.0 4 34
Ser (S) 14 6.2 8 6.8
Thr (T) 13 5.8 4 34
Trp (W) 6 2.7 1 0.8
Tyr (Y) 9 4.0 2 1.7
Val (V) 12 53 17 14.4
Pyl (O) 0 0.0 0 0.0
Sec (U) 0 0.0 0 0.0

The protein's instability index offers insights about its stability when
tested in a controlled laboratory setting. A protein with an instability
index below 40 is considered stable whereas, a number above 40
indicates potential protein instability (12). (41) discovered that minor
factors located at the N-terminus have an impact on the stability of a
protein, thereby affecting its lifespan. (29) found that proteins with a
half-life of fewer than 5 hours, had an instability index greater than 40;
while proteins with a half-life of more than 16 hours had an instability
index less than 40. The decreased thermal stability suggests a structure
that is more pliable (15). The negative grand average of hydropathicity

signifies that proteins posses a polar hydrophilic nature, resulting in
enhanced interaction between the protein sand water (24). This data
suggests that the presence of ionizable amino acids on the protein
surface, which are accessible to water, is the primary factor that affects
the isoelectric point of proteins and protein complexes.

3.4. Secondary Structure

The secondary structural elements of Mn-SOD and LEA were predicted
using SOPMA and are represented in the table 5 while the secondary
structural elements are displayed in the figures 5 and 6.

Table 5: Secondary structural elements of Mn-SOD and LEA proteins.

Mn-SOD LEA

Structural elements No. of Residues % of Residues No. of Residues % of Residues
Alpha helix (Hh) 108 47.79% 24 20.34%
310 helix (Gg) 0 0.00% 0 0.00%
Pi helix (1i) 0 0.00% 0 0.00%
Beta bridge (Bb) 0 0.00% 0 0.00%
Extended strand (Ee) 28 12.39% 50 42.37%
Beta turn (Tt) 6 2.65% 10 8.47%
Bend region (Ss) 0 0.00% 0 0.00%
Random coil (Cc) 84 37.17% 34 28.81%
Ambiguous states 0 0.00% 0 0.00%
Other states 0 0.00% 0 0.00%
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Fig 5: Secondary structural elements of Mn-SOD.
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Fig 6: Secondary structural elements of LEA

Determining a protein's secondary structural configuration aids in
comprehending the hydrogen bonds that exist within the protein,
providing insights into its structural and functional efficacy (22). (5)
stated that, random coils play crucial role in proteins by providing
flexibility and facilitating conformational changes. The greater coil
percentage is due to abundant proline residues. This possesses the
distinctive characteristics of inducing bonds in polypeptide chains and
disturbing organised secondary structure (37). (27) reported that the
prevalence of the coiled sections suggest, a significant degree of
preservation and robustness of protein structure. The presence of
hydrophobic residues in a composition leads to favourable interactions
with the hydrophobic lipid bilayer (35). (3) proposed that the structure of
helical proteins determine their diverse functions which include signal
recognition, receptor activity, transport of ions and molecules across

membranes, energy transfer and preservation.

3.5. 3D Structure

The 3D model of Mn-SOD peptide from Ni tolerant chickpea cultivar
wars predicted by employ protein ID [IJYA9.1.A as a very suitable
template, demonstrating a sequence homology of 87.17%, and complete
coverage of 100%. The top ranked template in the PDB database is an
alpha fold DB model of superoxide dismutase monomer in glycine max.
3D model of LEA peptide from Ni tolerant chickpea cultivar was
predicted by employ protein ID AOA1S2 YM98.1.A. as a very suitable
template, demonstrating a sequence homology of 98.29% and complete
coverage of 100% . The top ranked template in the PDB database is an
alpha fold DB model of uncharacterised protein monomer in Cicer
arietinum. figures 7 and 8 show the predicted 3D models of Mn-SOD and
LEA peptides.

AR

Fig 7: Predicted 3D of Mn-SOD
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Fig 8: Predicted 3D of LEA

lie between 0 and 1. The QMEAN scores of the predicted models were
almost zero suggesting a high quality model. Figures 9 and 10
demonstrated density graphs for the predicted models of Mn-SOD and
LEA peptides.

Gart Set of PDS Struchures

Quality assessment of predicted 3D model.

In the current investigation, the predicted 3D models of Mn-SOD and
LEA peptides had QMEAN values of 0.87 and -0.77. The density map of
QMEAN score demonstrates that the estimated reliability of these models
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Fig 9: Plot showing QMEAN and Zlébore of Mn-SOD.
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Fig 10: Plot showing QMEAN and Z-score of LEA

3.6. Model Validation PROCHEK server. The statistics of the plots for Mn-SOD and LEA were
The structural validation of the predicted Mn-SOD and LEA models presented in the table 6 while, Ramachndran Plots of Mn-SOD and LEA
include analysing the geometrical features of the backbone confirmations are depicted in figures 11 and 12.
which were performed using Ramachandran plot calculations with the
Table 6: Ramachandran plot statistics of predicted Mn-SOD and LEA models
Residues Mn-SOD LEA
No. of Residues % N o. of Residues %
of Res idu es of Re sid ues
Most favoured regions 162 81 92 92
Additionally allowed regions 31 155 8 8
Generously allowed regions 3 15 0 0.0
Disallowed regions 4 2 0 0.0
Non-Glycine and Non-Proline 200 100 100 100
End Residues 2 - 2 -
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Fig 11: Ramachandran plot of Mn-SOD structural model predicted by PROCHECK
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Fig 12: Ramachandran plot of LEA structural model predicted by PROCHECK

3.7.  PPI network analysis of Mn-SOD.

Analysing the Mn-SOD protein with the STRING database, predicted
that the functional partners of the protein was found as AOAOROGD17,
K7MML4_SOYBN, C6T0Z6_SOYBN, C6TFG9_SOYBN,
C6TLX9_SOYBN, 1IMNVO0_SOYBN, A0A368UJ29,
11JUR5_SOYBN, I1LLT9_SOYBN and

11MZU0_SOYBN with the respective confidence scores of 0.864, 0.864,
0.864, 0.864, 0.841, 0.840, 0.821, 0.821, 0.819 and 0.819. PPI network of
Mn-SOD protein is shown is figure 13.

number of edges, average mode degree average local clustering co-
efficient and PPI enrichment P-values were found to be 21, 125, 11.9,
0.818 and <1.0e-16. Table 7 depicts the PPI network analysis of Mn-
SOD with predicted functional partners by Cytoscape V3.10.2.

Gene ontology (GO) analysis demonstrated that Mn-SOD protein and its
functional partners participate, significantly in translation, mitochondrial
translation and gene expression process, with these processes being
highly significant and involving a substantial number of genes. The
biological process enrichment of Mn-SOD for different metabolic

e activities is shown in figure-14
Statistical parameters of Mn-SOD PPI network such as number of nodes,
anm_sov‘eu
s KTMMLY_SOYBN
=)
':‘uu.zpo_sovzﬁ
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& o i, ADADRGOONT
- L/ |1‘«IY9_‘;'Z)\"I,L‘4 »
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Fig 13: The PPI network of Mn-SOD and the predicted functional partners
Table 7: PPI network analysis of Mn-SOD and the predicted functional partners by Cytoscape v3.10.2
Protein Betweenness Centrality| Closeness Centrality Indegree Outdegree Neighbourhood
Connectivity
AOAOROGD17 0 0.692 0 8.8
30769
2
K7MML4_SOY BN 0.617 1 6 6.6
03703
7
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Fig 14: Biological process enrichment of Mn-SOD for different metabolic activities.

3.8.  PPI network analysis of LEA
STRING database analysed and predicted that the functional partners of
the protein was found as CEY00_Acc22222 (late embryogenesis

abundant  protein) CEYO00_Acc29427 (Lipid 1 flippase),
CEYO00_Acc03466 (Low temperature induced protein),
CEYO00_Acc17823 (Late embryogenesis abundant protein),

CEYO00_Acc27820 (Protein EMB-1), CEY00_Acc26247 (4-hydroxy 4-
methyl-2-oxoglutarate  aldolase), CEYO00_Acc27535 (4-hydroxy-4-
methyl-2-oxoglutarate aldolase), CEY00_Acc22221 (late embryogenesis
abundant protein), CEY00_Acc12568 (E3 ubiquitin protein) with the
respective confidence scores of 0.628, 0.588, 0.581, 0.546, 0.505,
0.463, 0.454, 0.447, 0.447 and 0.422. PPl network of LEA proteins is
shown in figure 15. Statistical parameters of LEA PPI network such as
number of nodes number of edges, found to be 11, 15, 2.73, 0.783
and 0.0917. PPI network analysis of LEA with the predicted functional

Clena

partners by Cytoscape v3.10.2 is shown in table 8. This structure
highlights the LEA proteins key role in biological processes related to
stress tolerance and cellular protection, with potential co-regulation or
co-operation among certain interacting partners. This aligns with the
known biological functions of LEA proteins in plant stress responses.

Gene ontology analysis reveals significant enrichment in aldolase
activity, ribonuclease inhibition and oxaloacetate decarboxylase activity.
This suggests that in addition to its established role in stress protection,
LEA protein network may also be linked to diverse enzymatic and
regulatory activities particularly those involved in metabolic processes
and RNA protection. The most prominent activity is 4-hydroxy4-methyl-
2-oxoglutarate aldolase activity indicating a potential metabolic
adaptation junction under Ni stress. Molecular junction enrichment of
LEA for different metabolic activities is shown in figure 16

CYP A&

Fig 15: The PPI network of LEA and the predicted functional partners.
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Table: 8. PPI network analysis of LEA and the predicted functional partners by Cytoscape v3.10.2
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Fig: 16. Molecular function enrichment of LEA for different activities

The examination of PPl network yields substantial insights into
molecular mechanisms that regulate plant stress responses. Proteins like
Mn-SOD and LEA are recognised for their functions in alleviating
oxidative and dehydrative stressors respectively. (38) asserted that Mn-
SOD is a mitochondrial enzyme that facilitates the breakdown of
superoxide radicals into hydrogen peroxide and oxygen; hence, the
oxidative damage caused by environmental conditions such as drought,
salinity and excessive radiation caused to the plants are safeguarded. PPI
network of Mn-SOD revealed its function as an essential core protein,
engaging with several antioxidative proteins, metabolic enzymes and
regulatory factors (8). LEA proteins are produced during late
embryogenesis and in response to abiotic stressors such as dehydration
and salinity. They mainly serve as molecular chaperons safeguarding
proteins and membranes from aggregation and denaturation induced by
dehydration (4). PPI network evaluation of LEA proteins often reveal
their interactions with diverse stress-responsive proteins including
additional chaperons, enzymes related to metabolic adaptation and
signalling proteins (34).

Mn-SOD and LEA proteins demonstrate centralization characteristics in
protein-protein-interaction networks,
signifying their essential role in stress response modules. Mn-SOD
interacts with catalases, peroxidases and glutathione related enzymes,
generating a formidable antioxidative system (26). (14) indicated that
LEA proteins interact with metabolic enzymes and other protective
proteins creating a module essential for cellular integrity during
dehydration. PPI networks can facilitate the identification of innovative
targets for genetic engineering or breeding initiatives focussed on
enhancing agricultural stress tolerance (19).

CONCLUSION

The present study emphasises on Ni stress that induced significant
alterations anatomically and proteomically in Ni tolerant chickpea
cultivar, (Cicer arietinum L., ICCV 10102). Exposure to Ni has adversely
effected root vascular system, leaf stomatal characteristics along with
other impaired activities. Nevertheless, inoculation with PGPR MGNJ-
01 effectively alleviated these anti effects by improving root and leaf
anatomy. Proteomic analysis revealed the differential expression of Mn-
SOD and LEA which are expressed as a response to stress. These
proteins play a major role in anti-oxidative defense and cellular

protection. Under Ni and PGPR treatment, these proteins are involved in
enhancing stress tolerance. This was further supported by in silico
characterisation & protein- protein interaction in functional stability and
regulatory importance of these proteins in stress adaptation mechanisms.
On a whole, this study demonstrates that PGPR inoculation enhances Ni
stress tolerance in chickpea by altering the anatomical features and
activating protective molecular pathways. The potential application of
PGPR suggests that it is a sustainable strategy for crop improvement in
heavy metal contaminated soils.
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