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Abstract Arsenic (As) gets accumulated in plants via phos-
phorous transporters and water channels and interferes with
nutrient and water uptake, adversely affecting growth and
productivity. Although, Si and AM have been reported to
combat arsenic stress, their comparative and interactive roles
in ameliorating As V and As III toxicities have not been re-
ported. Study evaluated effects of Si and Rhizophagus
irregularis on growth, As uptake and yield under arsenate
and arsenite stress in two pigeonpea genotypes (metal toler-
ant—Pusa 2002 and metal sensitive—Pusa 991). Higher As
accumulation and translocation was observed in As III treated
roots of Pusa 991 than those of Pusa 2002 when compared
with As V. Roots were more negatively affected than shoots
which led to a significant decline in nutrient uptake, leaf chlo-
rophylls, and yield, with As III inducing more negative ef-
fects. Pusa 2002 established more effective mycorrhizal sym-
biosis and had higher biomass than Pusa 991. Si was more
effective in inducing shoot biomass while AM inoculation
significantly improved root biomass. AM enhanced Si uptake
in roots and leaves in a genotype dependent manner.
Combined application of Si and AM were highly beneficial
in improving leaf water status, chlorophyll pigments, biomass,
and productivity. Complete amelioration of negative impacts
of both concentrations of As V and lower concentration of As
III were recorded under +Si +AM in Pusa 2002. Results
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highlighted great potential of Si in improving growth and
productivity of pigeonpea through R. irregularis under As V
and As III stresses.

Keywords Arsenate - Arbuscular mycorrhiza - Arsenite -
Cajanus cajan - Silicon - Nutrient acquisition - Yield

Introduction

Arsenic (As) is a ubiquitous toxic metalloid existing in soil
and groundwater throughout the world, ranging from 0.5 nug/L
to over 1200 mg/L. (Mandal and Suzuki 2002; Siddiqui et al.
2015). Due to its adverse effect on human health, its threshold
value has been listed as 10 pg/L in drinking water by World
Health Organization (WHO) and US Environmental
Protection Agency (EPA) (Hettick et al. 2015). In many coun-
tries like India, Bangladesh, China, Vietnam, and Thailand,
high As contamination has been reported (Dwivedi et al.
2010; McCarty et al. 2011; Talukdar and Talukdar 2014,
Sharma et al. 2014), which adversely affect growth and pro-
ductivity of plants (Sushant and Ghosh 2010). As is generally
pervasive in rocks and is released into the environment either
by natural processes such as weathering of rocks, hydrother-
mal ore deposits, volcanic eruptions, geothermal activities,
and forest fire (Nriagu et al. 2007) or by anthropogenic activ-
ities like mining and fossil fuel combustion, disposal of indus-
trial effluents, sewage sludge, and use of agricultural
chemicals (fertilizers, pesticides, herbicides, etc.) (Flora
2015).

As Vand As III are the most common forms of As preva-
lent in aerated and non-aerated (reducing environments) soils,
respectively (Danh et al. 2014). Both As Vand A III are taken
by the plants through different transport pathways and follow
the Michaelis—Menten equation (Wang et al. 2002; Li et al.
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2011; Wu et al. 2011; Sharma et al. 2014). As V, a chemical
analogue of inorganic phosphate (Pi), is transported across the
plasma membrane via phosphate transporters (PHT) and com-
petes with P for uptake due to similar size and charge (Ullrich—
Eberius et al. 1989; Wang et al. 2002; Garg and Singla 2012).
Unlike As V, As Il uptake in plants and microbes is facilitated
via nodulin 26-like intrinsic membrane proteins (NIP), called
aquaporins (Ma et al. 2008; Mosa et al. 2012).

Phytotoxicity of As varies between and within plant spe-
cies, its oxidation state and edaphic conditions (Sharma et al.
2014). When exposed to excess As, plants exhibit toxicity
symptoms such as poor seed germination (Yoon et al. 2016),
reduced root and shoot growth (Shaibur and Kawai 2009),
decreased plant height (Rahman et al. 2007), wilting and ne-
crosis of leaf margins (Zhang et al. 2009), chlorosis (Singh
et al. 2006), nutrient deficiencies (Shaibur et al. 2006; Shaibur
and Kawai 2010), biomass inhibition (Zhang et al. 2009), and
lower fruit and grain yield (Zhang et al. 2009; Spagnoletti and
Lavado 2015]. Both inorganic forms of As, i.e., As Vand As
III interfere with plant metabolisms by altering various mor-
phological, physiological, and biochemical processes
resulting into decline in plant biomass and ultimate yield
(Srivastava et al. 2009; Garg and Singla 2012; Farnese et al.
2014). As V competes with Pi for uptake and transport, hence,
replacing it in ATP synthesis and oxidative phosphorylation,
therefore, disrupting the energy flow in cells (Danh et al.
2014). Once inside the plant cell, As V is rapidly reduced to
As III (Garg and Singla 2012; Finnegan and Chen 2012),
which is a thiol reactive compound that binds with sulthydryl
groups (-SH) in enzymes and proteins, thus hampering their
cellular function and leads to growth retardation (Fu et al.
2014; Farooq et al. 2016).

Contradictory reports have been cited for relative toxicities
of As Vand As III in crop plants. Abedin and Meharg (2002)
reported decrease in percent germination with increasing As
(As Vand As III) concentration, with As III exhibiting more
toxic effects. Relatively more detrimental effects of As III on
growth and photosynthesis have been reported in rice (de
Andrade et al. 2015) and Withania somnifera (Siddiqui et al.
2015) due to higher reduction of aminolevulinic acid pools
and inhibition of enzymes involved in chlorophyll
biosynthesis by binding to thiol groups. On the other hand,
Abbas and Meharg (2008) reported higher toxicity of As V
than As IIT and DMA in six maize varieties. Therefore, reports
on differential toxic responses of As V and As III in crop
plants are scanty and need thorough investigations.
Moreover, to the best of our knowledge, comparative toxic
responses of As V and As III on legume species and their
genotypes have not been reported yet.

Arbuscular mycorrhizal (AM) fungi are ecologically im-
portant soil microbes playing considerable role in nutrient
cycling, plant growth promotion (Krishnamoorthy et al.
2015) and enhanced tolerance to abiotic stresses

(Krishnamoorthy et al. 2015; Lenoir et al. 2016). Various
studies have indicated the co-occurrence of AMF in As con-
taminated soils (Meharg and Cairney 1999; Smith et al. 2010,
Gonzalez-Chavez et al. 2002, Sun et al. 2016) which suggests
that these fungi might have evolved physiological and genetic
characteristics beneficial for combating adverse conditions
(Sykorova et al. 2007). AM imparts metal tolerance to plants
by reducing bioavailability of metal ions, sequesteration in
extraradicular hyphal structures, adsorbtion and formation of
complexes of toxic ions with hyphal cell wall components
(cellulose, chitin, etc.), and compartmentalizing in vesicles.
Furthermore, extracellular hyphae secrete glomalin, a glyco-
protein, which binds to metalloid and immobilize them in soil,
hence restricting uptake by plants (Bano and Ashfaq 2013;
Kapoor et al. 2013). Alleviative role AM for As have been
reported in some plant species which acts as a barrier for As
uptake, thus leading to increased photosynthesis, growth, and
ultimate plant yield (Gonzalez-Chavez et al. 2002;
Christophersen et al. 2009; Smith and Read 2008; Garg and
Singla 2012; Spagnoletti and Lavado 2015). However, de-
tailed elucidation of the mechanisms adopted by AM fungi
on growth and productivity in plants under As V and As III
stress are scanty.

Silicon (Si) is the second most prevalent element present on
the earth’s crust (Abbas et al. 2015) in the form of silicate
(Rizwan et al. 2015). Its concentration in soil solution normal-
ly ranges from 0.1 to 0.6 mM. It is absorbed by plant roots in
the form of silicic acid ([Si(OH)4] (Garg and Bhandari 2016)
and is deposited on cell wall of leaves and stem forming dou-
ble layer silica-cuticle (Ma et al. 2006). Even though Si has
not been considered as an essential element, it is reported to be
beneficial for plant growth especially under biotic and abiotic
stresses (Raza et al. 2016). Si is accumulated in plants up to
10% of their dry weights; however, its uptake varies among
plant species (Epstein 1994; Hodson et al. 2005; Rizwan et al.
2015; Garg and Bhandari 2016). Plants are classified into
three categories for Si accumulation, i.e., Si excluders,
<0.5% Si of dry weight (Cycas, Pinus, Lycopersicon
esculentum) (Epstein 1994; Ma et al. 2007); Si-intermediate,
>1-4% Si of dry weight (few legume species such as Cajanus
cajan, Glycine max; Cucurbitales and Urticales) (Guerriero
et al. 2016), and Si accumulators >4% Si of dry weight
(poaceae) (Currie and Perry 2007). Ma et al. (2006), identified
Si transporter genes, Lsil and Lsi2 in roots and Lsi6 in shoots
in rice plants (Mitani and Ma 2005; Ma et al. 2006, 2007,
Tubafia and Heckman 2015). Some reports have indicated
the role of Si in alleviating As stress in Oryza sativa (Guo
et al. 2005; Sanglard et al. 2016; Raza et al. 2016), maize
(de Freitas-Silva et al. 2016), and lettuce (Greger et al.
2015). Hammer et al. (2011a) observed Si accumulation in
spores and hyphae of Rhizophagus irregularis collected from
saline soil, suggesting contribution of AM in silicon uptake.
AM have also been reported to increase Si content in plants
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such as G. max (Yost and Fox 1982), Zea mays (Clark and
Zeto 2000), and chickpea (Garg and Bhandari 2016).

Pigeonpea (C. cajan (L.) Millsp.) is a grain legume belong-
ing to the Cajaninae sub-tribe of the economically important
leguminous tribe Phaseoleae. India is the world’s largest pro-
ducer of pigeonpea with contribution of over 77% of total
production, followed by Myanmar. It is a unique combination
of optimal nutritional profile, relatively high tolerance to en-
vironmental stresses, high biomass and productivity, and
moisture contributions to the soil (Odeny 2007). Pigeonpea
can associate very well with AM fungi because of its deep
strong and extensive rooting habit (Chikowa et al. 2004) and
this symbiotic association might help in Si uptake as well.
Despite the agronomic importance of pigeonpea, no informa-
tion is available on ameliorative role of AM and Si nutrition in
reducing As Vand As III toxicity. Therefore, the present study
would be the first attempt to unravel the relative as well as
combined roles of +AM +Si in ameliorating to toxic effects of
As species.

The study hypothesizes that the beneficial effects of Si can
be achieved to a greater extent in moderate to low Si accumu-
lating plants such as pigeonpea through inoculation with AM.
Thus, the present study was undertaken with the following
objectives: (i) to study the relative toxic responses As V and
As 1II stress in terms of plant biomass, nutrient uptake, and
ultimate yield in tolerant and sensitive pigeonpea genotypes;
(i) to compare the relative roles of Si and AM in combating
the negative responses of As species in the two genotypes; and
(iii) to investigate the role of AM in Si uptake and the collec-
tive response of both in imparting stress tolerance to plants.

Materials and methods
Experimental design

Pot experiments were conducted in Department of Botany,
Panjab University, Chandigarh (30.5° N, 76.5° E; 305—
366 m a.s.l.), from mid-June to December (minimum temper-
ature 22-29 °C, maximum temperature 30-37 °C, relative
humidity 42-92%. Ten pigeonpea (C. cajan (L.) Millsp. ge-
notypes procured from Pulse Laboratory, Indian Agricultural
Research Institute, New Delhi, were screened for their relative
tolerance for arsenate (As V) and arsenite (III) stress on the
basis of metal tolerance index (MTI) and two pigeonpea ge-
notypes, Pusa 2002 (tolerant) and Pusa 991 (sensitive) were
selected.

_ Dry Weights of stressed plants—Dry weights of controlled plants

MTI
Dry weights of controlled plants

x 100

Isolate of R. irregularis (N.C. Schenck & G. S. Sm.)
C. Walker & A. Schiifler, (previously called as Glomus
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intraradices) (NC 100 AZM1/12) was obtained from the
Centre for Mycorrhizal Culture Collection, The Energy
and Resource Institute, New Delhi, India, in a sterile
sandy loam soil. Sinorhizobium fredii strain AR-4, a
rhizobial inoculum, was obtained from the Department
of Microbiology, Indian Agricultural Research Institute
(IARI), New Delhi, India.

Experiments were conducted in earthenware where
each pot was filled with 7 kg of autoclaved soil mixture
(1:1 sand and loam) obtained from nearby agricultural
fields [11.0 mg kg-1 P (Olsen and Sommers 1982),
0.17 mEq/100 g-1 available K, 0.19 meq/100 g-1 Na,
0.82 meq/100 g-1 Ca (Mehlich 1953), 0.42% total N
(Nelson and Sommers 1972), pH 7.6 (soil/water 1:1),
0.68% organic carbon (Walkley 1947)]. Pots were ar-
ranged in a completely randomized block design with a
factorial combination of 3 x 2 x 2 x 2 comprising either
of three As V treatments [0, 25 mg/kg, 50 mg/kg] or As
III treatments [0 mg/kg, 5 mg/kg, 10 mg/kg], two AM
inoculations [with(+) and without(—) AM inoculation),
two Si treatments [0 mg/kg (—) and 300 mg/kg K,SiO,
(+)] and two pigeonpea genotypes [Pusa 2002 and Pusa
991]. Seeds were surface sterilized with 10% hydrogen
peroxide (v/v) solution for 10 min and then rinsed by
soaking in sterile distilled water. Fifty grams of AM inoc-
ulums (crude mixture of soil, chopped root segments, and
spores) was placed at the depth of 1.5 cm prior to sowing.
Seeds were pretreated with rhizobial inoculum and were
kept for drying at room temperature. After 2 weeks (Days
After Emergence—DAE), seedlings were subjected to ar-
senate (As V-sodium arsenate Na,HAsO, 7H,0) or arse-
nite (As III-sodium arsenite NaAsQO,) treatments.
Deionized water was used to prepare all solutions.
Plants were harvested for physiological and biochemical
analysis at 80 days after sowing (DAS) and analyzed on
six replicate basis. Yield parameters were recorded from
the date of first flower initiation till seed setting.

Physiological and biochemical parameters
Plant biomass and productivity

Shoot dry weight (SDW) and root dry weight (RDW) were
measured by oven drying at 70 °C for 72 h until they reached
constant weight. Root/shoot ratio was calculated. Plant pro-
ductivity was analyzed by recording various yield attributes
such as seed number, seed weight, and above ground biomass
per plant. Harvest index (HI) was calculated according to
Leport et al. (20006).

HI— Seed dry weight per plant
~ Above ground plant biomass at harvest
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Mpycorrhizal colonization and mycorrhizal responsiveness

Mycorrhizal Colonization (MC) was estimated by following the
grid line intersect method (McGonigle et al. 1990). The roots
were cleared with 10% potassium hydroxide and stained with
trypan blue (Phillips and Hayman 1970). An index of mycor-
rhizal responsiveness (MR) was determined by expressing the
dry weights of the plants concerned as a percentage of the dry
weight of the non-mycorrhizal plants (Hetrick et al. 1992).

__ Dry weight of AM plant—Dry weight of non AM plants o

MR
Dry weight of non AM plants

100

Leaf relative water content and chlorophyll pigments

Leaf relative water content (LRWC) was determined accord-
ing to Weatherley 1950). Chlorophyll (Chl) content and Chl a/
b ratio were determined in the first fully expanded leaves by
extracting with dimethyl sulphoxide according to the non-
maceration method of Hiscox and Israelstam (1979) using
the equation of Arnon (1949). Final chl. concentration was
expressed as mg g 'F.W.

Chl.a (mg / ml) — 0.0127 x A663-0.00259 x A645
Chlb (mg / ml) — 0.0229 x A645-0.0048 x A663
Total Chl. (mg / ml) — 0.0202 x A645 + 0.00802 x A663

Determination of mineral elements and Si content

Nitrogen (N) was determined using the colorimetric method
of Lindner (1944). Phosphorus (P) was extracted by nitric-
perchloric acid digestion and measured using the vanado-
molybophosphoric colorimetric method (Jackson 1973).
Mg?* was determined by atomic absorption spectrophotome-
ter (AAS). Ca®" and K* contents were measured using a flame
photometer (Digital flame photometer MODEL 381E,
ESICO, India) and expressed as mg g ' dry weight (DW) of
plant tissue (Allen et al. 1984).

For Si estimation, dried leaves and root tissues (0.1 g) were
digested with 2 ml of 50% H,0, in 100 ml polyethylene tubes
(previously rinsed with 0.1 M NaOH and demineralized wa-
ter). Si in the sample digest was determined by the standard
amino molybdate blue colorimetric technique as described by
Elliott and Snyder (1991), using UV spectrophotometer
(Double Beam UV-190-LUV 100A-Labnics) at 650 nm.

Determination of arsenic and its translocation Factor

Dried plant samples (roots and leaves) were digested with
HNO;-H,0O, (1:1 v/v) at 120 °C for 3 h to determine total

As content (Tang and Miller 1991). Digested samples were
analyzed to determine total As content by wavelength disper-
sive X-ray fluorescence (WD-XRF-TIGER Bruker Model S8,
Sophisticated Analytical Instrumentation Facility, at Panjab
University, Chandigarh, India).

Translocation Factor (TF) was calculated as per following
equation:

As content in aerial parts
TF = P

As content in root

Statistical analyses Data presented are mean values based on
six replicates = standard error (S.E.) per treatment. A multiple
regression model was designed to predict various dependent
variables from the independent factors As V, As III, Si, AM,
and G. Correlation analysis [Pearson’s correlation (7)] was
carried out to investigate the relationship between two depen-
dent variables. Multiple comparisons within the one-way
ANOVAs were done with Duncan to evaluate differences
among the treatments. All results were subjected to analysis
of variance (ANOVA) using the SPSS 16.0 for Windows
(SPSS, Inc. Chicago, IL, USA) with genotype (G), As V and
As III concentrations, silicon amendment (Si), and mycorrhi-
zal inoculation (AM) as main factors.

Results
Mycorrhizal colonization and responsiveness

No mycorrhizal colonization was observed in roots of unin-
oculated plants of both pigeonpea genotypes. Plants inoculat-
ed with R. irregularis established the highest degree of colo-
nization with the roots of unstressed plants, which decreased
with increase in both As V and As III stresses, with higher
reduction in As III treated plants [MC 3 (As V) =—-0.783, 3
(As IIT) = —1.040] (Fig. 1, ESM Fig. 1). Although no signif-
icant difference in terms of colonization ability was observed
between the two genotypes under unstressed conditions, ge-
notypic variability became prominent with increasing stress
levels (34% decline over control in Pusa 2002 and 43% in
Pusa 991 at 50 mg/kg As V and 46% in Pusa 2002 and 59%
in Pusa 991 at 10 mg/kg As III). Pusa 2002 had better ability to
colonize with R. irregularis than Pusa 991 under both stressed
and unstressed conditions [MC 3 (G) = 290]. Significant col-
onization was observed in the two genotypes even at higher
As V and As III concentration, indicating metalloid tolerance
of R. irregularis. Ability of plants to utilize the benefits pro-
vided by mycorrhiza, calculated as mycorrhizal responsive-
ness (MR), increased with an increase in soil metalloid con-
centration in both the genotypes, with Pusa 2002 depicting
higher responsiveness than Pusa 991 (Fig. 1, ESM Fig. 1).
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Fig. 1 Effect of silicon (Si) and ' ! '
arbuscular mycorrhiza (AM) on a 90 1
mycorrhizal colonization and b
mycorrhizal responsiveness (%) § 80
under arsenate (As V—50 mg/kg) et
and arsenite (As IIT—10 mg/kg) g 70 1
concentrations in Cajanus cajan :lg 60 -
genotypes (tolerant—Pusa 2002 N
and sensitive—Pusa 991). Values g 50 -
are mean of 6 replicates + =y
standard error (SE). Different O 4o
letters above the bar indicate =
significant differences among the N 30 -
treatments assessed by the —5
Duncan multiple range test at so" 20
p <0.05. C =Siand AM absent, g}
+Si = Si present, +AM = S 10 A
arbuscular mycorrhiza present,
+Si +AM = Si with AM present 0
50 A
G
S 45 -
@
g 40 A -
2 30 - b
s Ew
£ 25 A S
/=
= 20 A
o=
"E 15 - e
§ 10 - £
>
~ 51
0
C AsV 50 AsIII10 C AsV 50 AsIII10
Pusa 2002 Pusa 991
Treatments

Exogenous application of Si in AM inoculated unstressed
plants did not add much to the symbiotic efficiency and the
data was almost at par with mycorrhizal plants.

Si fertilization increased Si content and decreased As level

With increasing (As V and As III) concentrations in soil, en-
dogenous level of Si decreased significantly in roots and
leaves of both the genotypes, decline being more pronounced
in Pusa 991 than Pusa 2002 in As III treated plants when
compared to As V as revealed through standardized beta co-
efficient [Si Roots 3 (As V) =—0.146; 3 (As III) =—-0.589;
(G) = 0.582; Si Leaves B (As V) = —0.135, § (As
1) =—0.576; 3 (G) = 0.456] (Fig. 2, ESM Fig. 2). As content
was below detectable limit (BDL) in unstressed plants.
Regardless of metalloid treatment, As content was higher in
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roots than in leaves in both the genotypes. Translocation rate
(TR) was lower from leaves to seed when compared to roots
and leaves resulting in minimal amount of metal in seeds.
However, translocation rate was significantly higher to the
aerial parts of Pusa 991 when compared with Pusa 2002
(Table 2, ESM Table 3). Exogenous Si application increased
endogenous Si content in both the organs with Pusa 2002
depicting significantly better capacity for uptake when com-
pared with Pusa 991 [Si Roots 3 (Si) = 0.270; 3 (G) = 0.582;
Si leaves 3 (Si) =0.272, 3 (G) = 0.456] (Fig. 2, ESM Fig. 2).
However, Si supplementation decreased As content by 24 and
21% in leaves and roots respectively under As V treatments
(50 mg/kg) and 41 and 24% in leaves and roots under As III
(10 mg/kg) stress in Pusa 2002. AM was more effective in
reducing metalloid uptake [As roots 3 (Si) = —0.143,
(AM) = —0.255] and further translocation to the leaves [As
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Fig.2 Effect of'silicon (Si) and arbuscular mycorrhiza (AM) on a arsenic
content in Pusa 2002 and b arsenic content in Pusa 991 (ug g{l DW). ¢
Silicon content in leaves. d Silicon content in roots (mg g ' DW) under
arsenate (As V—>50 mg/kg) and arsenite (As III—10 mg/kg) concentra-
tions in Cajanus cajan genotypes (tolerant—Pusa 2002 and sensitive—

leaves 3 (Si) = —0.154, p (AM) = —0.258] as well as seeds
when compared to Si. Moreover, Si uptake was enhanced by
AM to significant levels in the roots as well as leaves of both
pigeonpea genotypes, under As V and As III stress. The com-
bined application of Si and AM further reduced As content
and decreased TRs from roots to leaves then to seeds with the
result no metal content could be detected in the edible part.
Higher percent colonization in Pusa 2002 could be positively
correlated with higher Si content in both genotypes with stron-
ger correlation in Pusa 2002 [rp(leaves Si) = 0.995, p = 0.01]
than Pusa 991 [rp(leaves Si) = 0.980, p = 0.01], thus resulting
into significantly lower metalloid contents.

Negative effects of As on growth and yield

Both species of As (As Vand As I1I) significantly reduced root
dry weight (RDW) and shoot dry weight (SDW) in both the
genotypes (Pusa 2002 and Pusa 991) (Fig. 3, ESM Fig. 3).
Regardless of the As treatments, roots growth was more neg-
atively affected than the shoots, with As III exhibiting more

OSi-M- BSi+ oM+ &@Si+AM+

a

Silicon in Leaves (mg g DW)

1.5 4

Silicon in Roots (mg g'! DW)

AR AR RN )

C AsV50 AsIII10
Pusa 991

Pusa 2002

Treatments

Pusa 991). Values are mean of 6 replicates + standard error (SE). Different
letters above the bar indicate significant differences among the treatments
assessed by the Duncan multiple range test at p < 0.05. C = Si and AM
absent, +Si = Si present, + AM = arbuscular mycorrhiza present, +Si +AM
= Si with AM present

detrimental effects in Pusa 991 than Pusa 2002 [RDW f3 (As
V)=-0.167; 3 (As III) = —0.645 3 (G) = 0.449; SDW f3 (As
V) =-0.119,  (As III) = —0.608; 3 (G) = 0.478]. However,
when compared to control, a decline in RDW was variable in
the two genotypes with 24 and 46.2% in Pusa 2002 while 36
and 65% in Pusa 991 at 25 and 50 mg/kg As V, respectively.
Significantly higher reduction of 34 and 51% in RDW was
recorded at 5 mg/kg As IIl and as much as 64 and 79% at
10 mg/kg As III, in Pusa 2002 and Pusa 991, respectively.
Interestingly, exogenous Si application was more effective in
improving shoot growth [SDW f (Si) = 0.196; 3
(AM) = 0.330] while AM was more positive for root biomass
[RDW { (Si) = 0.145; B (AM) = 0.337] and improved R/S
(Table 1, ESM Table 2) ratio more than Si. However, when the
plants were subjected to combined application of both Si and
AM, significant positive effects were observed in terms of
increased root and shoot biomass.

Likewise, crop yield was also reduced by both As Vand As
III stresses, which was proportionate to the decline in root and
shoot dry weights. Comparison of standardized coefficients
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Fig. 3 Effect of silicon (Si) and 9
arbuscular mycorrhiza (AM) on a
shoot dry weights and b root dry 8 A
weights (g plant ) under arsenate —~
(As V—50 mg/kg) and arsenite A 744 ¢
(As 1II—10 mg/kg) concentra- g —I—fx
tions in Cajanus cajan genotypes = 6 | [
(tolerant—Pusa 2002 and sensi- on -
tive—Pusa 991). Values are mean : :
of 6 replicates =+ standard error fﬂ 51 - h
(SE). Different letters above the 'z [ £l
bar indicate significant g 4 A «/
differences among the treatments > [
assessed by the Duncan multiple 5‘ 3 A
range test at p < 0.05. C = Si and - :
AM absent, +Si = Si present; 8 2 s
+AM = arbuscular = [
mycorrhiza present, +Si +AM = n 1 4 o
Si with AM present (4]

‘S:g

O Si-M-

HBSi+ BEM+ ®ESi+AM+

N
]
1

[\
1

[y
1

Root Dry Weight (g Plant!)
& &

() in regression analysis indicated pronounced negative im-
pacts of As III over As V on seed yield [seed yield 3 (As
V) =—0.176, 3 (As III) = —0.632, 3 (G) = 0.472] (Table 2,
ESM Table 3). Among the two As stresses, early flowering
was observed in As Ill-treated plants than As V in both the
genotypes. Pod setting and seed development were reduced to
a greater extent in plants treated with As III with a higher
decline observed in Pusa 991. Higher content of metalloid
stresses negatively affected the seed development and lowered
the seed dry weight, resulting into progressive decline in har-
vest index [HI 3 (As V) = —0.151, 3 (As III) = —0.589]
(Table 2, ESM Table 3). However, Si supplementation to the
soils improved plant growth and yield significantly with more
positive effects under As III stress than As V. Moreover, Pusa
2002 was more responsive to Si than Pusa 991. +Si +AM
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inoculations could completely ameliorate the negative impacts
of both concentrations of As V and lower concentration of As
I (5 mg/kg), with significant improvement under higher dose
of As IIT in Pusa 2002. Thus, increase in growth and yield
could be directly correlated with reduced As content in plant
tissues in +Si +AM plants.

Toxic effects of As on photosynthetic pigments, nutrient,
and water status

Relative leaf water content (RLWC) indicates the hydration
state of the leaf, which may impact photosynthetic chlorophyll
pigments (Table 1, ESM Table 2). The decline in plant bio-
mass had a direct bearing on the water status of the leaves as
well as the chlorophyll pigments under As V and As III stress
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in a concentration and genotype dependent manner. At higher
concentrations of both As V and As III, RLWC decreased to
35 and 57% in Pusa 2002 and 51 and 71% in Pusa 991; TChls
degenerated by 42.61 and 59.9% in Pusa 2002 and 56.37 and
73.22% in Pusa 991, which disturbed the Chl a/b ratio. Si
supplementation or AM inoculation improved the leaf water
status in both genotypes with lesser positive effects of Si
amendment when compared with AM. Comparison of stan-
dardized beta coefficients for RLWC indicated that AM sym-
biosis could maintain higher water status when compared with
Si nutrition in both the genotypes, with more positive effects
observed in Pusa 2002 [RLWC 3 (Si) = 0.187; f
(AM) = 0.322; 3 (G) = 0.438]. Higher benefits of AM and
Si application was observed in plants treated with As III com-
pared to As V in terms of RLWC, TChl, and Chl a/b ratio in
Pusa 2002. Higher improvement in leaf water status observed
in Pusa 2002 was commensurated with its higher colonizing
ability Pusa 2002 [rp(RLWC) = 0.989, p = 0.01] and Pusa 991
[rp (RLWC) = 0.987, p = 0.01]. Combined application of Si
and AM (+Si +AM) were highly beneficial in improving leaf
water status and arresting the degeneration of the chlorophyll
pigments. Interestingly, the percent benefit of +Si and +AM
was significantly higher under As III stress when compared
with As V. Improvement in leaf water status and TChl content
could be related to restricted metalloid concentration in plant
tissues under +Si +AM fertilization.

Mineral elements, such as N, P, K, Mg, and Ca, play an
important role in maintaining plant growth and productivity.
As Vand As Il concentrations in soil arrested nutrient uptake
and status in both roots and their translocation to shoots, over-
all higher negativity was observed in As Il treated plants (Fig.
4, Table 1, ESM Fig. 4, ESM Fig. 5, ESM Fig. 6, ESM
Table 1, ESM Table 4). With the exception of N, which was
more negatively affected under As V treatments as indicated
by standardized beta coefficient in [N roots  (As
V) = —-0.435; B (As III) = —0.432; leaves 3 (As
V) =—-0473;  (As III) = —0.432). As III had significantly
more negative effects on other nutrients as compared to As V
[P root 3 (As V)=—0.158; 3 (As III) =—0.594; 3 (G) =0.477;
leaves 3 (As V) =—0.162; 3 (As 1) =—-0.572; 3 (G) =0.471;
Kroot 3 (As V) =—0.128; 3 (As IlII) =—0.565; 3 (G) = 0.567,
leaves 3 (As V) =—0.131; 3 (As III) = —0.586; 3 (G) = 0.465;
Ca root 3 (As V) = —0.180; B (As III) = —0.678; fB
(G) = 0.402; leaves B (As V) =—-0.137; 3 (As III) = —0.632;
B (G) = 0.419; Mg root  (As V) = —0.176; B (As
III) = —0.558; B (G) = 0.668; leaves  (As V) = —0.156;
(As IIT) = —0.603; B (G) = 0.554], with a decline more pro-
nounced in Pusa 991. Si application and mycorrhizal inocula-
tion individually enhanced the nutrient status of both roots and
shoots with higher improvement under AM inoculation when
compared with Si supplementation as revealed through as re-
vealed through regression analysis [N roots 3 (Si) = 0.136; 3
(AM) = 0.258; leaves 3 (Si) =0.172; 3 (AM) = 0.316; P roots

B (Si) = 0.165; B (AM) = 0.335; leaves 3 (Si) = 0.174;
(AM) = 0.339; K roots, 3 (Si) = 0.149; 3 (AM) = 0.280;
leaves 3 (Si) = 0.158;  (AM) = 0.290; Ca roots f
(Si) = 0.139; B (AM) = 0.268; leaves 3 (Si) = 0.137; B
(AM) = 0.250; Mg ** roots 8 (Si) = 0.131; B (AM) = 0.237;
leaves 3 (Si)=0.137; 3 (AM) = 0.253]. Plants were benefited
to the most when Si treatment was given along with AM,
leading to restoration of nutrient imbalance under both As
stresses. Pusa 2002 displayed the potential to accumulate
more nutrients, which could be correlated with an ability of
this genotype to establish a more efficient mycorrhizal symbi-
osis as determined by Pearson’s correlation value (r) in Pusa
2002 [root rP(P) = 0.996, p = 0.01; rP(N) = 0.989, p = 0.01;
rP(K) = 0.992, p = 0.01; rP(Ca) = 0.996, p = 0.01;
rP(Mg) = 0.998, p = 0.01 than Pusa991 [root rP(P) = 0.994,
p =0.01; rP(N) = 0.971, p = 0.01; rP(K) = 0.989, p = 0.01;
rP(Ca) = 0.988, p = 0.01; rP(Mg) = 0.991, p = 0.01]. Elevated
levels of Mg contents enhanced Chl biosynthesis and a strong
correlation was observed between Mg and TChl content in
Pusa 2002 [rp(SMg) = 0.999, p = 0.01] and improved Chl a/
b ratio, thereby, leading to increase in ultimate yield (HI).

Discussion

The present study compared the negative effects of As V and
As 1T stress on plant biomass and yield in two differentially
metal-tolerant pigeonpea genotypes. A reduction in root,
shoot dry weights, root to shoot ratio (RSR), and nutrient
uptake was observed under both As species, with more drastic
effects of As III over As V. The higher negative effects of As
III could be directly correlated to higher total As accumulation
under this treatment in both roots and leaves of the Pusa 991
when compared with Pusa 2002. Reduced root to shoot ratio
in stressed plants could be attributed to reduced plant growth
due to alteration of morphological and physiological charac-
teristics of roots (Khudsar et al. 2000), decreasing their capac-
ity to explore the rhizosphere, consequently resulting into re-
duced water and mineral uptake capacity. Variable responses
of the two genotypes observed in the present study could be
related to their differential ability for uptake, translocation,
and accumulation of As in the plant organs as well as their
inherited physiological and biochemical adaptation strategies
(Chaturvedi 2005), often as a result of single or multiple gene
difference (Baker 1987; Macnair et al. 1992; Mahdieh et al.
2013). In the present study, even though As V concentration
applied to the plants was five times higher than that of As III,
yet phytotoxic effects of As III were significantly higher than
As V. This could be due to the fact that As III is more water
soluble and is readily taken up by the plant roots and
translocated to shoots more efficiently than As V due to dif-
ferent transport mechanisms adopted by both As Vand As III
in plants (Chaturvedi 2005; Brackhage et al. 2014).
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Fig. 4 Effect of'silicon (Si) and arbuscular mycorrhiza (AM) on a phos-
phorous, b potassium, ¢ nitrogen, and d magnesium contents (mg g |
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10 mg/kg) concentrations in Cajanus cajan genotypes (tolerant—Pusa
2002 and sensitive—Pusa 991). Values are mean of 6 replicates +

Metal(loid)s generally cause physiological drought either by
restricting water transport activities (Maurel and Chrispeels
2001) or by blocking its transport in the plant tissues
(Barcelo and Poschenrieder 1990) which might have led to
reduced leaf water status in our study. Reduction in photosyn-
thetic pigments may possibly be due to inhibition of enzymes
involves in Chl biosynthesis, alteration of thylakoid mem-
brane, reduction of aminolevulinic acid pool, and reduction
in chloroplast density resulting into a decrease in photosyn-
thetic efficiency and plant growth (de Andrade et al. 2015).
In the present study, nutrients uptake was significantly re-
duced under both As Vand As III stress, with As III causing a
higher reduction in P, K, Mg, and Ca contents while As V was
more toxic for N uptake. A decline in P and K contents in As
[I-treated plants could be due to downregulation of genes
involved in absorption and utilization of these nutrients while
in case of As V, N-related genes are downregulated (Wang
et al. 2010). Since Pi is replaced by As, plants are unable to
carry out energy transfer process, thus disrupting various
physiological activities, ultimately resulting into reduced
growth and yield (Farnese et al. 2014). A reduction in the
Ca concentration could be correlated with reduced P content
as roots absorb Ca together with negatively charged phosphate
(Caldwell and Haug 1982; Shaibur and Kawai 2010).
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standard error (SE). Different letters above the bar indicate significant
differences among the treatments assessed by the Duncan multiple range
test at p < 0.05. C = Si and AM absent, +Si = Si present, +AM =
arbuscular mycorrhiza present, +Si +AM = Si with AM present

Furthermore, a higher decrease in N content might be due to
uncoupling of oxidative phosphorylation due to disruption of
ETC by As V and inhibition enzymes involved in photosyn-
thesis and respiration by As III. In the current study, onset of
flowering was early in the plants treated with As III; this trait
of early flowering could be an adaptive mechanism to escape
stress and minimize the time of exposure to the stress (Aratijo
etal. 2015; Duc et al. 2015; Farooq et al. 2017). Formation of
pods, development of seeds, and seed weight were significant-
ly reduced under both As stresses, with higher detrimental
effects of As III, ultimately resulting into reduced HI. Pod
abortion is induced due to restrained carbohydrate flux from
leaves to pods as well as a decrease in water potential and an
increase in ABA content in flowers and pods at early repro-
ductive development stages, thus compromising seed yield
under abiotic stresses (Liu et al. 2004; Araugjo et al. 2015).
Reduced harvest index as observed in the present study was
the direct result of reduced absorption and utilization of nutri-
ents, leading to reduced photosynthetic efficiency and stunted
growth under both As species.

Both the genotypes of pigeonpea had an ability to develop
efficient mycorrhizal colonization under unstressed conditions
which declined under both As V and As III stress, with higher
colonization observed in Pusa 2002. A decline in mycorrhizal
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colonization (MC) could be due to toxic effects of As on pre-
symbiotic stage of mycorrhizal colonization resulting into re-
duced percent spore germination and hyphal length, thereby
lowering colonization (Hajiboland et al. 2010; Spagnoletti and
Lavado 2015). However, in our study, significant and differ-
ential colonization was observed even under higher As con-
centrations with Pusa 2002 displaying much higher respon-
siveness when compared with Pusa 991. Variability in percent
colonization that occurs among plant genotypes to same fun-
gus has been reported in plants such as peanut (Kesava Rao
et al. 1990), cowpea (Mercy et al. 1990), tomato (Gao et al.
2001), pigeonpea (Garg and Kaur 2013; Garg and Pandey
2015), Helianthus annuus (Turrini et al. 2016), soya bean
(Salloum et al. 2016), chickpea (Garg and Bhandari 2016),
and Phaseolus mungo (Sharma et al. 2016) which is believed
to be due to strong genetic influence affecting differences in
mycorrhizal colonization and host plant responsiveness
(Linderman and Davis 2004). Pusa 2002 had the ability to
accumulate higher biomass which might have increased C
allocation to the roots and thus made more carbon available
to the fungus resulting in higher root colonization (Garg and
Pandey 2015) which in turn increased its efficiency for N and
P transport (Hammer et al. 2011b; Fellbaum et al. 2012).
Although Si content was low even in the Si supplemented
pigeonpea genotypes, its uptake further declined when the
plants were subjected to As stress. Low Si content in Si sup-
plemented unstressed plants could be due to the reason that
legumes are relatively low Si accumulators (Broadley et al.
2011). Significantly higher Si content was observed in +Si
+AM-treated plants indicating a positive correlation between
mycorrhization and Si uptake. Pusa 2002 which displayed a
higher percent AM colonization also recorded significantly
higher Si content in both roots and shoots. An increase in Si
content in mycorrhizal plants could be due to the ability of
AM for upregulation of aquaporin which mediates Si uptake.
Ma et al. 2001 reported that Si was mainly absorbed by sec-
ondary roots and AM is reported to modify root system archi-
tecture by enhancing lateral root formation (Gutjahr and
Paszkowski 2013). Thus, in our study, AM mediated im-
proved root rhizosphere and soil exploration might have re-
sulted in enhanced Si uptake.

In the present study, Si was relatively more effective in
reducing As content in As Ill-treated plants when compared
to As V-treated plants while AM reduced As content more
efficiently under As V stress. A higher reduction in As content
in As Ill-treated plants might be due to the reason that both Si
and As III share the same influx transporter (low silicon rice 1,
Lsil) as reported in rice (Ma et al. 2008; Guo et al. 2009). A
reduction in metalloid uptake could also be due to the fact that
Si reduces the apoplasmic transport of metalloid by decreasing
its concentration in the apoplasm (Adrees et al. 2015).
Moreover, in the present study, a decline in As content in
+Si +As V-treated plants might be due to Si-mediated increase

in soil pH (Owino-Gerroh and Gascho 2005) which limits the
solubility of As by its precipitation as Ca or Fe arsenates and
thus retain As V in soil (Xie and Naidu 2006; Zhang and Selim
2008; Moreno-Jiménez et al. 2012). More positive impact of
AM in reducing As content as observed could be due to the
fact that AM colonization suppresses high affinity arsenate/
phosphate transporters in the epidermis and root hairs
(Meharg and Macnair 1992; Gonzalez-Chavez et al. 2002),
and P uptake is carried out via mycorrhizal pathway which
selectively prefer P over As, resulting into reduced As accu-
mulation in the plants (Yun-sheng et al. 2007). The presence
of common transporters for Si-As III uptake and AM mediated
P- As V uptake could be the reason for differential but positive
effects of both Si and AM on As content observed in the
present study in roots, shoots, and seeds. This reduction in
As content might also be due to the fact that Si and AM
stimulate production of root exudates which can chelate
metals and reduce their uptake by roots (Kidd et al. 2001;
Gaur and Adholeya 2004; Adrees et al. 2015). Moreover, Si
acts as a physical barrier for metal translocation by the depo-
sition in the endodermis which reduces the cell wall porosity
in root tissues, (Shi et al. 2005; da Cunha and do Nascimento
2009; Keller et al. 2015) while AM adsorb metalloid on its
surface as well as sequester in vesicles, thus reducing translo-
cation to shoots (Kapoor et al. 2013; Ambrosini et al. 2015).
In our study, beneficial effects of Si were more pronounced
in shoots while AM inoculation significantly improved root
biomass more vigorously. Zhang et al. (2015) reported that Si
increased the cell wall extensibility, structurally alter xylem
diameter, mesophyll and epidermis thickness, and arrange-
ment of chollenchyma resulting into decreased As transloca-
tion to the shoots (Sahebi et al. 2015). AM inoculated plants
had highly developed and dense root system which allowed
the plants roots to penetrated deeper in the soil and thus im-
prove water uptake, nutrient status, higher flower initiation,
and superior seed setting, leading to higher yield in these
plants. Functional complementarity was observed between
AM and Si in terms of significant improvement in both root
and shoot biomass, nutrient uptake, and harvest index through
their individual affirmative roles in reducing metal uptake and
translocation. Possible mechanism for improved nutrient and
water uptake in pigeonpea plants supplemented with Si could
be due to Si mediated activation of H"- ATPase in plasma
membrane, which promotes uptake and utilization of water
and minerals by modulating physiological activities (Gul
Bakhat 2012). Moreover, AM can improve water and nutrient
uptake from the soil directly by activation of specific trans-
porters for P (PHT1 family) (Harrison et al. 2002; Maeda et al.
2006), N (AMT1) (Lopez-Pedrosa et al. 2006), and K*
(ZmAKT2) (Ouziad et al. 2006) and aquaporins (Aroca
et al. 2007; Giovannetti et al. 2012) making them available
to the plants (Krajinski et al. 2000; Porcel et al. 2006; Hu et al.
2009). One of the reason for improved water status and
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nutrient uptake in mycorrhizal plants could also be due to
increased absorbing surface by soil-growing hyphae com-
bined with the fungal ability to take up water and nutrients
in much higher proportions (Augé 2001; Ruiz-Lozano 2003;
Lehto and Zwiazek 2011; Barzana et al. 2012). In our results,
both Si and AM significantly reverted As-mediated impair-
ment of photosynthetic pigments which could be due to alter-
ation in morphological, anatomical, and ultrastructural photo-
synthetic apparatus (Adrees et al. 2015). Since Si gets depos-
ited on the leaf epidermis, it might have directly reduce metal
translocation to the leaves, thereby improving the leaf area for
more efficient photosynthesis. On the other hand, AM might
have improved photosynthesis by increasing its ability to use
light energy and by improving the electron transport, thereby
improving the efficiency of PSII photochemistry (de Andrade
et al. 2015). Differential ability of the two genotypes to toler-
ate As toxicity could be related to their relative colonization
ability and the resultant differential Si uptake. Enhanced metal
tolerance in +Si and/or +AM pigeonpea plants might be due to
reduced As content in plants explained by dilution effects due
to growth enhancement by Si and AM fungal colonization
(Al-Karaki 2006; Garg and Pandey 2015; Rizwan et al. 2015).

Conclusion

The results affirmed negative correlations between As stress
and growth potential of both the genotypes. Although, indi-
vidual treatments of Si and AM reduced As uptake and trans-
location to a certain extent, their combined application proved
to be highly beneficial in arresting the toxic effects of both
species of As (As Vand As III) to the degree that no As could
be detected in the seeds of metal-tolerant genotype. The study
highlighted the importance of selecting a genotype with
higher ability for AM colonization in order to achieve maxi-
mum Si effectiveness in pigeonpea plants.
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