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Arsenic (As) contamination is a serious issue throughout the world. The scale of problem
is being realized to be even greater with the discovery of new As contaminated regions
with time. Rice is a staple crop across the world with approximately half of the world
population dependent on rice for their daily dietary intake especially in Southeast Asian
countries. It is not only the consumption of rice grains but also food products based
on rice, which contribute toward As exposure to humans. Plant growth promoting
microorganisms (PGPMs) constitute a diverse group of microorganisms including
bacteria, fungi and microalgae. These are associated with the rhizospheric zone of
plants. They improve plant growth through different mechanisms like increase of nutrients
level in plants, improved soil quality, siderophore and hormone production, changes in
biochemical properties of plants etc. Another important assistance imparted by PGPMs
is the altered speciation of As in the soil through methylation and subsequent change
in the biocavailability of As to the plants. Further, a change in As speciation also affects
As uptake and transport in plants. The purpose of this review is to discuss importance
of PGPM association in As toxicity amelioration in plants along with favorably reducing
As concentrations in crop plants or increasing As accumulation in phytoremediator
plants. This review also presents mechanisms of action of PGPMs and describes both
laboratory- and field-studies on the application of PGPMs for tackling As-contamination.
The future prospects of successful utilization of PGPMs are also discussed.

Keywords: arsenic, bioremediation, crop plants, plant growth-promoting microbes, toxicity

INTRODUCTION

Arsenic (As) contamination in soil and groundwater has become a serious health and
environmental concern worldwide especially in south and Southeast Asia. Natural biogeochemical
processes are considered to be primarily responsible for As contamination of groundwater in
South and Southeast Asia (Srivastava et al., 2012; Rodriguez-Lado et al., 2013; Podgorski et al,,
2017). Millions of people are at risk of As poisoning through food especially rice and rice based
products (Meharg and Rahman, 2003; Awasthi et al., 2017). Rice is renowned for more efficient As
accumulation in comparison to other crops. This is due to the presence of As predominantly in
the form of arsenite [As(III)] in anaerobic rice field conditions and transport of As(III) via highly
expressed silicic acid transporters in rice (Srivastava et al., 2012). Other crops like wheat, maize,
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Indian mustard are grown aerobically leading to abundance
arsenate [As(V)] in field. And, the uptake and transport of
As(V) occurs through phosphate transporters that is subjected
to strong competition with phosphate. Nevertheless, other crop
plants (wheat, maize) and vegetables (tuber, leaf, fruit) also
act as sources of As. Humans exposed to As for prolonged
durations, ranging up to the lifetime, can have severe effects
on proper functioning of various tissues and organs including
gastrointestinal tract, liver, skin, kidney, neurological system
etc. The most prominent visible signs of chronic toxicity of
As (known as arsenicosis) are skin related symptoms viz.,
hyperkeratosis, hyperpigmentation and skin cancers. This is
because skin has high keratin levels that has sulthydryl groups
(-SH) and reduced form of As, arsenite [As(III)], binds strongly
to—SH groups (Duker et al., 2005). Arsenic toxicity can also
cause epigenetic changes and induce cancers of other organs e.g.,
liver, kidney, and bladder (Abdul et al., 2015). Animals too can be
affected by As through ingestion via water and fodder and can in
turn act as source of As to subsequent species in the food chain.
Cow milk, poultry, fish, etc. have been found to be contaminated
with As (Datta et al, 2012). Arsenic exposure to plants for
long time inhibits their growth and development, leading to
either death of plants or to poor yield and quality of crops.
Various tissue systems and physiological functions of plants are
influenced by As including metabolism of major elements (e.g.,
nitrogen, carbon, sulfur; Jha and Dubey, 2004; Pathare et al.,
2013) energy and redox homeostasis (Srivastava et al., 2013b),
photosynthesis and respiration (Chen et al., 2014), water uptake,
and transport (Srivastava et al., 2013a) etc. The biochemical
and molecular basis of As toxicity in both plants and humans
include phosphate replacement via As(V) in biomolecules,
reaction of —SH groups in proteins with As(IIT) (Rosen et al.,
2011), increase in production of reactive oxygen species (ROS)
(Srivastava et al., 2007), changes in expression and activity
profile of several proteins and enzymes (Requejo and Tena, 2006;
Norton et al., 2008; Srivastava et al., 2015). The sources of As
to plants and humans and toxicity responses are depicted in
Figure 1.

Arsenic occurs in the environment in inorganic [arsine
(As™3), elemental arsenic (As?), As(ITI), and As(V)] and organic
forms [dimethylarsinic acid (DMA), monomethylarsonic acid
(MMA), trimethylarsine oxide (TMAO), arsenobetaine etc.].
It has been documented that bacteria, fungi, algae and even
humans can methylate arsenite [As(III)] to methylated species.
Arsenic methylation is catalyzed by homologs of As(III) S-
adenosylmethionine (SAM) methyltransferases genes (Yang and
Rosen, 2016). Nearly all microbes show resistance to As(III) and
arsenate [As(V)] and exhibit the potential to transform As into
volatile arsine gases, namely arsine (AsHj3), monomethylarsine
(MeAsH;), dimethylarsine (MeyAsH), and trimethylarsine
(TMA) (Péez-Espino et al., 2009). Fungi including Aspergillus,
Candida, Scopulariopsis, Penicillium, Fusarium, and Trichoderma
can also methylate inorganic As species to organic ones (Cullen
and Reimer, 1989; Bentley and Chasteen, 2002). Arsines are
toxic As species. However, it must be noted the potential of
microbes for As methylation and volatilization depends on soil
chemistry, As level and organic matter (Mestrot et al., 2011).

The As biovolatilization from paddy fields has been found to
range from 0.002 to 0.13% of the total As in a year with As
volatilization rate of about 4 pg kg™! yr~! (Mestrot et al,
2011).

The situation demands development of affordable,
environment friendly and sustainable options for farmers
to grow low grain As containing rice plants (Olmeta-Schult
et al., 2018). At the same time, to harness phytoremediation
prospects, a cost-effective solar driven technology, the
efficiency of plants for removing the contaminant needs to
be enhanced. In this regard, As-resistant plant growth promoting
microorganisms (PGPMs) might be envisioned as safe, low-
cost, promising, and sustainable biological tools for mitigating
As toxicity in plants and for regulating As accumulation in
crop and/or phytoremediator plants (Vejan et al, 2016). If
suitable PGPM based strategies become successful, this would
provide additional benefits in terms of reduced chemical
fertilizers consumption, cost minimization, and environmental
protection.

PLANT GROWTH PROMOTING
MICROORGANISMS AND THEIR MODE OF
ACTION

Rhizospheric interactions between plants and microorganisms
play a crucial role in growth of plants, and in nutrient uptake and
transport. Several studies have shown that plant’s adaptation to
local environmental stress is closely related to microbiota present
in their surroundings (Vacheron et al, 2013). Roots secrete
secondary metabolites, which not only activate the movement
of microbes toward itself but also nourish them (Lugtenberg
and Kamilova, 2009). The organic metabolites include amino
acids, fatty acids, nucleotides, organic acid, phenolics, putrescene,
sterols, sugars, and vitamins. PGPMs have many plant growth
promoting traits and minimize the toxic effects of abiotic
and biotic stress including heavy metals (Ma et al, 2016).
Microbes possessing both As resistance and plant growth
promoting properties provide tolerance to the plants through
several mechanisms that can be direct or indirect (Figure 2).
Indirect mechanisms include prevention of phytopathogens to
promote the plant growth. Direct mechanisms include effect
on the bioavailability of As to plants (through secretion of
protons, organic acids, redox reaction, metabolic reactions)
and chemical form of As (reduction, oxidation, methylation,
demethylation), effect on As interactions with other elements
like Fe, Si, etc., alteration of plant growth (by indole-3-acetic
acid (IAA) and 1-aminocyclopropane-1-carboxylate (ACC)
deaminase production, extracellular enzymes, nitrogen fixation,
extracellular polysaccharides) (Khan et al., 2010; Vacheron
et al, 2013; Rashid et al, 2016; Karthik et al, 2017; Kong
and Glick, 2017; Olanrewaju et al., 2017; Gouda et al., 2018).
Phosphate is a crucial element for achieving optimal growth
of plants and the bioavailability of phosphate in most soils
is very low. Similarly, great amount of nitrogen inputs are
required to maintain good growth of plants. Another detrimental
factor to plant growth is low soil organic carbon. PGPMs
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FIGURE 1 | The figure represents the presence of As in soil, water, and air and the entry routes of As to plants, animals and humans via irrigation, volcanic eruptions,
mining and industrial activities, microbial processes and rain. Once inside plants and humans, the toxicity mechanisms include elemental interactions, reactive oxygen
species (ROS) production, oxidative stress induction, redox and energy imbalance, and epigenetic, transcriptional and proteomic changes. Prolonged exposure to As
leads to diminished growth, and yield in plants and to various medical problems, including cancers in humans. (As values for soil, inland water, ocean, and atmosphere
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have been found to improve N, P, and K nutrition of plants
and improve soil quality through enhancement of soil organic
matter as well as by promoting aggregation of soil particles
and improving soil properties (Khan et al., 2010; Rashid et al,,
2016).

Phytohormones such as auxin, ethylene, gibberellin, and
cytokinins are important for improved plant growth (Dimkpa
et al., 2008; Kong and Glick, 2017). Indole-3-acetic acid (IAA)
is the most studied, and the most common natural auxin
found in plants. It stimulates root and xylem development;
controls vegetative growth, initiates formation of both lateral
and adventitious roots and also affects pigment formation,
photosynthesis, and resistance to stressful conditions
(Spaepen and Vanderleyden, 2011). Ethylene regulates
nutrient and water uptake, promotes root initiation, and
stimulates seed germination and synthesis of other plant
hormones (Thao et al, 2015). Cytokinins and gibberellins

produced by PGPRs also help in promotion of plant growth
(Etesami, 2018).

Siderophores are the low molecular weight high-affinity iron
(Fe)-chelating ligands (stability constants 10'2 to 10°2) with
side chains and functional groups (Crosa and Walsh, 2002).
They are grouped into three families: hydroxamates, catecholates,
and carboxylates. These compounds are basically produced
under Fe-limiting conditions and enhance Fe-uptake in form
of ferric ions (Fe3T). The research on siderophore production
has gained momentum in the last decade due to their unique
characteristic to extract Fe in form of Fe*t (Saha et al., 2015).
Among all the siderophores, hydroxamate, desferrioxamine B
(DFOB) is easily available and therefore, the most researched
one. The microbial siderophores are one of the PGP attributes
that are used by plants in form of Fe’>"-siderophores complex
(Johnstone and Nolan, 2015). As-bioavailability especially in
rice fields is related to water management and Fe-As cycling
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FIGURE 2 | Schematic representation of mechanisms of growth promotion and arsenic tolerance imparted to plants by plant growth promoting microorganisms
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by microbial colonies inhabiting the rhizospheric zone of the
rice plants. Further, Fe forms specific iron plaque on rice roots
that can bind As strongly on root surface itself and modulate
As bioavailability (Garnier et al, 2010). The siderophore
produced by heavy metal tolerant bacteria can also reduce the
bioavailability and toxicity of heavy metals like As, Pb, Cd, and
Hg by precipitating free metal ions with siderophores (Etesami,
2018).

TYPES OF PLANT GROWTH PROMOTING
MICROORGANISMS

Soil contains a plethora of diverse class of microorganisms,
including bacteria, fungi, actinomycetes, protozoa, and algae.
PGPMs comprise of a variety of microorganisms like bacteria,
cyanobacteria, fungi including arbuscular mycorrhizal (AM)
fungi (Mishra et al.,, 2017). Microorganisms play a crucial role
in biogeochemical cycle of As through bioaccumulation and
biotransformation (Yang and Rosen, 2016). Bacteria (Rhizobium,
Frankia, Klebsiella, Clostridium, Bacillus, Pseudomonas, and
Arthrobacter) constitute important PGPMs and impart
several benefits including crucial processes like nitrogen
fixation by rhizobia (Checcucci et al., 2017). Algae are a
diverse group of eukaryotic organisms having the ability for
oxygenic photosynthesis. Anabena, Nostoc, Chlorella, Dunaliella,
Desmodesmus are some of best examples of microalgae under

PGPMs. Generally microalgae can adsorb As on their surface
and with time As penetrates the cell membrane and enters
into cell. The mechanism of As metabolism in marine algae
is reduction and oxidation of As species, As methylation
and transformation into arsenosugars (Duncan et al, 2015;
Wang et al, 2015). Fungi are saprophytic and ubiquitous
microorganisms that can decompose organic matter and help
in nutrient cycling in soil. A number of fungi have been
employed to remediate As. Some of them include Aspergillus
flavus  (Maheswari and Murugesan, 2011), Alcaligenes sp.
(Yoon et al., 2009), Thiomonas sp. (Duquesne et al., 2007),
and Trichoderma sp. (Tripathi et al, 2017). Among them
Trichoderma is most extensively studied fungus. Fungi transform
As species from inorganic to organic forms and may finally
transform As to volatile species. Apart from rhizospheric
fungi, arbuscular mycorrhizal fungi (AMEF) constitute an
important group. AM fungi viz., Rhizophagus, Glomus exist
in symbiotic association with plants and this associated is
based on mutual benefits (Li et al., 2016). The AM fungi take
photosynthetic sugar products from plants and provide in
return mineral nutrients and water (Poonam et al., 2017). The
PGPM to be used for the purpose of amelioration of As stress
and regulation of As accumulation must be itself tolerant to
As stress (Armendariz et al., 2015). Further, plant-microbes
interaction can be even more fruitful if a combination of
different microorganisms can be utilized (Shukla and Srivastava,
2017).
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SUCCESSFUL DEMONSTRATION OF
PGPMS IN ARSENIC TOXICITY
AMELIORATION IN PLANTS

A number of studies showcasing successful utilization of PGPMs
for regulating the accumulation of As in plants and for improving
the tolerance and growth of plants are performed (Table 1). This
section discusses a few recent studies.

BACTERIA

Mallick et al. (2018) isolated two As resistant bacteria from
rhizosphere of mangrove plants in Sunderban area, Kocuria
flava and Bacillus vietnamensis. Both strains improved growth
and decreased As in rice plants. As tolerant microbes like
B. licheniformis, Micrococcus luteus, Pseudomonas fluorescens
were found to possess siderophore producing, phosphate
solubilizing as well as nitrogen fixing properties in a study
by Ivan et al. (2017). Out of these, M. luteus inoculation
imparted As tolerance to grapevine with increased biomass
and antioxidant potential (Ivan et al, 2017). Zhang et al.
(2017) genetically engineered Rhizobium leguminosarum with
As(III)  S-adenosylmethionine methyltrasnferase gene from
Chlamydomonas reinhardtii (CrarsM). They found legume
symbiont to be able to methylate As(III) to various As species.
The red clover plants grown in symbiotic association with
recombinant R. leguminosarum showed presence of up to 42.4%
of methylated As species along with volatilization of 0.01-0.02%
of total As. In a study, Pteris vittata plants were grown on Fe-
free medium containing a catecholate type siderophore from
Pseudomonas PG12 strain. Fe and As were supplied in the form of
mineral, FeAsO4. It was found that Fe dissolution was effectively
performed in presence of PG12 siderophore and resulted in
increase in Fe and As (14.3-78.5mg kg~! in fronds) and this
was accompanied with increase in biomass of plants (Liu et al.,
2015).

Mesa et al. (2017) explored the possibilities of enhancing
phytoremediation efficiency of Betula celtiberica trees at a
contaminated site in Spain. They isolated, cultured and evaluated
54 rhizobacteria and 41 root endophytes associated with
B. celtiberica and selected total four strains for detailed lab and
field studies (Mesa et al., 2017). It was found that endophytic
strains (Variovorax paradoxus, Phyllobacterium myrsinacearum)
caused an increase in As accumulation in B. celtiberica, while
the rhizospheric strain Ensifer adhaerens promoted plant growth.
It has been reported that Brevundimonas diminuta NBRI012 is
an As resistant IAA producing rhizobacteria, which can alleviate
the negative effects of As in rice and improve the growth of
the rice (Singh et al., 2016). Singh et al. (2015) analyzed As
resistant bacterial strains from paddy soil as Bacillus altitudinis,
B. megaterium, and Lysinibacillus sp. strain SS11. Lysinibacillus
strain was found to tolerate up to 3,256 mg L1 As(V) and
1,136 mg L~ As(III). Further, it was found that As accumulation
potential of P. vittata plants increased in presence of microbial
inoculants as compared to that in their absence (Singh et al.,
2015).

Lampis et al. (2015) demonstrated an increase in biomass
of P. vittata plants (up to 45%) as well as total As removal
(from 13 to 35%) when inoculated with siderophore and IAA-
producing bacterial strains viz., Pseudomonas sp., Delftia sp.,
Bacillus sp., Variovorax sp., and Pseudoxanthomonas sp. Das
et al. (2014) identified 12 potential As resistant bacterial isolates
from agricultural soils of Taiwan. Out of these As(III) oxidizing
ability was found in bacteria belonging to Pseudomonas,
Acinetobacter, Klebsiella, and Comamonas. Various strains of
Pseudomonas sp., Geobacillus sp., Bacillus sp., Paenibacillus
sp., Enterobacter sp. and Comamonas sp. also possessed PGP
properties. Shagol et al. (2014) have also identified potential As
tolerant and plant growth promoting bacterial strains from a
metal contaminated site in South Korea and found that three
strains (Rhodococcus aetherivorans JS2210, Pseudomonas oreensis
JS2214, and Pseudomonas sp. JS238) could induce growth of
roots of maize in response to As(V) stress. Wang et al. (2012)
isolated As tolerant bacterial strains from the rhizosphere of
P. vittata that included a bacterium capable of As(III) oxidation
(Acinetobacter) while four bacterial strains having potential
both for As(V) reduction and As(III) oxidation (Comamonas,
Flavobacterium, Pseudomonas, and Staphylococcus). Likewise,
Agrobacterium radiobacter D14 was used with Populus deltoids
and it was found that plants could tolerate even 300 mg Kg~!
As in soil and showed 54% As removal that was more than
that observed in absence of bacterium (43%). In addition, the
translocation of As to shoots was also increased (Wang et al,
2011).

FUNGI

Arbuscular mycorrhizal fungi (AMF) are found in approximately
80% of all plant species (Chen et al., 2017). AM fungi facilitate
mainly the phosphate uptake in plants, but their role in
imparting stress tolerance is also well-demonstrated. Sharma
et al. (2017) compared the potential of AM fungi Rhizoglomus
intraradices and Glomus etunicatum for amelioration of As
stress in wheat (Triticum aestivum). As stress affected the
percentage of root colonization of both fungal inoculants
still both mycorrhiza inoculated wheat plants exhibited better
growth as compared to NM plants. Mycorrzhiza inoculation
also assisted in fighting the As-induced P deficiency and thus
maintained the P:As ratio and in decreasing As translocation
in low As treatment (25 mg kg_1 soil). Spagnoletti et al. (2016)
studied the responses of AMF (R. intraradices)-soybean plants
system in As-contaminated soils and found increase in biomass
of plants along with decline in As concentration. Molecular
investigation suggested upregulation of RiPT, a high-affinity
phosphate transporter of AME and RiArsA, a putative As efflux
pump. Li et al. (2016) inoculated the R. intraradices to six varieties
of rice to evaluate the response of AMF colonization. AMF
colonization showed decline in inorganic/organic As ratio in
grains of all six rice varieties. In study conducted by Wu et al.
(2015) on upland rice variety (Zhonghan 221), three strains
of Glomus fungi (Glomus geosporum, Glomus versiforme, and
Glomus mosseae) were utilized for As stress amelioration. This
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TABLE 1 | A summary of recent reports on the utilization of PGPMs for the amelioration of As stress and for regulating As accumulation in plants.

Plant growth
promoting
microorganisms
(PGPMs)

Mode of action

Targeted
plant/Associated
plant (Habitat)

Tolerance limit and
respective form of As

Performance

References

BACTERIA

Kocuria flava
Bacillus vietnamensis

Acinetobacter lwoffii
(RJB-2)

Methylobacterium
oryzae

Ralstonia eutropha,
Rhizobium tropici,
Exiguobacterium
aurantiacum

Brevundimonas
diminuta

Bacillus flexus

ARBUSCULAR MYCORRHIZAL FUNGI (AM FUNGI)

Reduced bioavailability
of As

Siderophore and IAA
production, and
phosphate solubilization

Production of Auxins,
cytokinins, ACC
deaminase, Increase in
GSH concentration and

activity of glutathione-S-

transferase

IAA and siderophore
producing strains

Siderophore production,

IAA, ACC-deaminase
activity and phosphate
solubilization

Siderophore production,

IAA, ACC-deaminase
activity and phosphate
solubilization

Oryza sativa

Vigna radiata

Acacia farnesiana

Brassica rapa,
Raphanus sativus

Orya sativa

Oryza sativa

K. flava can tolerate up
to 35 mM whereas

B. vietnamensis can
tolerate 20 mM of As(lIl)

125 mM As(V), 50 mM
As(lll)

580 LM As(V)

As-contaminated soil

150 ppm As(V), 20
ppm As(Ill)

280mM As(V), 32mM
As(lll

The isolates showed significant
reduction in As(lll) uptake and
increment in rice seedling growth
in As-amended hypersaline soil

The plants grown in soil amended
with As(V) [5.4 mg kg~ '] showed
no As(V) accumulation in presence
of RJB-2 rhizoinoculation of RJB-2

Plants associated with M. oryzae
showed increased
As-concentration from 600 mg
kg~ dw (control) to 1700 mg
kg~ without any reduction in
biomass and chlorophyll.

Increased biomass and reduced
As content (22-50%) of edible
portion of vegetables

The rhizoinoculation of bacterial
strain reduced As(V) accumulation
in aerial parts especially in edible
part when grown in soil with As(V)
(10 and 50mg kg*1) and also
enhanced plant growth.

In the presence As (20 mg kg‘1
and 80 mg kg’1), inoculated
plants performed well as
compared to un-inoculated plants.
The grain yield (g pot*1) of
inoculated plants were 7.7 [As(20)]
and 5.2 [As(80)] whereas
un-inoculated plants had 6.6 and
4.8(9g pot*7) grain yield.

Mallick et al., 2018

Das and Sarkar, 2018

Alcantara-Martinez

etal., 2018

Wang et al., 2017

Singh et al., 2016

Das et al.,, 2016

Increase of nutrients (N, Triticum aestivum 100 ppm As(V) AM colonization helped the host Sharma et al., 2017
Rhizoglomus P, S), lowered lipid plant to overcome As-induced P
intraradices peroxidation and HyO» deficiency and also helped in
Glomus etunicatum maintaining favorable P: As ratio.
Rhizophagus Up-regulation of high Glycin max 50 ppm As(V) AM inoculation decreased plant As Spagnoletti and
intraradices affinity phosphate accumulation from 7.8 mg As Lavado, 2015
transporter-RiPT, kgf1 t0 6.0mg As kgf1 .
putative As efflux
pump-RIiArsA
Rhizophagus Biomethylation of Oryza sativa L. 60 ppm As(V) As-amended soil (60 mg kg—1) Lietal, 2016
intraradices inorganic As was used. AM colonization
reduced the ratio of
inorganic/organic As conc. in rice
grains.
Through enhancing Isolated from 70 ppm As(V) The grain As concentration in the Wu et al., 2015
Glomus geosporum, P/As ratios Pteris vittata, and mycorrhizal treated plants were
Glomus versiforme, used for Oryza 50% lower than that of
Glomus mosseae sativa non-inoculated plants in soil added
with 35 mg kg*1 As.
(Continued)
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TABLE 1 | Continued

Plant growth Mode of action Targeted Tolerance limit and Performance References
promoting plant/Associated respective form of As

microorganisms plant (Habitat)

(PGPMs)

RHIZOSPHERIC FUNGI

Chlamydospores of Through changes in As Isolated from At 5% inoculation level, the shoot Suetal., 2017

Trichoderma
asperellum

fractionation in soils,
phosphate solubilization,

realgar mines and
used for [pomoea

dry weight, height and root dry
weight of water spinach

ACC deaminase activity,
auxin, and siderophore
production

aquatic

Trichoderma sp. Siderophore production, Helianthus annuus
IAA, ACC-deaminase
activity and phosphate

solubilization
Piriformospora indica Through adsorption and
precipitation of As on
cell wall and enhance
vacuolar sequestration

Oryza sativa

ALGAE

Chlorella vulgaris and
Nannochloropsis sp.

Reduced oxidative
stress, As toxicity

Oryza sativa

Enhanced activities of
nitrogen metabolism
genes, activity of
antioxidant enzymes
reduced expression of
As transporter genes

Anabaena sp. Oryza sativa

Pseudomonas putida Improved antioxidants, Oryza sativa
and Chlorella vulgaris and thiol metabolism,
consortium elemental changes

650 ppm As(IIl)

100 M As(V)

1000 M As(lll)

60 uM As(V) and As(lll)

50 LM As(V)

significantly increased by 216%,
35% and 87%, respectively,
compared with the control.
Inoculated As-amended soil
showed higher biomass
production (135 mg dw) in
comparison with un-inoculated
As-amended soil (110mg dw).

Govarthanan et al.,
2018

Pre-colonized plant root
accumulated As up to 26.22 mg
g*1 dw (40 fold increase) while
non-colonized As-treated plant
root accumulated up to 0.65mg
g~ dw. The accumulation of As in
the shoot of pre-colonized plants
was 0.039mg g~ dw (55 fold
decrease) whereas As content in
the shoot of non-colonized
As—treated plants was 2.16 mg
g~ dw.

Mohd et al., 2017

Rice treated with As, accumulated
35mg kg™ dw As in the roots
and 29.9mg kg~ dw As in shoot.
However, rice inoculated with C.
vulgaris and Nannochloropsis sp.,
showed lower accumulation in the
roots, i.e., 24 and 20.7 mg kg~
dw and in shoots 20 and 11.67 mg
kg~ dw, respectively

Upadhyay et al.,
2016

Anabaena sp., when grown along
with rice plants, showed significant
improvement in plant growth
against As(lll) and As(V) presence
in the soil. Their inoculation also
reduced the accumulation of As.

Ranjan et al., 2018

P, putida + C. vulgaris consortium,
when inoculated with rice showed
significant improvement growth
and decline in As concentration of
root and shoot in comparison to
non-inoculated control rice plants.

Awasthi et al., 2018

study also advocated the positive effect of AMF colonization
on rice crop including higher grain yield without increasing
As in grain. Another aspect of AMF-plant symbiosis is the
involvement of 14-3-3 proteins, which affect several functions
by interactions with crucial proteins. The 14-3-3 proteins can
also affect phosphate uptake and transport processes in the
plants. A recent study on rice plants inoculated with AM fungi
(R. irregularis) showed an upregulation of 14-3-3 genes under
AMEF colonization (Pathare et al., 2016) indicating their possible

involvement in AMF-mediated As toxicity amelioration in rice
plants.

Chan et al. (2013) tested a combination approach utilizing
three Glomus species (G. geosporum, G. mosseae, G. versiforme)
for modulating As stress in rice. They found AMF combination
to enhance phosphate uptake and to reduce As translocation
in rice grains. Garg and Singla (2012) assessed the effect of As
stress on Pisum sativum under the symbiotic interaction with
G. mosseae. A concentration dependent increase in As uptake
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and accumulation and a decline in dry biomass of plants was
observed. The AMF inoculation was found to tackle As stress
with decrease in As(V) uptake, increase in plant growth and N,
P, K levels.

Trichoderma is a filamentous fungi belonging to class
Ascomycetes and is an extensively studied important PGPM
(Waghunde et al, 2016). Trichoderma sp. are excellent
plant growth promoter, which improve soil fertility and
has capacity to impart stress tolerance, possibly due to its
rhizospheric competence with other organisms. It can induce
hormone production, nutrients release from soil, and enhance
development of root system (de Souza et al., 2015). They have
a variety of functional groups on surface to bind with metals
(Congeevarama et al., 2007; Tripathi et al., 2017).

Tripathi et al. (2017) compared As tolerant and sensitive
strains of Trichoderma sp. viz., M-35 and PPLF-28, respectively,
for As(V) toxicity amelioration in chickpea plants. Although total
As was not affected by two strains, induced transformation of iAs
to organic As was noticed upon inoculation with tolerant strains
as compared to sensitive ones and this effect was correlated
to improved growth and nutrient content in plants. Other
anatomical and molecular analyses also suggested grater As
stress ameliorative potential of tolerant strain. Another strain of
Trichoderma, T. reesei NBRI0716 was found to alter As speciation
(66% decline in inorganic As and more DMA and MMA)
and improve grain yield and quality (amino acids and mineral
content) of chick pea plants when grown in soil amended with As
(100 mg kg’l) (Tripathi et al., 2013). It was also found that this
strain could also restore other growth deformities like reduced
trichome density and turgidity, nodule formation, chlorophyll
content, and also up-regulated the expression of stress responsive
genes and proline (Tripathi et al, 2013). Su et al. (2017)
used chlamydospores of Trichoderma asperellum for improved
stability of fungus application in contaminated sites. They tested
these chlamydospores for As toxicity amelioration in Ipomoea
aquatic and found promising results in terms of improved
growth and increased As content of plants. Hence, they suggested
potential application of such chlamydospores for enhancing
phytoremediation potential of plants. Earlier, Caporale et al.
(2014) also studied two Trichoderama strains, T. harzianum and
T. atroviride for As stress amelioration in lettuce plants and found
decline in Aslevel and growth improvement along with improved
P status.

Srivastava et al. (2011) isolated 15 fungal strains from
As contaminated (9.45-15.65mg kg !) soils of West Bengal,
which belonged to Aspergillus, Trichoderma, Neocosmospora,
Rhizopus, Sordaria, Penicillium and sterile mycelial strain. Fungal
biomass of ten strains could remove As (10.92-65.81%) from the
medium containing 10mg L™! As; of this about 3.71-29.86%
was calculated to be biovolatilized As. Later, they used 4 As
tolerant strains for As tolerance of rice and pea (Srivastava et al.,
2011). It was found that plants grown in fungal inoculated soils
had improved growth. Westerdykella and Trichoderma were the
better performing isolates than Rhizopus and Lasiodiplodia. Plant
growth increase varied from 16 to 293% in inoculated soil.

Endophytic fungi, Piriformospora indica protects rice plants
from As toxicity by not only reducing the As availability in the

plant environment but also by restricting As in colonized roots
through immobilization of into insoluble particulate matter.
This fungus also modulates antioxidant responses of plants to
ameliorate As stress (Mohd et al., 2017). Verma et al. (2016)
isolated an arsenic methyltransferase (WaarsM) gene from a
soil fungus, Westerdykella aurantiaca and expressed the gene in
S. cerevisiae (Aacr2). The WaarsM expressing yeast cells (Aacr2)
cells showed increased As methylation potential with 2.2 ppm
and 0.58 ppm volatile arsenicals upon exposure to 20 ppm As(V)
and 2 ppm As(III), respectively. Further laboratory studies also
demonstrated an increase in As tolerance of rice plants, when
WaarsM expressing yeast cells were co-cultured with rice plants.

ALGAE

Use of microalgae or algal biomass for bioremediation of heavy
metal is an efficient, eco-friendly, and cost effective tool. Algal
species are able to minimize the toxicity of heavy metals by
biosorption. Biosorption potential of algae depends on the
presence of various functional groups (e.g., imidazole, carboxyl,
phosphoryl, sulphuryl, hydroxyl, amine, sulfate, etc.) on cell walls
(Kaplan, 2013). The production of PCs is an important process
of As detoxification through complexation of As (Munoz et al.,
2014). Reduced and oxidized PCs act as redox buffer to prevent
oxidative damage inside the cell.

The inoculation of two alga, Chlorella vulgaris and
Nannochloropsis sp. was recently compared in rice plants
against As toxicity by Upadhyay et al. (2016). The toxic effects of
As on rice plant growth were ameliorated by algal inoculation
while at the same time significantly reducing As concentration in
both roots and shoots. Other than As metabolism, algae also show
involvement of GSH and PCs in As detoxification processes.
It has been noted that As exposure induces the production of
PCs in algal cells and a variety of As-SH complexes have been
reported in alga like Stichococcus bacillaris (Pawlik-Skowronska
et al,, 2004). Tang et al. (2016) developed transgenic plants of A.
thaliana with expression of As(III)-S-adenosylmethyltransferase
(arsM) gene from C. reinhardtii. The transgenic plants showed
ability to transform most of the inorganic As into DMA(V)
in shoots and even into volatile As species. However, algal
utilization in As stress amelioration in plants is yet largely
unexplored.

CONCLUSIONS AND FUTURE
PROSPECTS

Sustainable technologies need to be developed in future both for
safe agricultural production in As contaminated environments
and for remediation of the contaminated sites. Arsenic resistant
and PGPMs offer a great hope in this regard. The work
performed in this area suggests immense potential for PGPMs
for safe rice cultivation with low As accumulation in grains.
At the same time, there are PGPMs that can increase As
accumulation in phytoremeidator plants like P. vittata. Hence,
it would not be an exaggeration that the future belongs to
PGPMs mediated regulation of As concentrations and As
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toxicity amelioration in plants. However, extensive researches
would be required to advance this technology viz., (1) to
standardize PGPM based strategy for different environments,
(2) to identify potential combinations of PGPMs of a particular
group of organisms (e.g., bacteria), (3) to hunt for PGPMs
combinations of diverse groups (e.g., bacteria-fungi, fungi-
algae, bacteria-AME, Dbacteria-fungi-algae, etc.) and (4) to
gain deeper insights into the mechanisms of actions of
PGPMs. The developed strategy should also be economically
lucrative so that public and farmers participation may be
ensured.
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