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Abstract

Arsenic (As) is an increasing threat across the globe, widely known as a non-threshold carcinogen, and it is reaching harmful
values in several areas of the world. In this study, the effect of plant growth promoting bacteria (Microbacterium foliorum)
on inorganic arsenic (Arsenate) phytoremediation by Melastoma malabathricum plants was investigated through histologi-
cal analysis and proteome profiling of the M. malabathricum plants. Two-dimensional gel electrophoresis and transmission
electron microscopy were used to conduct the proteome and histological analysis. When arsenic-treated cells were compared
to untreated cells, substantial changes were found (1) severely altered the morphology of the cells, intensely disturbed; (2)
the cell wall was thicker; (3) drastically changed the cytoplasm, the cells were polygonal in shape, different in size (scat-
tered), and relatively dense. Compared to the control group, the ultra-structure of the root cells of the control group revealed
intact cytoplasm, vacuole, and cell wall under exposure to As + bacteria that had a minor effect on the cell form. To further
understand As + bacteria interaction, proteome profiling of the root cell was analyzed. The As-induced oxidative stress enrich-
ment was confirmed by the up-regulation of tubulin, nucleoside diphosphate kinase, and major allergen during As + bacteria
exposure It was observed that the profusion of proteins involved in defence, protein biogenesis, signaling, photosynthesis,
nucleoside and energy metabolism was greater in As + bacteria as compared to the rooting out of As only. Overall, it can be
obviously seen that the current study demonstrates the effectiveness of phytoremediation by M. foliorum on proteins involved
and responsivepathways in dealing with As toxicity in M. malabathricum plant.
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Introduction

Arsenic (As) contamination of the environment is fast
becoming a global problem originating from anthropogenic
activities such as urbanization, metal mining, rapid industri-
alization, and inorganic fertilizers and other agrochemicals
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(Alka et al. 2020, 2021; Chauhan et al. 2020). Mining activi-
ties and various heavy industries are important economic
sources for Malaysia, with most of the urban regions and
industries found in the western part of the country (Ahmad-
pour et al. 2012; Rajoo et al. 2013). The common origin of
As contamination in Malaysian soils is pesticides, manufac-
turing industries, abandoned mining sites, and inappropriate
waste recycling.

Arsenic is mostly found in the soil in two inorganic forms
as oxyanions of trivalent Arsenate (AslII) or pentavalent
Arsenate (AsV). Arsenite (III) is more mobile and toxic
to living organisms than Arsenate (V) (Squibb and Fowler
1983; Srivastava et al. 2011). However, the best available
form of arsenate is found in oxygenated ecosystems: aerobic
soils and superficial water. Since arsenate is a phosphate
chemical analog, it can be simply assimilated by plants via
phosphate transporters with a high affinity in their roots (Fru
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et al. 2018; Fu et al. 2009). Thus, human health is at risk
by consuming crop plants that have accumulated arsenate
(Lindsay and Maathuis 2017). This is increasingly evident in
substantial progress made in recent years concerning molec-
ular evidence on arsenic absorption and, in particular, the
role of specific proteins in the availability of arsenic to seeds
and grains (Lindsay and Maathuis 2017). The pollutant acti-
vates severe alterations in the plant’s metabolism once it
is absorbed. Both biochemical and physiological processes
become affected, thereby leading to alterations in cell mor-
phology and organization of the plant (Farnese et al. 2017).

Most As-triggered damages in plants are due to reactive
oxygen species (ROS) higher production, which can interact
with most molecules, thereby modifying their functions and
structure, leading to the obstruction of the plant survival
and growth (Ahmad et al. 2020; Farooq et al. 2018a, b).
Excess ROS has also been found to disrupt normal plant
metabolism by damaging oxidative processes tremen-
dously, nucleic acids, proteins, lipids, irreparable damage
to DNA and various cell organelles, including chloroplast
(Long et al. 2019; Ghosh et al. 2021). In the root cells,
As(V) and phosphate create interference in the metabolic
pathway as they compete for the same transporter. Several
plants were verified to mount up toxic metalloids in their
above-ground biomass, which lead to a decrease in crop
yield and productivity, ultrastructural alteration, oxidative
stress, and decrease in protein content in As-contaminated
areas (Das et al. 2014; Ghosh et al. 2021). Numerous con-
ventional remediation approaches have been used to reduce
the uptake of heavy metals in plants that are burdened with
toxic secondary products and huge monetary investments
(Zaheer et al. 2020). The development of cost-effective
bioremediation techniques provides a much-needed stimu-
lus to increase crop production in contaminated metalloid
soil. Plant growth-promoting bacteria and root-colonizing
soil bacteria that exert growth-promoting properties are well
adapted to adverse environmental conditions. This property
helps them increase plants’ growth and development and,
thus, reduce the detrimental effects of various environmen-
tal stress that can hinder plants’ survival and productivity
(Ghosh et al. 2021). Numerous As-resistant bacteria have
been identified by multiple researchers (Bahari et al. 2017;
Del Giudice et al. 2013; Pandey et al. 2020; Vezza et al.
2020) to have the ability to reduce As(V) to As(III).

The combination of plants and microbes can improve the
efficiency of phytoremediation. M. foliorum sp. strain SZ1
is a genus of Microbacterium from the family Microbacteri-
aeceae. The Microbacterium has 96 species. They are gram
positive (Corretto et al. 2015), which are essential in agri-
culture (Behrendt et al. 2001) and contribute a lot to the soil
system. For example, they help the plant by fixing nitrogen
in the soil in exchange for plant saccharide (Behrendt et al.
2001). M. foliorum sp. strain SZ1 is the first As resistance
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bacteria isolated in Malaysia from the ex-gold mining site,
highly contaminated with As (Bahari et al. 2017). These
bacteria can tolerate As toxicity at a half-maximal inhibi-
tory concentration (IC50) of 140 mM (Bahari et al. 2017).

Microbe-assisted bacteria and M. malabathricum for
As removal and its effect on the physiological, biologi-
cal, and metabolic response of the plant are still at an early
stage. Therefore, this study focuses on the histological and
proteome changes of Microbacterium foliorum-mediated
decrease of arsenic toxicity in M. malabathricum.

Materials and methods
Plant growth and experimental background

The study was conducted in a greenhouse environment under
controlled conditions (such rain and too much sunlight) at
the Faculty of Science of the Universiti Teknologi, Malay-
sia, Johor campus. M. malabathricum was bought from a
nursery at 1 month old and were grown for 3 months in
sterile soil until they reach a certain height (15 cm in height)
and transferred to experimental pots with one plant per pot
(2.5 L) containing a mixture of sterile soil (2 mm sieved) and
sandy soil for better drainage and leaching under greenhouse
conditions. Depending on the greenhouse condition, all pots
received natural light, day—night humidity 70/90%, and not
temperature controlled, and irrigation activity was carried
out regularly as needed. Four replications make 88 pots
in a fully randomized design and treatment group details
(Tables 1 and 2). In all treatment groups, As concentration
was determined before the start of the pot experiment.

The steriled soil was spiked with an arsenic source, solu-
ble arsenic salt (Na,HASO,-7H,0), in 100 mL of distilled
water (Dadrasnia and Pariatamby 2016). As solutions (0, 50,
70 ppm) were thoroughly mixed with the whole amount of
the soil (Tlustos et al. 2002) and As leachate was collected
(Titah et al. 2013) throughout the analysis. For analysis,
soil samples were collected from each pot before and after
treatment.

Table 1 Treatment groups with

\abathri Treatment Identified as
M. malabathricum groups
Al As-contaminated
soil with the
addition of
microbes
A2 As-contaminated
soil without
addition of
microbes
A3 Control
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Table 2 Treatment groups

ith \abathri Treatment Identified as
without M. malabathricum groups
A4 As-contaminated
soil with the
addition of
microbes
A5 As-contaminated
soil without
addition of
microbes
A6 Control

Three-month-old plants (well-rooted matured from the
same batch and age) were transplanted and allowed 2 weeks
to adapt before the microbial inoculation. The microbial
solution was formulated in 10 mL distilled water suspended
from 10® CFU/mL per microbe and applied uniformly on the
soil around the roots of plants according to the techniques
demonstrated by Mukherjee et al. (2018). The plants were
grown for 90 days in the greenhouse and subsequently har-
vested to estimate various plant parameters.

Plant growth promoting bacteria (PGPB) culture
preparation

Microbacterium foliorum sp. strain SZ1 previously isolated
from As-contaminated soil was cultured overnight and colo-
nies harvested. The microorganisms were washed twice in
sterile distilled water and re-suspended in autoclaved dis-
tilled water until the final OD (600 nm) of 1.0 was achieved
(about 10® CFU/mL). The bacterial suspension of 1 mL was
inoculated onto the treated pot near the root of the plant.

Root tissues histological study with transmission
electron microscopy (TEM)

Root sections (~ 2.0 mm) were quickly submerged in H,S
saturated water as pre-treatment for approximately 30 min
in a comfortable temperature range indoors (Khan et al.
1984). The samples were cleaned using 0.1 M SCB (the
buffer of sodium cacodylate, alkalinity of 7.4) and further
submerged in 2.5% glutaraldehyde (v/v) readied in sodium
cacodylate, buffer (pH 7.4) for a period of 2 h at 4 °C. Sam-
ples of the tissue were cleaned 3 times using 0.1 M SCB and
a 10-min lapse was taken from every cleaning to determinate
at 1% OsO, (osmium tetroxide) over a 24-h period. Having
done that, SCB was utilized to wash the fixed tissue. Subse-
quently, the fix tissue was then dried up in graded acetone
series (35, 50, 70, 95, and 100%) embedded in the mixture
of Araldite-DDSA. Having baked at 60 °C, ultramicrotome
(RMC Boeckeler PowerTome PC, Boeckeler Instruments,
USA) was utilized to cut blocks (60—-80 nm thick) after

marking the sections with lead citrate and uranyl acetate.
The sections were examined using a 120 kV high-resolution
transmission electron microscope (Hitachi HT-7700, Japan).

Protein extraction, quantification and identification
by liquid chromatography-tandem mass
spectrometry

Using the Bradford assay, the amount of protein extracted
from M. malabathricum was determined. First, using the
Amersham kit (Bovine Serum Albumin, BSA) at blank
against its absorbance, a standard curve with known protein
concentration was plotted. By diluting the extracted protein
with 500 pL of Bradford reagent, the standard solution was
prepared with the extracted protein and allowed to remain
for 20 min. After 20 min, the absorbance at 595 nm was
read, recorded and the protein concentration measured in
accordance with the plotted standard curve.

Rehydration

DTT 7 mg/mL was applied, vortexed, centrifuged and pipet-
ted onto a strip holder after the sample was cleaned-up and
sonicated for 1 h at 37 Hz. The tape was removed on the
7 cm ReadyStrip IPG (pH 3-10, non-linear; Bio-Rad, CA,
USA) or 18 cm pH gradient (IPG) strips (pH 3—10 non-lin-
ear; Amersham, GE Healthcare Bio-sciences, Sweden) and
placed gel side down on the protein sample to ensure that no
bubbles between the protein sample and the IPG strip were
created. The cover fluid was then applied and submerged in
the strip. The strip holder was covered with aluminum foil
and left to be rehydrated overnight.

Isoelectric focusing

The protein was separated by an isoelectric point (pI) in an
electric field in this step. Two wicks were moistened with
distilled water on either side and placed inside the electrode
tray. Then, according to the electrode end, the rehydrated
IPG strip was then placed in gel side down in the electrode
tray, and cover fluid was then used to cover the strip. Sub-
sequently, the electrode tray was covered and put into the
PROTEAN IEF Cell (Bio-Rad, USA) and the IEF method
was specified.

Equilibration and gel run

The electrode tray was removed from the PROTEAN IEF
Cell (Bio-Rad) after completion of the IEF, and the strips
were transferred upside down to a strip holder gel. SDS equi-
libration buffer (6 M urea, 75 mM pH 8.8 Tris HCl, 29.3%
(v/v) glycerol, 2% (w/v) SDS, 0.02% (w/v) bromophenol
blue) with DTT (100 mg/10 mL) was first added, then SDS
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equilibration buffer with iodoacetamide (250 mg/10 mL)
was used and the strip holder was shaked for 15 min on a
gyro-rocker. Then the IPG strips were cut and put in the 2D
GE, and the well was perfused with 5 pL of protein marker.
To seal the strip and protein marker, an agarose sealing solu-
tion (25 mM Tris base, 192 mM glycine, 0.1% (w/v) SDS,
0.5% (w/v) agarose, 0.002% (w/v) bromophenol blue) was
used. The gel was then put in the chamber of electrophoresis
and ran at 100 V until the front dye reached the bottom of
the gel.

Image acquisition and data analysis

Using the Bio-Rad FluorS device that has a 12-bit sensor, the
silver tainted gel collected following 2DE was screened for
imaging. For data analysis in PDQuest version 8.0.1 (Bio-
Rad), images obtained from four replicated 2-DE gels were
used. Using the techniques demonstrated by Agrawal et al.
(2013), parameters such as protein spot consistency, molecu-
lar mass, and discrete protein pl were examined. For this
study, points showing quality and quantity reproducibility in
at least two of the three replication gels were considered. To
prevent experimental differences in gels due to protein load
or staining, a normalized spot volume for protein quantifica-
tion was obtained by PDQuest software following the total
spot volume standardization protocol.

Liquid chromatography-tandem mass spectrometry

Using the EASY-nano liquid chromatography (EASY-nLC)
1200 System (Thermo Scientific, MA, USA), the Q Exactive
Plus Hybrid Quadrupole-Orbitrap mass spectrometer
(Thermo Scientific, MA, USA) was linked to separations
and spectrum acquisitions of protein digests. For 20 pL,
0.1% FA and 5% ACN, tryptic digests were redissolved in
an Acclaim PepMap 100 C18 reversed phase column (3 pm,
0.075x 150 mm) (Thermo Science, MA, USA) for peptide
separation, a sample volume of 2 pLL was applied. With 95%
mobile phase A (0.1% FA) and 5% mobile phase B (0.1%
FA in ACN), the column was held at equilibrium. To elute
the bound peptides at a flow rate of 300 nL min~!, a gradient
of 5-35% mobile phase B in 70 min was used. Gas-phase
peptide ions were generated with a spray voltage of 1800 V
by electrospray ionization. The Orbitrap mass analyzer per-
formed a peptide precursor survey scan with a mass range
of m/z 310-1800 and a resolving power of 70,000. This was
accompanied by the application of a cumulative injection
time of 100 ms. For tandem MS (MS2), peptide precursors
were selected with charge states of 2—8. With the linear ion
trap mass analyzer, which has a resolution power of 17,500,
0.7 m/z isolation window and a maximum injection time of
60 ms, Tandem MS conditions were rapid scan rate. Precur-
sors were separated into fragments using collision induced
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and high-energy collision induced (CID and HCD) at a nor-
malized collision energy of 28%, respectively. The scanned
mass range ranged from m/z 110 to 1800. Via the PRIDE
(Perez-Riverol et al. 2019) partner repository with the data-
set identifiers PXD013255 and 10.6019/PXD013255, the
mass spectrometry proteomics data were deposited to the
ProteomeXchange Consortium.

Data analysis

Thermo Scientific Xcalibur (Version 4.1.31.9) (Thermo
Scientific, MA, USA), data collections were conducted
in positive mode. Thermo Scientific Proteome Discover,
version 2.1 (Thermo Scientific, MA, USA) was analyzed
with raw data (RAW) to generate peak lists in DTA format
for database searching. Tandem (MS2) mass spectra were
searched in the NCBI protein database with the SEQUEST
HT engine against Elaeis guineensis (TaxID=51953) and
Phoenix dactylifera (TaxID =42345) taxonomies (containing
35,972 and 33,101 protein sequences as of 30 October 2017,
respectively). Mass tolerances were set to 20 ppm and 0.5 Da
for the peptide and product ions. With two missing cleav-
ages allowed, Trypsin was selected as the protease. Carba-
midomethylation was developed as the fixed modification for
cysteine and lysine, while methionine oxidation and aspara-
gine and glutamine deamidation were used as variable modi-
fications. Proteins with a peptide of at least one rank were
approved. A decoy database included randomized sequences
of taxonomies searched for. To calculate the false discovery
rate, all database searches were also carried out against the
decoy database. A Percolator version 2.04 (Proteome Dis-
cover component) based on g-value at a 1% false discovery
rate was authenticated for all peptide spectral matches. With
the support of a free web-based software (http://bioinforma
tics.psb.ugent.be/webtools/Venn/), the Venn diagram of
the defined proteins from the evaluated solubilization buff-
ers was created. In Uniprot (https://www.uniprot.org/uploa
dlists/), the biological process, cellular portion and molecu-
lar structure of the identified proteins were annotated using
the Retrieve/ID mapping method. The Uniprot-GOA data-
base (http://www.ebi.ac.uk/GOA) collected Gene ontology
(GO) terms associated with the known proteins from all the
measured solubilization buffers.

Supervised partial least squares discriminant
analysis (PLS-DA)

To analyze the correlation of the established proteins and
different solubilization buffers, supervised PLS-DA using
MetaboAnalyst 4.0 (http://www.metaboanalyst.ca/) (Xia
et al. 2015) was adopted. Data inputs containing the cal-
culated m/z value for each peptide were extracted from the
Thermo RAW files and their corresponding retention time
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and strength. A total of 93,777 peaks, with an average of
5861.1 peaks per sample, were used for four replicates rep-
resenting each of the measured solubilization buffers. This
was accompanied by a summation of peaks from the same
sample belonging to the same group, resulting in 5483
peak groups. These variables were constructed accord-
ing to their retention time, matching the peaks. Mass and
retention time were changed, respectively, to 0.025 m/z and
30 s. The unusable variables (Hackstadt and Hess 2009)
were filtered out by interquartile range (IQR) to strengthen
the regression model. The uninformative regions or noise
of mass spectra are usually these variables. Using the num-
ber of intensities and Pareto scaling (Van den Berg et al.
2006), the model interpretation was improved by normal-
izing the datasets, normalization and data scaling based on
data dispersion were carried out. Due to the dynamism of
the produced proteomics data, Pareto scaling (square root
of the standard deviation as the scaling factor) was applied
(Wheelock and Wheelock 2013; Worley and Powers 2013).
As PLS-DA tends to overfit results, the statistical model
was authenticated using a permutation test (Barberini et al.
2016; Bijlsma et al. 2006). The importance of the differ-
ences between the buffers evaluated was determined by
this test. There were 1000 permutations of the Y-block
(class assignment). For the class assignment forecasts,
a sum of squares between/within (B/W) ratio was calcu-
lated for every PLS-DA model developed. In a histogram,
these ratios were plotted. Looking at this statistically, the
more the B/W ratio of the original class assignment to the

authorized class assignment distribution is to the right, the
greater the difference between the two class assignments.

Statistical analysis

One-way ANOVA was employed to examine the variations
between the treatments. In proteomic analysis, the intensity
of the spot of the differential protein in 2-DE gel was found
out from the replicate gel, 4 spots as well as a minimum
1.5-fold increase or decrease in protein expression were con-
sidered for differential spot recognition between different
treatments.

Results and discussion

Histological observation of M. malabathricum roots
after treatment

The ultra-structure of the root cells surveyed with a High-
Resolution Transmission Electron Microscope 120 kV
(Hitachi HT-7700, Japan) is shown in Figs. 1, 2, 3,4 and 5.
In the structural organization of cells from various treatment
groups, findings showed similar and differential characteris-
tics with low (2 um) and high (5 pm) magnifications. There
were some structural characteristics of cells with different
As concentrations (untreated, As-stressed and As + bacteria)
and had several variations that characterized their structural
organization. Untreated cells (Fig. 1), As-stressed cells
(Figs. 4, 5) and As+ bacterial cells (Figs. 2, 3) have shown

Fig. 1 Ultrastructural organization of M. malabathricum roots, TEM
images showing the cell wall, nuclear membrane, nucleus and vacu-
ole. Tissue samples were obtained after 90 days of exposure in con-

trol soil (A3). Thick arrow shows the cell wall (A), higher magnifi-
cation observed cell structure: relative to other treatment groups, the
cell structure appears to be usual (B-F)
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Fig.2 Ultrastructural organization of M. malabathricum roots,
TEM images showing the cell wall, nuclear membrane, nucleus and
vacuole. Tissue samples were obtained after 90 days of exposure to
50 ppm As+bacteria in soil. Thick arrow shows cell wall (A, D and
E), blue circle showing unidentified image (C), red circle shows elec-

tron dense material (F), higher magnification observed cell structure:
extracellular dark deposits are observed in several cells in contact
with the outer face of the cell walls, some two-cell structures show-
ing different asymmetric location of the dividing cell wall and some
specifics of the organization of the cell (B)

Fig. 3 Ultrastructural organization of M. malabathricum roots, TEM
images showing the cell wall, nuclear membrane, nucleus and vac-
uole. Tissue samples were obtained after 90 days of exposure to 70
ppm As + bacteria in soil. Thick arrow shows cell wall (B), blue
circle shows unidentified structure (A, C), red circle shows electron

that, compared to As-stressed cells under As and bacterial
exposure, the ultra-structure of control root cells displayed
intact cytoplasm, vacuole and cell wall that had a marginal

s, 3 D) Springer

dense material (D, E). Higher magnification of the specifics of the
cell organization; chloroplasts with a rounded form and smaller size
with a denser internal membrane structure, cells with a polygonal
shape, various sizes (scattered) and relatively dense (F)

effect on cell structure. Chloroplasts, cell walls, vacuoles
and extracellular deposits were affected by the key differ-
ences found between the cell types in the treatment group,
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Fig.4 Ultrastructural organization of M. malabathricum roots,
TEM images showing the cell wall, nuclear membrane, nucleus and
vacuole. Tissue samples were obtained after 90 days of exposure to
50 ppm As in soil. Thick arrow shows cell wall (C and E), blue cir-
cle shows unidentified structure (A, B and F), red circle shows elec-

tron dense material (D). Higher magnification of the specifics of the
cell organization; some two-cell structures showing the dividing cell
wall’s distinct asymmetrical location and certain cell organization
features. Chloroplasts with denser-structured internal membranes
showed a rounded shape and smaller scale

Fig.5 Ultrastructural malabathricum root organization, TEM photos
illustrating the cell wall, nuclear membrane, nucleus, and vacuole.
After 90 days of exposure to 70 ppm of arsenic in the soil, tissue sam-
ples were taken. Thick arrow shows cell wall (A, C and E), red circle
shows thick electron content (A, D and F), V=vacuole (B). Higher

whereas the cell walls were thicker than in the control group.
However, after 90-day treatment with the As stress, there
were drastic changes in cytoplasm, cells were polygonal

magnification of the specifics of the cell organization; extracellular
dark deposits (red circle) are found in many cells in contact with the
outer face of the cell walls; cells show large vacuoles (V). On the cell
walls, extracellular deposits of various sizes and types (rounded and
ellipsoid) are found

in shape, different in sizes (scattered) and relatively dense.
The organelles were undistinguishable, especially for As-
stressed (50 ppm) groups, cell morphology was severely
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altered, intensely disrupted. The degradation of the nuclear
envelope and leakage of the nuclear contents were clearly
exhibited. Numerous dark and small rounded deposits were
found attached to the outer surface of the cell wall in As-
stressed cells (Fig. 5). The other treatment group’ cells did
not exhibit identical extracellular characteristics. The lon-
gitudinal cells with large vacuoles contain electron dense
material and rounded cells with thin cell wall (Fig. 5). As-
stressed cells (Fig. 5B, F) showed abnormal shape, most of
them with a large cytoplasmic vacuole occupying a high
proportion (~ 15-25%) of the cellular volume compared to
other treatment group.

The present study revealed that the root showed changes
under stress (50 and 70 ppm) in separate cell organelles
(Figs. 1, 2, 3, 4 and 5). This study also provided informa-
tion about the As-induced effects that follow a long-term
response associated with adaptive processes on the M.
malabathricum cell structure. Cells accumulated high As
concentrations when they were grown in soil with As+ Bac-
teria no toxicity symptoms, in agreement with previous
results (Farooq et al. 2018a, b). The investigation of the
ultrastructural alterations in As-stressed plant cells would
be a means and useful instrument in designing the accurate
mechanisms utilized in As-tolerance conferment. ROS as
a stress indicator acts on intracellular organelles, proteins,
enzymes, nucleic acids; however, ROS generation’s pathway
and intensity are determined by the conditions of stress and
organelles of cell (Khan et al. 2020). Several changes were
observed in the ultra-structure cells root under As stress
(Alcantara-Martinez et al. 2016; Farooq et al. 2018a, b).
The root cell under As stress depicted the changes in differ-
ent cell organelles including vacuole. Several characteristics
that may obviously be seen clearly in the two plants were
nucleolus loss, nuclear membrane as well as nucleus dis-
ruption, and in addition to vacuole size getting larger. High
concentrations of As absorption and accumulation causes
cytotoxic effect in some plant species, causing structural and
ultrastructural changes that affected plant growth and physi-
ological well being (Farooq et al. 2016). The roots take in
water and vital elements from the earth and, thus, change
in their biochemistry and ultramorphology. This may lead
to the obstruction of the plant’s growth. The cellular and
subcellular level heavy metal distribution is significantly
more important for heavy metal removal and accumula-
tion in plants (Zhou et al. 2016). Studies have shown that
the first barrier to the absorption of metal ions into cells is
the effect of arsenic on the cell wall (Farooq et al. 2016), a
similar mechanism to the accumulation of arsenic in bar-
ley, where arsenic was mainly accumulated in the root cell
wall (Zvobgo et al. 2018). The results also showed that As
exposure induced changes in subcellular structures, such as
chloroplast compartment. It was reported to affect chloro-
plast and its internal membranes. It can, therefore, reduce
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the photosynthetic pigments concentration and consequently
lessening the assimilation rates of carbon.

In this study, we show that in As-stressed cells, the vacu-
ole increases and the aggregation of electron dense granules
occurs. The enlarged and increased number of vacuoles has
been reported due to As effect on the roots (Farooq et al.
2018a, b; Khan et al. 2020). Number of electron dense
granules and crystalline structures were attached to the
cell walls and present in the vacuoles. One of the plants
features against the exposure of As is the precipitation of
electrons dense materials in cellular compartments (Alcan-
tara-Martinez et al. 2018) and other toxic metals like lead,
chromium and cadmium (Chandrasekhar and Ray 2019;
Khan et al. 2020; Samrana et al. 2020), whereby it is rep-
licated in among the earliest cellular mechanism upon the
phytotoxicity of metal (Hall 2002). Samrana et al. (2020),
reported that the extent of heavy metal in vacuole surpassed
its reposition boundary and can upset the cytoplasm. This
can result to a peculiar and condensed structure and, in addi-
tion to dented membranes, chiefly tonoplast. Additionally,
it might be resulting from the disparity in the production of
ROS in cell organelles. Earlier studies have reported that
the damage of the root cells of Brassica napus and Hor-
deum vulgare is a result of the stress of heavy metal (Ali
et al. 2013; Khan et al. 2020). This study shows that the
As+ bacteria have reduce the effect of As on the cell of the
plant. On the other hand, by exposing As-stressed young
trees to bacteria, the root tips developed good cell struc-
ture in comparison to those that were under As stress only.
Exogenously, inoculation of bacteria clearly recuperated
the damage cells observed in roots of M. malabathricum.
These positive effects were more pronounced in A1 70 ppm
As +bacteria treatment group. This finding agrees with Zeng
et al. (2020) who reported no effect of inoculation of pgpb
on the plant root cell under cadmium (Cd). Thus, we can
conclude that the application of bacteria to the plant with
As stress can accelerate the ventures of the antioxidant and
plays role in maintaining cellular integrity, thereby reducing
the ultra-structure damage in M. malabathricum root tips.

The changes in differential protein abundance
in plant tissues inoculated with M. foliorum sp.
strain SZ1

To study the variations in protein expression pattern of the
plants under As stress, the two-dimensional gel electropho-
resis (2DE) was conducted. Proteins partitions were con-
ducted according to their pI value extending between pH 3
and 11. It was observed that there exists substantial amount
of distinctively mass proteins amidst dissimilar experimental
treatments (Fig. 6). The mean estimation of the high-quality
spots was utilized as the spot capacity on the principal gel
(Table 3). A 1.5-fold change in protein expression, either
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Fig.6 2-DE gel control and
stress response images at Control Al150
various concentrations after PH3 <o pH11

3 months

A total of 1566 protein spots
A total of 325 differential spots

167 down regulated and 128 upregulated spots.
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Table 3 A list of MS/MS-identified differentially expressed M. malabathricum root proteins

Spot Accession Description Function Expression Coverag Fold # #PSMs # # M calc. pl Score
Pattern e [%] Pepti Uni AAs w Seques
des que [kD tHT:
Pep al Seques
tide tHT
s
As stressed tr group vs Control
Mm172 18416218 Malate Energy 18 34 7 160 2 340 35. 8.47 436.93
2 54 dehydrogena 4
s, A2
mitochondrial Toppm
-like isoform
X1 [Prunus A2
dulcis] S0ppm
Mm179 44906178 RecName: Energy A2 11 4.0 5 66 5 308 34 5.77 155.46
1 2 Full=Isoflavon Isoppm
e reductase-
like protein; A2
AltName: 70ppm
Full=Pollen
allergen Ole e
12; AltName:
Allergen=0Ole
el2
Mm258 18359289 photosystem Energy 5 4.5 1 20 1 184 21. 9.72 45.65
5 92 lassembly f 2 5
protein Ycf4 7oppm
(chloroplast) A2
[Tinospora S0ppm
sinensis]
Al vs A2 (70ppm)
Mm239 67038552 RAP domain- Bioenergy 2 16 1 15 1 641 71. 5.78 30.51
5 3 containing and 4
. . IAz
protein, metabolis Joppm
chloroplastic m
[Zea mays]
Al
Mm326 14423842 RecName: 8 15 1 84 1 160 17. 5 202.6
7 Full=Major 3
allergen Pru Al
arL; 70ppm
AltName:
Allergen=Pru A2
arl 70ppm
Mm329 91461535 Nucleoside Nucloside 36 15 6 312 3 148 16. 6.8 836.7
3 2 diphosphate metabolis 2
kinase m Al
[Solanum 70ppm

lycopersicum]

Oppm

—\n
>
S

Al vs A2 (50ppm)

Mm427 135399 RecName: Bioenergy 18 15 7 34 2 450 49. 5.06 74.51
6 Full=Tubulin and Al 6
alpha-1 chain metabolis 50ppm
m
A2
£
Mm463 18416352 actin-7 Cell 24 19 7 63 1 377 41. 5.49 164.44
9 04 [Prunus signalling 2 7
dulcis] 50ppm
Al
lsoppm
Mm499 67038552 RAP domain- Bioenergy 2 19 1 11 1 641 71. 5.78 22.51
2 3 containing and tu
protein, metabolis
) 50ppm
chloroplastic m
[Zea mays]

50ppm

=
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upregulated or downregulated in at least one treatment, was
considered for differential spot identification among various
treatments. It was observed that about 524 spots have been
found on silver-stained gels and thereof A2 with 264 spots
(127 spots up-regulated and 137 spots down-regulated) by
way of comparison to control following exposure to As. On
the silver-stained gels, a total of 417 spots were observed and
thereof, when A1l 50 ppm was compared with A2 50 ppm
(11 spots up-regulated and 11 spots down-regulated). Sub-
sequently, on the silver-stained gels, spots totalling 625 were
detected. In addition, A1 70 ppm was compared with A2
70 ppm (20 spots up-regulated and 19 spots down-regulated)
and orbitrap (Thermo) analysis was conducted on 9 differ-
entially expressed protein spots. It was observed that each
was found to be considerably recognized as well as depicted
by dart on the upper stage matchset copy produced through
Progenesis Samespot software (Nonlinear Dynamic, Dur-
ham, NC) (Table 3). Six out of nine discriminatively stated
recognized protein have been identified to be monitored in
both treatments (As + bacteria treatment) in which, three
proteins found shown in two treatments (As alone treatment)
except control.

To analyze the root proteome of M. malabathricum, pro-
teins were removed from M. malabathricum root tissue and
the same amount (250 pg) of proteins had been segregated
by 2-DE as mentioned in the section on Methods and Mate-
rials. Based on their functions, proteins were categorized
into five main categories (Fig. 7) (Sun et al. 2016). The

proteins identified were involved in cell signaling (11%),
energy metabolism (34%), defense mechanism and ROS
homeostasis (22%), protein biogenesis and storage (22%),
and nucleoside protein (11%) (Fig. 7).

The Venn diagram in Fig. 7 depicts the dissemination in
M. malabathricum of distinctively expressed proteins inter-
secting under various exposures (control, As and As+ bacte-
ria). The regions as illustrated in the chart are disproportion-
ate to the group’s amount of proteins. Distribution in four
functional classes of 9 differentially expressed root proteins
discovered by M. malabathricum are constructed on their
assumed function denoted by the protein database use.

Cell signaling proteins’ different appearance form

One of the proteins was linked to cell signaling proteins’
different appearance form viz., actin (mm-4639) was iden-
tified with differential expression (1.9-fold). Actin-7 (mm-
4639) also showed much profusion under As tension; how-
ever, same proteins showed low abundance when they were
exposed to As and bacteria.

Various appearance form of protein biogenesis
as well as storage

Three proteins, including two RAP domain-containing pro-
teins, chloroplastic [Zea mays] (Mm-2395) and (Mm-4992),
were identified as differential spots during As stress. Tubulin

Cootrol w A2 \
/ C \*. AlpaA
RE [P \ .

| |

|
|
£ \ D
M Protein
biogenesis

M Energy

M Defense

@ Nucleoside
metabolism

M Cell signaling

A2 A2 NPPM

Fig.7 The dissemination in M. malabathricum of distinctively expressed proteins intersecting under various exposures (control, As and

As +bacteria)
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alpha-1 chain (mm-4276), were in low abundance under As
stress but shows higher abundance when they were exposed
to As and bacteria.

Pattern of expression of the proteins associated
with defence mechanism and ROS homeostasis

Major allergen Pru ar 1 (mm-3267) was low during As
stress showing higher abundance under As+ bacteria
exposure.

Proteins linked to energy metabolism had complex
regulation pattern

Arsenic-exposed M. malabathricum root exhibited down-
regulation of malate dehydrogenase (mm-1722) and pho-
tosystem I assembly protein (mm-2585) in A2 50 and were
found up-regulated in A2 70, while Isoflavone reductase-like
protein(mm-1791) was found up-regulated by 3.4-, 4.5- and
4.0-fold, respectively, when exposed to As alone compared
with control.

Varied expression pattern of nucleotide metabolism

Total of one protein belonged to Nucleotide metabolism,
Nucleoside diphosphate kinase [Solanum lycopersicum]
(mm-3293) was identified with differential expression (1.5-
fold). Nucleoside diphosphate kinase [Solanum lycopersi-
cum] (mm-3293) also displayed higher abundance when it
was exposed to As and bacteria and shows low abundance
compared to its exposure to As alone.

The purpose of this study was to understand the effect of
M. foliorum sp. strain SZ1 inoculation in reducing the As
toxicity in M. malabathricum at proteome level as well as
morphology of the plant root. Plants absorb and store AsIII
in their cell, a more toxic form of inorganic As that has
affinity to bind with protein at the sulfhydryl group leading
to inactivating of protein, enzymes and lipid peroxidation
with consequent cellular damage (Alka et al. 2020, 2021;
Irshad et al. 2021). AsV interferes with metabolic pathway
and as a result, it has been reduced to AslII in the cyto-
plasm. Several studies demonstrated that As exposure exerts
negative effects on the M. malabathricum plants by restrict-
ing germination as well as reducing root and shoot growth,
and plant biomass (Irshad et al. 2021; Patek-Mohd et al.
2018). M. foliorum sp. strain SZ1, a tough antagonist of
As toxicity, enhances the progression of the plant under As
stress. This was attributed to siderophore production, plant
growth promotion in As tempted oxidative stress (Bahari
et al. 2017). Physiological studies were also examined to
gain a better understanding of the As+ bacteria interaction.
Determination of the morphological properties of plants may
infer some biochemical qualities hence researchers could
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determine how arsenic altered the plant’s physiology. We
also determine the absorption of arsenic to gain insights
into basic processes, such as the bioaccumulation of arsenic
in various plant parts, which have a detrimental effect on
the cell structure and protein content. The results show that
the plant inoculated with bacteria had a twofold increase in
shoot—root length, biomass, and As uptake when compared
to the other treatment group (in a separate study with no
data included).That confirms the contending effects of M.
foliorum sp. strain SZ1 on As toxicity in M. malabathricum.

The modifications in protein profile can cause successful
adaptations that can initiate stress resistance through regula-
tion of protein appearance and signal transition in the strain
reaction. This can also directly protect the plant from stress
caused by the environment (functional proteins). One cell
signaling associated protein was determined as differential
spots in which actin was significantly up-regulated under
As stress. During As + bacteria exposure, the differential
regulation of actin proteins at proteome level suggested
that bacterial inoculation enhanced cell growth by con-
trolling protein expression involved in signal transduction.
Actin is an important component of plant cytoskeleton and
microfilaments; it contributes to cell elongation, probably
through interactions with cortical microtubules (Gupta et al.
2020a, b) and by maintaining polar auxin transport (Moussi
2020). Actin serves as the subset of microtubules and cel-
lular microfilaments, and it assists the synthesis of cell wall
and provides cell with mechanical strength (Sengupta et al.
2011). A type of the main organs for stress indication per-
ception is roots whereby an indication machinery starts a
stream expression of gene reactions to arsenic stress (Gupta
et al. 2020a, b).

During As and As + bacteria exposure, the differential
regulation of Tubulin proteins presumably improved cell
development in M. malabathricum. Tubulin proteins play a
crucial part in the division of cell and prolongation, while
alpha-tubulin (OsC-3516) has been precisely discovered in
drought tolerance rice varieties’ roots (Rabello et al. 2008).
Study also found that salt stress decreased tubulin abundance
(Wang et al. 2008). Tubulin proteins advanced appearance
trend of both level—transcriptome and proteome during
As+ Se exposure—showed the development and the evolu-
tion of cell will be improved by adding Se via regulation of
the expression of proteins immersed in the transduction of
signal (Chauhan et al. 2020).

Major allergen Pru ar 1 are defense-related proteins
in plants which is a part of the Bet v 1 allergen family. It
plays a significant part in the responses of the plant both to
abiotic and biotic stress, as they are prompted by the two
stress types (Ahammer et al 2017; Zhang et al. 2020). Major
allergen takes part in abscisic acid (ABA)-activated sign-
aling mechanism and it has great succession equivalence
to pathological process linked protein (Huang et al. 2020).
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The unaltered abundance or increased main allergen Pru ar
1 (G27) in 200400 pM C. grandis leaves concurred with
PvPR1 in Cu-stressed Betula pendula and the raised abun-
dance of Bet v 1-Sc3 (PR-10c) and bean leaves, correspond-
ingly (Huang et al. 2020). Its up-regulation demonstrated
that proteins are induced significantly by M. foliorum and
improved the resistance of As in M. malabathricum cor-
respondingly. This is similar to the findings of Zhang et al.
(2020) who reported W. anomalus improved the resistance
to disease in pear fruit which were kept under specified con-
dition for storing the fruit. Major allergen Pru ar 1 induced
in peaches by P. membranaefaciens (Zhang et al. 2020)
in fruits by yeast (Yan et al. 2018) to enhance the defense
response against pathogen.

The TCA cycle enzymes such as malate dehydrogenase
(mm-1722) in plant cells partake in diverse metabolic pas-
sageways and this is governed by the location of the sub-
cellular (Alcantara-Martinez et al. 2016). Malate dehy-
drogenase catalyzes the oxidations of malate resulting in
oxaloacetate in citric acid pathway. These findings indicated
that an increase in the accumulation of these proteins could
give high-energy demand required in improving the toler-
ance/detoxification under abiotic stress in plants. Malate
dehydrogenase, mitochondrial-like isoform X1 [Prunus
dulcis] which catalyzes the oxidation of ester of malic acid
to oxaloacetate in the final stage of the TCA cycle was
down-regulated in A2 50 ppm as well as firmly adversely
controlled by A2 70 ppm and this shows that the two vari-
ants modify the role of the mitochondrial. These discoveries
showed that the increase in accumulation of these proteins
can provide the required high-energy demand prerequisite
in enhancing the tolerance/detoxification under abiotic stress
in plants.

The malate dehydrogenase down-regulation could con-
tribute to the changes seen in M. malabathricum photosyn-
thetic activity as can be seen in citrus and transgenic tomato
by way of mMDH reduced expression (Huang et al. 2020;
Nunes-Nesi et al. 2005). Studies on the response of malate
dehydrogenase in As stress (Alcintara-Martinez et al. 2018;
Chauhan et al. 2020), phosphorus deficiency (Tantray et al.
2020) and under salt stress (Long et al. 2019) were reported.
Malate dehydrogenase was up-regulated on day three of
drought stress and continued elevated until day seven by
contrast with control (Gupta et al. 2020a, b). In addition,
previous research on rice stated improved malate dehydro-
genase expression in drought stress (Agrawal et al. 2016).
Enzyme accumulation was found to decrease in a drought-
sensitive chickpea cultivar under stress at both transcript
and protein levels (Subba et al. 2013). Moreover, its abun-
dance in P-362 cultivar could be associated with its tolerance
(Gupta et al. 2020a, b). Plants experiencing As stress have
been shown to require a lot more energy to maintain cellu-
lar homeostasis (Chauhan et al. 2020). Since mitochondrial

ATP and TCA synthesis appear to be weakened by oxida-
tive phosphorylation, glycolysis as well as photosynthesis
produce most cellular energy, while reducing equivalents are
produced in the light phase of photosynthesis and transferred
through the plastidic malate—oxaloacetate shuttle to the cyto-
sol. Under stress conditions, these mechanisms improve the
antioxidant system and provide the energy requirement that
could help cope with arsenic stress (Chauhan et al. 2020;
Dixit et al. 2015).

Plant needs much energy under As stress to sustain cel-
lular homeostasis as a result of over production of ROS, in
which the effect on crop yield and plant biomass is seen
as a crucial factor (Chauhan et al. 2020). During arsenic
exposure (A2 70 ppm) (Table 3), up-regulation of all pho-
tosynthesis-related proteins might have improved carbon
fixation and allowed light reaction to work effectively in
order to produce more reduced equivalents. Kosova et al.
(2011) associated the down-regulation of proteins involved
in photosynthetic electron transport to their vulnerability to
As, Cd and, (nano)silver. As a result, the transportation of
electron will decline and, thus, consequently the production
of ATP and NADPH will also reduce. Several lines of evi-
dence suggest that metal-induced intracellular ROS produc-
tion function in the signal transduction pathways, leading to
induction of autophagy.

Isoflavone reductase also depicted variable expression
pattern under As stressed compared to control. This inferred
that isoflavone reductase up-regulation in As toxicity is due
to not only reduced As accumulation but also increased
protection in plants. Secondary metabolites play a signifi-
cant role in response to external stress factors. Under metal
stress, plants produce endogenous signaling molecules in
which signal by ABA perception activates endogenous sig-
nal molecules, which result in regulation of the expression
and activity of biosynthetic enzymes participated in second-
ary metabolism, leading to accumulation of target metabo-
lites. Contingent on the states of biotic and abiotic stresses
in roots, the gene in control of the synthesis of isoflavone is
generated (Oliveira et al. 2020).

The accumulation of isoflavones might play an essential
role in regulating the growth response. There was up-reg-
ulation of this protein due to As stress compared with the
control. These proteins have been reported to increase under
exposure to abiotic and biotic stress conditions (Aguilar-Gal-
vez et al. 2020). This coincides with the finding of Farooq
et al. (2018a, b), which suggested that exogenous MeJA up-
regulated secondary metabolite synthesis and preserved the
growth and development of B. napus under As exposure.
Isoflavone reductase was found to be up-regulated in the
leaves or roots of stylo under Mn toxicity (Liu et al. 2019).
The proficiency rate of isoflavone reductase in the roots
inoculated with LHLOG6, reported by Bilal et al. (2019) may
be correlated with greater activity of Chalcone isomerase
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in the development of flavonoids. For the biosynthesis of
daidzein and conversion of stero-specific NADPH-depend-
ent reduction to (3R)-isoflavanone, isoflavone reductase is
considered crucial (Bilal et al. 2019).

The only protein in the nucleotide metabolism group
was Nucleoside Diphosphate Kinase 1 (NDPK1) and was
down-regulated after exposure to As. NDPKI1 is a protein
involved in stress response. It has a special role supplying
UTP essential for cell wall precursor synthesis throughout
the development of root at the initial stage and NDPK1 can
be located in peroxisome, nucleus and cytosol (gtefanic’ et al.
2019). NDPKI1 exhibits significant operational amplitude
by interacting with proteins involved in a variety of pro-
cesses: hormonal response, carbohydrate metabolism, sig-
nal transduction and ROS detoxification (Luzarowski et al.
2017). Nucleoside diphosphate kinase 1 overexpression can
result in reduced levels of constitutive ROS and increase sus-
ceptibility to various abiotic conditions (Bona et al. 2016).
Nucleoside diphosphate kinase expression has been reported
to increase in response to salinity and drought, so accumula-
tion is expected in the late stages of forming and developing
of the embryo (Salekdeh and Komatsu 2007). It was found
to be down-regulated with As-alone exposure compared to
As +Dbacteria and this is in agreement with Stefanic et al.
(2019) who reported after down-regulation of NDPK1 after
exposure to AgNPs. Bona et al. (2016) report that by up-
regulating enzymes involved in nucleotide metabolism, AM
fungi change the maize proteome.

Compared with other treatment groups, the stressed
arsenic group decreased protein abundance in uninoculated
plants. The largest decrease in protein abundance, however,
was observed under 50 ppm As stress. This may be due to
decreased protein synthesis, increased protein degradation
levels or both caused by abiotic stress (Bruno et al. 2020). M.
foliorum inoculated plants exposed to As displayed greater
protein abundance relative to the respective uninoculated
plants (Table 3). These findings are compatible with earlier
research indicating that PGPB inoculation increases the con-
tent of protein in plants under Cr (Gupta et al. 2018; Bruno
et al. 2020). Protein content improvement could increase the
occurrence of PGPB, which improves plants growth and bio-
mass production under abiotic stress through various PGP
processes, including P solubilization, siderophores and IAA
production, which contribute to root development and met-
abolic activities, particularly in protein synthesis (Pandey
et al. 2018). Initiation of stress-responsive machineries dur-
ing environmental stimuli lead to important modification in
plant proteome (Alcintara-Martinez et al. 2018). Similarly,
plant microbial colonization occurs in stages that are geneti-
cally controlled (and affect the proteome of the plant) that
ultimately form a firm differential form of symbiosis (Song
et al. 2015). By studying such changes, it can aid in the
comprehending of the adaptation mechanisms to varieties
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of stress, and hence would contribute towards the enhance-
ment of key features in plants that would be valuable for
phytoremediation.

In conclusion, the proteomics-based analysis of the dif-
ferent expression profiles of the M. malabathricum root pro-
teins provides an insight into the plant’s regulatory mecha-
nisms under As stress force and shows that at different levels
of As stress, M. malabathricum expresses various types of
proteins. Our findings also show that both components—the
primary and secondary metabolic pathways of the plant—
are monitored and robustly regulated under distinct mag-
nitudes of As stress severity and are highly complex and
interrelated. Specifically, proteins of root involved in ROS
detoxification, root modifications, biosynthetic secondary
metabolite pathways, energy metabolism and cell signaling
were distinctively monitored during continuous As stress.
Our statistics provide a picture of the reactions of the root of
M. malabathricum at different levels of As or without bacte-
rial inoculation, which could be useful for more research to
have a thorough understanding of highly complex As stress
reactions, including a variety of signaling pathways.

Conclusions

The present work reports the histological and differential
proteomic responses of M. malabathricum to determine the
mechanisms of improvement mediated by PGPB As stress.
PGPB as well as other microbes are associated in removing
contaminants via common plants—PGPB interrelations, and
hence enhancing the productivity of the plant. In addition,
the histological features of root were mutually related with
modifications in enhanced expression of protein immersed
in As tolerance during As + bacteria exposure, defense and
plant development. The energy and defense proteins which
are contemplated as toolset for the adaptation in enhance-
ment and evolution also indicated important up-regulation
during As+ bacteria exposure. The alterations in the expres-
sion of proteins have been authenticated via enriched expres-
sion of the related protein engaged in transport, photosyn-
thesis, and energy pathway. The histological features as well
as proteins profiling of consolidated analysis contributed
towards greater comprehensions into the metabolic linkages
of As+ bacterial interface indicating well-tuned reaction of
numerous metabolic processes to alleviate M. malabathri-
cum plants of As stress.
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