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Silicate solubilizing and plant
growth promoting bacteria
interact with biogenic silica to
impart heat stress tolerance in rice
by modulating physiology and
gene expression

Chandrakala Chaganti', Amol Sarjerao Phule', Latha
P. Chandran*', Bandeppa Sonth', Venkat Prasad Babu Kavuru,
Rajani Govindannagari and Raman Meenakshi Sundaram

ICAR-Indian Institute of Rice Research, Hyderabad, Telangana, India

Heat stress caused due to increasing warming climate has become a severe threat to
global food production including rice. Silicon plays a major role in improving growth
and productivity of rice by aiding in alleviating heat stress in rice. Soil silicon is only
sparingly available to the crops can be made available by silicate solubilizing and plant-
growth-promoting bacteria that possess the capacity to solubilize insoluble silicates
can increase the availability of soluble silicates in the soil. In addition, plant growth
promoting bacteria are known to enhance the tolerance to abiotic stresses of plants,
by affecting the biochemical and physiological characteristics of plants. The present
study is intended to understand the role of beneficial bacteria viz. Rhizobium sp. lIRR N1
a silicate solublizer and Gluconacetobacter diazotrophicus, a plant growth promoting
bacteria and their interaction with insoluble silicate sources on morpho-physiological
and molecular attributes of rice (Oryza sativa L.) seedlings after exposure to heat stress
in a controlled hydroponic system. Joint inoculation of silicates and both the bacteria
increased silicon content in rice tissue, root and shoot biomass, significantly increased
the antioxidant enzyme activities (viz. superoxidase dismutase, catalase and ascorbate
peroxidase) compared to other treatments with sole application of either silicon or
bacteria. The physiological traits (viz. chlorophyll content, relative water content) were
also found to be significantly enhanced in presence of silicates and both the bacteria
after exposure to heat stress conditions. Expression profiling of shoot and root tissues
of rice seedlings revealed that seedlings grown in the presence of silicates and both
the bacteria exhibited higher expression of heat shock proteins (HSPs viz., OsHsp90,
OsHsp100 and 60kDa chaperonin), hormone-related genes (OslAA6) and silicon
transporters (OsLsil and OsLsi2) as compared to seedlings treated with either silicates
or with the bacteria alone. The results thus reveal the interactive effect of combined
application of silicates along with bacteria Rhizobium sp. IIRR N1, G. diazotrophicus
inoculation not only led to augmented silicon uptake by rice seedlings but also
influenced the plant biomass and elicited higher expression of HSPs, hormone-related
and silicon transporter genes leading to improved tolerance of seedling to heat stress.

heat stress, silicon, plant growth promoting bacteria, Gluconacetobacter
diazotrophicus, Rhizobium sp. IIRR N1, gene expression, qRT-PCR, rice
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Introduction

Global warming is predicted to become a serious threat to the
food security of many countries (Xu et al., 2021) as the resultant heat
stress is a major constraint to crop productivity worldwide (Janni
etal., 2020). Heat stress is an increase in temperature above a threshold
level for a certain period that causes an irreversible effect on the
growth and development of plants at all stages, i.e., from germination
to harvesting (Govindaraj et al., 2018; Ding et al., 2021; Ali et al., 2022;
Fjaz et al., 2022). Every 1°C increase in global mean temperature has
been predicted to decrease global yields of rice by 3.2%, maize by
7.4%, wheat by 6.0%, and soybean by 3.1% (Zhao et al., 2017).

Rice (Oryza sativa L.) is a major food crop for more than half of
the world’s population. The adverse effects of heat stress are estimated
to reduce rice production by 41% by the end of the 21st century (Shi
et al,, 2017). Rice crop maintains normal growth at temperatures
ranging from 27 to 32°C without any significant reduction in yield,
but temperatures above 32°C negatively affect rice plant development
at all growth stages (Aghamolki et al., 2014). The early growth stage is
one of the most vital stages of growth, playing an important role in
stand establishment that is crucial for realizing rice yield potential
(Finch-Savage and Bassel, 2016). This stage of rice is highly susceptible
as seedlings experience more heat stress due to their smaller sizes and
high radiative energy from the soil and water interface (Jagadish et al.,
2021). The optimum growth temperature of rice at the seedling stage
is 25-28°C. Heat stress (42-45°C) at the seedling stage, results in
increased water loss, withered and yellow leaves, impaired seedling
and root growth, and even death of seedlings (Xu et al., 2021).

Heat stress deleteriously alters the morphological (growth and
plant biomass), anatomical, and physio-biochemical characteristics
(stability of cell membranes and proteins, photosynthetic apparatus,
and carbohydrate metabolism) of plants (Ul Hassan et al., 2021; Xu
etal,, 2021) which can, in case of rice, result in a significant qualitative
and quantitative reduction in grain and straw yield. At a molecular
level, following plants’ sensing of heat stress, several signal cascades
are induced, activating transcriptional responses relating to reactive
oxygen species (ROS) regulation, plant hormones (Devireddy et al.,
2021) and other molecular components like heat shock proteins. ROS,
as key signaling molecules, play a pivotal role in enabling plant cells
to respond rapidly to heat stress (Mittler et al., 2022). Heat stress
disrupts redox homeostasis, which exacerbates ROS toxicity by
inactivating antioxidant enzymes, including ascorbate peroxidase
(APX), catalase (CAT), glutathione peroxidase (GPX), superoxide
dismutase (SOD), and glutathione S-transferase (GST) and decreasing
the synthesis of non-enzymatic antioxidants such as ascorbic acid,
glutathione and phenolic compounds (Sharma et al, 2019;
Hasanuzzaman et al., 2020). Phytohormones such as ethylene, auxins,
cytokinins, abscisic acid, salicylic acid, jasmonates, brassinosteroids
and strigalactones are another group of signaling molecules which are
endogenous and help in mediating plant response to stresses,
including heat stress (Li et al., 2021). Another molecular response is
the expression of heat stress and other related proteins that act as
molecular chaperones protecting plants from proteotoxic stress caused
by protein misfolding and denaturation (Xu et al., 2021). Tolerance to
heat stress is conferred by maintaining plant functions and efficient
scavenging of ROS (Lei et al., 2018) and stabilizing the function and
structure of protein and enzymes by heat shock proteins (HSPs) in
plants (Maestri et al., 2002). An integrated approach using multiple
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techniques like crop (genetic improvement) and soil management
(agronomic) strategies is necessary (Zafar et al., 2018) for imparting
thermotolerance in crops. From an agronomic perspective, silicon
(Kumar et al, 2022) and beneficial microbe based technologies
(Shekhawat et al., 2022) are currently receiving considerable interest
as they can be harnessed to provide eco-friendly and cost effective
stress mitigating solutions for sustainable heat tolerant crop
production systems.

Silicon (Si) is a quasi-essential and beneficial nutrient element
involved in the growth and development of crops (Epstein, 1999; Ma
etal, 2001; Liang et al., 2005; Hamayun et al., 2010; Kim et al., 2011),
particularly under various stresses. Under abiotic stress conditions
(Farooq and Dietz, 2015; Muneer et al., 2017; Rahman et al., 2017;
Hussain et al., 2019; Zargar et al., 2019; Younis et al., 2020), Si acts as
a stress alleviator by enhancing membrane integrity and antioxidant
defense system through alterations in cellular and biochemical
mechanisms. The role of Si in inducing heat stress tolerance in plants
(Tripathi et al., 2017; Frew et al., 2018; Saha et al., 2021; Kumar et al.,
2022) including agriculturally important crops like rice is well known
(Jinger et al., 2020). In rice, tissue Si plays a major role in the growth
and productivity of rice through increases in the strength of stems,
erectness of leaves, and photosynthetic rate (Berahim et al., 2021)
alleviating injurious effect of stresses in rice (Etesami and Jeong, 2018;
Mostofa et al., 2021). In rice, Si is absorbed by rice roots in the form
of silicic acid through Si influx (Lsil) and efflux transporters (Lsi2)
(Ma et al,, 2011; Yamaji et al., 2015). Further, Si in soil solution taken
up by rice roots is translocated into shoots through the transpiration
stream of the xylem and unloaded by Lsi6 transporter (Yamaji et al.,
2015) where it ultimately accumulates under the cuticle and
intracellular spaces (Heckman, 2013) and precipitates in plant cells as
phytoliths (Cooke and Leishman, 2011; Rao and Susmitha, 2017).

Since Si plays a prophylactic role under stress conditions, root
and shoot tissues, especially in monocots like rice, must possess a
minimum concentration of Si to combat the negative effect of
stresses (Debona et al., 2017). Additionally, soluble Si only when
taken up through the root system and transported from roots via
the xylem alone, can activate the metabolic processes that induce
beneficial changes in plants (Zellener et al., 2021). Hence the
benefits of Si are realizable only when Si, present abundantly in soil
and parent mineral rocks as insoluble silicates (Haynes, 2017), is
transformed into plant-available soluble Si. Geochemical
weathering of silicates, during which dissolved Si in the form of
plant-available silicic acid (H,SiO,) is released, is inadequate to
replenish soluble Si to meet the crop needs as it is an inconsistent
process occurring over extended periods (Rao et al., 2019). Soluble
Si release from parent rocks also declines with soil age in countries
with mature soils (Madhuri, 2018) like India due to desilication
which occurs continuously over time. Nutrient stripping when
growing silicon-accumulating crops like rice, where the average
content of Si is usually more than 40 mg/g of dry biomass (Hughes
et al., 2020), also aggravates Si depletion in soil. Si-containing
fertilizers can mitigate this loss by increasing the bioavailability of
soil Si and fulfilling the Si demand for crops. However, though
different commercially produced Si fertilizers are available (Tayade
etal., 2022), their use is often constrained by the costs, efficacy and
ease of handling and application, besides encountering conflicts in
identifying the appropriate source of fertilizer (Haneklaus et al.,
2018). For improving soil bioavailable Si concentrations, the newer
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and smarter silicon fertilization strategies that are currently under
reckoning due to their environment-friendly, agronomically
efficient, and renewable nature are (i) the use of biogenic siliceous
material as Si source and (ii) soil inoculation with silicate
solubilizing microorganisms (Meena et al., 2014; Constantinescu-
Aruxandei et al., 2020; Hughes et al., 2020; Raturi et al., 2021). An
optimal combination of biogenic silica along with silicate
solubilizing bacteria can lead to additive effects by the release of
soluble Si from amorphous insoluble Si present in rice straw and
diatomaceous earth. However, there are very few studies related to
phytogenic/biogenic Si solubilization by microorganisms
(Constantinescu-Aruxandei et al., 2020).

endophytic
microorganisms (PGPM) can colonize plant roots (rhizosphere) and

Rhizospheric and plant-growth  promoting
increase plant growth (shoot and root growth) and yield through
various mechanisms like biosynthesis of phytohormones,
exopolysaccharides, and volatile organic compounds (Adhikari et al.,
2020; Kim et al.,, 2020) in addition to stimulating enzymatic activity,
production of antioxidants and osmoprotectants (Wang et al., 2018).
PGPMs enhance plant tolerance to abiotic stresses, by affecting the
biochemical and physiological characteristics of plants (Etesami and
Maheshwari, 2018; Asghari et al., 2020). There is increasing evidence
that heat stress responses and recovery of plants also depends on their
interaction with different microorganisms (Chandrakala et al., 2019a;
Dastogeer et al., 2022). While plant growth promotion and stress-
alleviating traits of rhizospheric microorganisms have been widely
recognized, investigations are still ongoing to understand the
endophytic micro-organisms and their role as stress controllers in
plants (Mahapatra, 2017; Lata et al., 2018). Navarro-Torre et al. (2023),
have put forward the theory that colonization by endophytic bacteria
with the ability for vertical transmission across plant generations, can
make plants constitutively thermotolerant, thus becoming a potent
tool in the management of heat stress in plants. Beneficial microbe-
mediated plant thermotolerance is an ecologically sustainable strategy
to mitigate heat stress in plants (Shekhawat et al., 2022) but only a few
studies have documented interactions between plants and endophytic
microbes in the control of heat stress (Shaffique et al., 2022).
Co-application of insoluble silicates along with multiple plant
growth promoting bacteria is expected to benefit heat-stressed plants
(Al-Garni et al., 2019; Chandrakala et al., 2019b; Vishwakarma et al.,
2020), however, research on the synergistic effects due to combined
application of siliceous material along with microbes for heat stress
alleviation has been scarce. With this background, the present study
aimed to understand the interactive effect of the combined application
of silicate solubilizing bacteria (Rhizobium sp. IIRR N1), plant growth
promoting endophytic bacteria (G. diazotrophicus), and insoluble
silicate sources (diatomaceous earth and rice straw), on morpho-
physiological and molecular effects on rice (Oryza sativa L.) seedlings
exposed to heat stress under a controlled hydroponic system.

Materials and methods

Plant genotype, siliceous material, and
bacteria

Surface sterilized and germinated rice seedlings (cv. Swarna) a
heat susceptible genotype (Chandel et al., 2013; Umesh et al., 2016)
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were grown aseptically in a hydroponics assembly. The assembly
consisted of phyta jars containing 150 mL Yoshida medium (Yoshida
et al,, 1972) and perforated glass stand inserts on which germinated
seedlings (6 seedlings) were supported such that the roots were
immersed in the liquid medium (Chandrakala et al., 2019a). The
Yoshida medium was amended with biogenic insoluble silicates
sources [diatomaceous earth — 0.01 gm (Himedia RM 3380), which
is equivalent to 75kg/ha and rice straw - 0.33 gm equivalent to
150kg/ha] and inoculated with bacterial cultures (1x 10 CFU/mL)
of Rhizobium sp. IIRR NI (Accession No. KY348774) and
G. diazotrophicus PAL 5 (MTCC 1224 acquired from CSIR - Institute
of Microbial Technology, Chandigarh). Four such phyta jars with
seedlings were placed in a transparent autoclavable bag with a
0.02 pm gas exchange filter patch (Sunbags, Sigma-Aldrich, Cat. no.
B7026) that enabled sterile air exchange into the assembly and sealed.
The rice seedlings were grown for 30 days under 16h light and 8h
dark cycles at ambient temperature (28+2°C). After 30days of
co-culturing seedlings in the presence of bacteria and insoluble
silicates, the seedlings were subjected to two temperature regimes, i.e.,
ambient temperature (non-stressed condition) and elevated
temperature (heat stress conditions). The seedlings were exposed to
elevated temperature stress (45+2°C) for 24h in a growth chamber
after which the seedlings were maintained under ambient conditions
for 24h (Sarsu et al.,, 2018). The non-stressed plants continued to
grow under ambient temperature (28 +2°C) conditions during this
48h period. Parallelly, controls were maintained by growing seedlings
in the absence of silicate sources and bacteria. There were hence, four
treatments under ambient conditions and four under heat stress. The
treatments under ambient temperature/heat stress conditions were (i)
seedlings grown in the absence of silicates and bacteria (AC/HS), (ii)
seedlings co-cultured with both bacteria (AC+ RG /HS+ RG), (iii)
seedlings co-cultured with insoluble diatomaceous earth and straw
(AC+ Si/HS+Si), and (iv) seedlings co-cultured with insoluble
diatomaceous earth and straw and bacteria (AC+ Si+RG/HS+
Si+RG). Each sunbag with 4 phytajars constituted a replication and
three replications were maintained for each treatment. Twenty-four
hours after heat stress treatment, the seedlings along with the
respective controls were collected for analyzing silica uptake,
morphological, physiological, biochemical and molecular response
of rice seedlings to bacterial inoculation in the presence of
insoluble silicates.

Morphological characterization of
seedlings

Morphological parameters viz. root and shoot biomass (g) of
single rice seedlings were recorded manually in three replications
(each replication consisted of three seedlings) under ambient and heat
stress conditions after oven drying the seedlings at 60°C for 72 h.

Silicon content in rice seedlings

Silicon content in the root and shoot of rice seedlings was
determined by the colorimetric silico-molybdate blue method after
autoclave-induced digestion of the samples as described by Elliott and
Synder (1991).
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Physiological and biochemical
characterization of seedlings

Chlorophyll content

The method of Zhang et al. (2009) was used for quantification of
chlorophyll content in seedling leaves. Leaf sample (100 mg) was
added to 25mL of 80% acetone and after incubation for 48h in dark
at ambient temperature, the absorption of the supernatant was
measured at 663 and 645 nm using a spectrophotometer (UV 1800,
Shimadzu, Japan) and the chlorophyll content was calculated by using
equations Arnon’s (1949).

Electrolyte leakage (EC)

Leaf samples from treated and untreated seedlings were cut in to
uniform pieces and placed in a beaker containing 10 mL of distilled
water and incubated for 4h in a shaking incubator (Gyromax 787R,
Amerex Instruments; Lafeyette, CA, United States) at room
temperature. After 4h, ion leakage (E1) was measured using
conductivity meter (ECTestr 11+, Eutech Instruments, Oakton,
United States). The samples were then autoclaved for 15 min and after
cooling and total ion leakage (E2) was measured. EC was calculated
(Jambunathan, 2010) as: EC=E1/E2 * 100.

Relative water content (RWC)

Leaves of all samples were cut and weighed immediately for fresh
weight (FW) and immersed in water for 4h. After immersion, excess
water was removed from the leaves by blotting and then weighed to
get turgid weight (TW). Leaves were oven dried at 80°C for 72 h, dry
weight (DW) of the samples were recorded and the RWC was
determined (Nayyar et al., 2014) using the equation: RWC
(%) = (FW-DW/TW-DW) * 100.

Antioxidant enzyme activities

Leaf sample (200 mg) was weighed and ground into fine powder
with liquid nitrogen by using pre cooled mortar and pestle. The exact
weight of each sample (powdered) was determined before it was
homogenized thoroughly in 1.2mL of potassium phosphate buffer
(0.2M), pH - 7.8 with EDTA (0.1 mM). After homogenization,
samples were centrifuged at 15,000rpm for 20 min at 4°C and the
supernatant was collected in a 2mL eppendorf tube. The pellet was
extracted again in 0.8mL of the same buffer, and the combined
supernatants were collected and stored in ice. This crude extract was
used to determine antioxidant enzyme activities (Elavarthi and
Martin, 2010).

Superoxide dismutase

The modified NBT method was used to determine superoxide
dismutase activity. The reaction mixture (2 mL) was prepared by using
50mM phosphate buffer (pH 7.8) with 2mM EDTA, 9.9mM
L-methionine, 55 pM NBT and 0.025% Triton - X 100; to this 2 times
diluted 40 pL of crude extract and 20 pL of riboflavin (1 mM) were
added. Two sets of samples were prepared, one set was exposed to
15W fluorescent tube, while another set was kept in the dark, and
both the sets were incubated for 10 min. Samples kept in the dark were
used as blanks. The absorbance of the reaction mixture was read at
560nm (UV 1800, Shimadzu, Japan) immediately after incubation
against a standard curve obtained from pure SOD (Beyer and
Fridovich, 1987) and used for estimating the SOD activity.
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Catalase

Hydrogen peroxide (10mM, 1mL) was added to 2mL of 200
times diluted crude extract in 50 mM potassium phosphate buffer
(pH-7), and the absorbance was read immediately at 240 nm in a UV/
Vis spectrophotometer (UV 1800, Shimadzu, Japan). Decomposition
of hydrogen peroxide (H,0,) was determined by using the extinction
coefficient of H,0, (43.6 M™' cm™" at 240 nm) and the catalase activity
is expressed as mM H,0, per minute per mg protein (Aebi and
Lester, 1984).

Ascorbate peroxidase

Crude extract (10 pL) was added to 1 mL of assay mixture (50 mM
potassium phosphate buffer (pH-7), 0.5 mM ascorbate, 0.5 mM H,0,)
and the decrease in absorbance due to oxidation of ascorbate was read
at 290nm (UV 1800, Shimadzu, Japan). The extinction coeflicient of
2.8mM™"cm™" was used to calculate the enzyme activity which is
expressed as milli mole of ascorbate per minute per mg protein
(Nakano and Asada, 1981).

Glutathione reductase (GR)

Assay mixture (1mL) was prepared by adding 10pL of crude
extract, 0.75mM of 5-5"-Dithiobis (2-nitrobenzoic acid), 0.1 mM
NADPH and 1 mM oxidized glutathione (GSSG). GSSG was added
last to initiate the reaction and the increase in absorbance was read at
412 nm for 3 min. The extinction coeflicient of 2-nitro-5-thiobenzoate
(14.15M7" cm™) was used to calculate GR activity and expressed as
mM TNB/min/gram fresh weight (Smith et al., 1988).

Protein content in leaf extract

The leaf extract which was used for determining antioxidant
activities was used for estimating total protein content by using
Lowry’s method (Lowry et al., 1951).

RNA isolation, cDNA synthesis, and gene
expression analysis

Total RNA was isolated from the root and shoot tissue of seedlings
grown under ambient and heat-stressed conditions using NucleoSpin
RNA plant kit (Macherey-Nagel,
manufacturer’s protocol. The quality and quantity of the pooled RNA

Germany) following the

(3 replications together) of each sample were checked using agarose
(1%, and NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA,

gel electrophoresis w/v)
United States). Expression profiling of genes related to heat shock
proteins (viz. OsHsp 26.7, OsHsp 70, OsHsp 90 OsHsp 100, and 60 kDa
chaperone), an auxin-responsive protein (OsIAA6), an ethylene
response factor (OsERFI) and three silicon transporters (OsLsil,
OsLsi2 and OsLsi6) were studied by using qRT-PCR analysis. The
qRT-PCR primers for the selected genes were designed online by
using QuantPrime high throughput qRT-PCR tool' by considering
default parameters (Supplementary Table S1). The cDNA synthesis
and qRT-PCR were performed as previously described by Phule et al.
(2018, 2019). The expression levels of genes in the shoot and root

1 http://quantprime.mpimp-golm.mpg.de/
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tissues under ambient and heat stressed conditions were calculated
using the 2-AACT method (Livak and Schmittgen, 2001) and
heatmaps were plotted using MeV (v4.9.0, Multi Experiment Viewer)
software (Saeed et al., 2003).

Data analysis

Stress tolerance index (Fernandez, 1992) of the seedling
biomass trait, was computed using iPASTIC online tool kit (Pour-
Aboughadareh et al., 2019) to identify the best performing
treatments. All recorded data were analyzed by using the statistical
tool (Statistix 8.1 v2.0.1) by calculating Analysis of Variance
(ANOVA) and significant difference among the treatment means
was determined using least significant differences (LSD) test at 5%
probability level (p <0.05). Pearson’s correlations between various
measured traits were derived using Microsoft Excel and the
corellogram was plotted using the corrplot function of the R
statistical package v.3.6.0.

Results
Seedling biomass and tissue silica content

The bacterial (Rhizobium sp. IIRR N1 plus Gluconacetobacter
diazotrophicus) and silicate treatments were generally effective in
enhancing seedling biomass (shoot and root weight) and tissue silicon
(Si) content in relation to untreated control at both ambient (28 +2°C)
and high temperature (45 +2°C), even as heat stress modulation was
observed in all treatments (Table 1).

Shoot biomass showed significant changes in response to bacterial
inoculation, growth in silicate sources and high temperature. At
ambient temperature relative to control (AC), bacterial inoculation
improved the shoot biomass by 47 and 7% in the presence
(AC+Si+RG) and absence of insoluble silicates (AC + RG). Seedlings
grown solely with insoluble silicates (AC+Si) also increased root
biomass by 33% more than control. Similarly, post heat stress, shoot
biomass was higher by 32, 62, and 44%, respectively over control (HC)
in HS+RG, HS + Si+ RG, and HS + Si treatments (Table 1). However,
exposure to high temperature had resulted in a reduction in shoot
biomass ranging from 25 to 40% with the lowest reduction observed
in seedlings grown with bacteria and silicates.

Likewise, root biomass significantly increased by 34, 31, and 51%
over control (AC) in AC+RG, AC+Si, and AC + Si+RG treatments,
respectively, under ambient conditions. Root biomass increment (over
control) in seedlings after heat stress was 32, 44 and 62%, respectively,
in the presence of bacteria (HS + RG), insoluble silicates (HS + Si) and
in the treatment with both silicon and Rhizobium sp. IIRR N1 plus
G. diazotrophicus (HS + Si+RG). Root biomass was lower by 5-23%
after the seedlings were subjected to heat stress (Table 1).

Mirroring the trends in seedling biomass, the level of increase in
silica content of shoot and root over control with AC+RG, AC+Si
and AC+Si+RG was 4, 10 and 19% and 6, 14, and 24%, respectively,
when seedlings were grown in ambient temperature. After heat stress,
seedlings subjected to HS+RG, HS + Si and HS + Si+ RG treatments
also had higher silica content than control (HS), with the
corresponding increase in shoot and root being 3, 26, 36 and 13%, 28,
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TABLE 1 Seedling biomass and tissue silica content under ambient and
heat stress conditions.

Treatments Seedling biomass Tissue silica
(g)* content (ug/mg)*
Shoot Root Shoot Root

Ambient (28 £2°C)

AC 0.15 0.13 56.0 36.8
AC+RG 0.16 0.17 58.2 39.1
AC+Si 0.20 0.17 61.3 420
AC+Si+RG 0.22 0.19 66.4 457
Mean 0.18 0.17 60.5 40.9
CD (P<0.05) 0.02 0.04 2.1 25
CV (%) 13.2 12.1 4.2 7.4

Heat stress (45+2°C)

HS 0.09 0.10 46.9 271
HS+RG 0.12 0.14 482 30.8
HS +Si 0.13 0.11 59.1 34.8
HS+Si+RG 0.15 0.18 63.7 39.0
Mean 0.12 0.13 54.5 32.9
CD (P<0.05) 0.01 0.03 24 2.9
CV (%) 17.3 18.7 5.3 10.7
*Dry weight.

AC, Seedlings grown in the absence of silicates and bacteria under ambient temperature.
AC+RG, Seedlings co-cultured with Rhizobium sp. IIRR N1 plus G. diazotrophicus bacteria
under ambient temperature.

AC+Si, Seedlings co-cultured with solely with insoluble diatomaceous earth and straw
under ambient temperature.

AC+8i+RG, Seedlings co-cultured with both silicon and Rhizobium sp. IIRR N1 plus G.
diazotrophicus under ambient temperature.

HS, Seedlings grown in the absence of silicates and bacteria under heat stress condition.
HS+RG, Seedlings co-cultured with Rhizobium sp. IIRR N1 plus G. diazotrophicus bacteria
under heat stress.

HS + Si, Seedlings co-cultured with solely with insoluble diatomaceous earth and straw under
heat stress.

HS+Si+RG, Seedlings co-cultured with both silicon and Rhizobium sp. IIRR N1 plus G.
diazotrophicus under heat stress.

44%. Imposition of heat stress decreased silica content in the shoot
and root by 10 and 19% (Table 1).

Physiological characteristics of rice
seedlings

Differences in chlorophyll content, electrolyte leakage and relative
water content observed between control and treated seedlings and
between the two temperature regimes are shown in Table 2. Leaf
chlorophyll content increased substantially due to bacterial and silicate
treatments, with AC+RG, AC+Siand AC+ Si+RG treatments having
30, 13, and 33% higher chlorophyll concentrations respectively, than
that of control (AC). Regarding the chlorophyll content of heat-stressed
plants, the treatment with silicon and Rhizobium sp. IIRR N1 plus
G. diazotrophicus (HS + Si+RG) recorded a 79% increase in chlorophyll
content relative to control (HS) superior to the 37 and 36% increase
observed with HS+RG and HS + Si treatments, respectively (Table 2).
Following heat stress, 2-29% reduction in chlorophyll content was
observed across all treatments compared to ambient temperature.
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TABLE 2 Seedling physiological characteristics under ambient and heat
stress conditions.

Treatments Chlorophyll Relative Electrolyte
content water leakage (%)
(mg/g leaf content
fresh wt) (VA
Ambient (28 £2°C)
AC 171 86.4 475
AC+RG 1.97 95.8 33.1
AC+Si 1.80 90.8 413
AC+Si+RG 222 98.1 31.9
Mean 1.92 92.8 38.4
CD (P<0.05) 0.04 12.7 33
CV (%) 9.1 16.7 10.4

Heat stress (45+2°C)

HS 1.21 71.2 61.1
HS+RG 1.67 89.9 426
HS+Si 1.65 823 523
HS+Si+RG 2.17 929 38.7
Mean 1.68 84.1 486
CD (P<0.05) 0.01 75 44
CV (%) 7.3 11.0 114

AC, Seedlings grown in the absence of silicates and bacteria under ambient temperature.
AC+RG, Seedlings co-cultured with Rhizobium sp. IIRR N1 plus G. diazotrophicus bacteria
under ambient temperature.

AC + i, Seedlings co-cultured with solely with insoluble diatomaceous earth and straw
under ambient temperature.

AC+Si+RG, Seedlings co-cultured with both silicon and Rhizobium sp. IIRR N1 plus G.
diazotrophicus under ambient temperature.

HS, Seedlings grown in the absence of silicates and bacteria under heat stress condition.

HS +RG, Seedlings co-cultured with Rhizobium sp. IIRR N1 plus G. diazotrophicus bacteria
under heat stress.

HS + Si, Seedlings co-cultured with solely with insoluble diatomaceous earth and straw under
heat stress.

HS +Si+RG, Seedlings co-cultured with both silicon and Rhizobium sp. IIRR N1 plus

G. diazotrophicus under heat stress.

Relative water content (RWC) trends showed a similar pattern as
that of chlorophyll; higher RWC in leaves of seedlings where
treatments have been administered, compared to control in both the
temperature regimes (Table 2). High temperature has resulted in water
loss from exposed seedlings, with bacterial and silicate-treated
seedlings recording a minimum per cent reduction in RWC (5-9%)
compared to seedlings under ambient temperature.

Seedlings inoculated with bacteria, treated with insoluble silicates,
and the combination of both bacteria and silicates caused a reduction
in total electrolyte leakage from seedlings by 30, 13 and 33% and 30,
14 and 37% relative to the respective ambient (AC) and heat-stressed
(HS) controls (Table 2). Membrane injury in seedlings due to heat
stress was witnessed, and the higher electrolyte leakage values in heat
stressed seedlings corroborated the same.

Antioxidant enzyme activities in rice
seedlings

The different treatments comprising silicates and bacteria markedly
enhanced the rice seedling antioxidant enzyme activity compared to the
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control under ambient and heat stress (Table 3). The activities of
superoxide dismutase, catalase, ascorbate peroxidase and glutathione
reductase were significantly and maximally increased by the combined
application of silicates and bacteria (Si+RG) by 25, 38, 45, and 30% under
ambient conditions and by 23, 42, 28, and 36% in heat-stressed plants,
relative to their corresponding controls. A lower magnitude of increase
in the enzymatic antioxidant activities was also observed due to sole
treatments with either silicates or bacteria. Heat stress considerably
decreased the SOD, CAT, APX and GR activities in seedlings by 3.6-7.1%,
17.1-24.3%, 7.7-19.1%, and 9.4-14.6%, respectively in comparison to
non-stressed seedlings subjected to similar conditions (Table 3).

Correlation analysis

Correlation analysis revealed a strong association between root
and shoot seedling biomass, an indicator of heat stress tolerance,
physiological traits, and antioxidant enzymatic activities under
ambient and heat stress conditions (Figure 1).

Root biomass showed a significant and positive correlation with Si
content in the root (r=0.85), shoot biomass (r=0.82), Si content in the
shoot (r=0.75), chlorophyll content (r=0.92), relative water content
(r=0.92), superoxide dismutase (r=0.89), catalase (r=0.94), ascorbate
peroxidase (r=0.86), glutathione reductase (r=0.95) concentration and
a similar positive correlation was also noted with shoot biomass and Si
content in both root and shoot (r=0.97 and 0.84), chlorophyll content
(r=0.77), relative water content (r=0.79), superoxide dismutase
(r=0.74), catalase (r=0.86), ascorbate peroxidase (r=0.79) and
glutathione reductase (r=0.81) concentration. In contrast, a significant
negative correlation was observed between electrolyte leakage
(r=-0.94) and root biomass (Figure 1; Supplementary Table S2).

Further, significant positive correlations were also observed
among Si content in the root and shoot to chlorophyll content
(r=0.86), relative water content (r=0.82 and 0.70), superoxide
dismutase (r=0.78 and 0.72), catalase (r=0.87 and 0.70), ascorbate
peroxidase (r=0.79 and 0.67) and glutathione reductase (r=0.83 and
0.71) activity while electrolyte leakage (—0.81 and —0.67) was
negatively correlated (Figure 1; Supplementary Table S2).

Heat stress tolerance index

Heat stress tolerance index (STI) of rice seedlings under normal
(Yp) and heat stress (Ys) conditions with different treatments (RG, Si
and Si+RG) were calculated using seedling biomass as a screening
indicator (Figure 2; Supplementary Table S3) wherein based on
Fernandez’s theory, treatments with STT >1 were considered stress
tolerant. A three-dimensional plot with STI values was computed using
iPASTIC, an online toolkit to categorize the treatments into four groups
(Figure 2). The treatment with the combined application of both
silicates and bacteria was classified as group A, indicating the ability of
the treatment to induce uniform performance of rice seedlings under
ambient and heat stress conditions. The treatments where the silicates
and bacteria were applied individually were categorized into groups B
and C, respectively, indicating that treatment with diatomaceous earth
and straw could support better seedling growth only under ambient
conditions, while inoculation with the two bacteria led to better
performance of the seedlings under heat stress conditions (Figure 2).
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TABLE 3 Seedling antioxidant activities under ambient and heat stress conditions.

Treatments Superoxide dismutase Catalase (mM Ascorbate peroxidase Glutathione reductase

(Units SOD/mg H,O,/min/ mg (mM ascorbate /min/ (mM TNB/min/mg
protein) protein) mg protein) protein)

Ambient (28 +2°C)

AC 203 8.60 10.46 15.1

AC+RG 236 10.56 13.32 18.1

AC+Si 223 9.71 12.06 16.8

AC+Si+RG 253 11.87 15.13 19.7

Mean 229 10.18 12.74 17.4

CD (P<0.05) 03 0.2 0.1 03

CV (%) 1.6 2.8 1.2 1.0

Heat stress (45/37°C)

HS 19.1 6.77 9.55 12.9

HS+RG 225 8.75 12.05 16.4

HS+Si 21.5 7.35 11.13 14.4

HS +Si+RG 235 9.59 12.24 17.5

Mean 216 8.11 11.24 15.3

CD (P<0.05) 02 03 0.1 0.1

CV (%) 1.7 34 13 2.8

AC, Seedlings grown in the absence of silicates and bacteria under ambient temperature.

AC+RG, Seedlings co-cultured with Rhizobium sp. IIRR N1 plus G. diazotrophicus bacteria under ambient temperature.
AC+Si, Seedlings co-cultured with solely with insoluble diatomaceous earth and straw under ambient temperature.

AC +Si+RG, Seedlings co-cultured with both silicon and Rhizobium sp. IIRR N1 plus G. diazotrophicus under ambient temperature.

HS, Seedlings grown in the absence of silicates and bacteria under heat stress condition.

HS +RG, Seedlings co-cultured with Rhizobium sp. IIRR N1 plus G. diazotrophicus bacteria under heat stress.

HS + Si, Seedlings co-cultured with solely with insoluble diatomaceous earth and straw under heat stress.
HS +Si+RG, Seedlings co-cultured with both silicon and Rhizobium sp. IIRR N1 plus G. diazotrophicus under heat stress.

Gene expression profiling of HSPs,
hormone-related, and silicon transporter
genes

The expression of selected 10 genes related to HSPs (viz.
OsHsp26.7, OsHsp70, OsHsp90, OsHsp100 and 60kDa chaperonin),
growth hormones (OsIAA6, OsERI) and silicon transporters (viz.
OsLsil, OsLsi2 and OsLsi6) was studied through qRT-PCR of the shoot
and root tissues at seedling stage under ambient and heat stress
conditions (Figure 3).

Growth of seedlings in the presence of silicates (AC + Si) increased
the relative expression of OsHsp26.7, OsHsp70, OsHspl00 and
60kDa chaperonin by a fold change of 12.9, 11.6, 14.9 and 6.6,
respectively, in root tissue under ambient conditions (Figure 3A;
Supplementary Figure S1). The treatment AC+Si also similarly
induced a 5.3 and 3.7-fold change in the expression of the OsIAA6 and
OsERSIgene expression, respectively. Inoculation with the bacteria
(AC+RG) showed higher expression of silicon transporters genes.
OsLsil (1.8-fold change), OsLsi2 (1.7-fold change) and OsLsi6 (1.1-
fold change) (Figure 3A; Supplementary Figure S1).

In root tissue under heat stress conditions, high relative expression
of OsHsp90 (2.9 and 1.2-fold change), OsHsp100 (1.3 and 1.6-fold
change) and 60kDa chaperonin (3.4 and 1.6-fold change) was observed
in the treatments HS+RG and HS+Si+RG where the plants were
inoculated with bacteria alone or a combination of both silicates and
bacteria (Figure 3B; Supplementary Figure S2). Similarly, the transcript
levels of both hormone related genes, OsIAA6 and OsERSI, exhibited
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the highest increase in the treatments HS + RG (5.4 and 4.5-fold change)
and HS+Si+RG (4 and 1.8-fold change). The transcript abundance of
the two silicon transporter genes, OsLsil and OsLsi2, however, were
higher in HS+Si treatment (9.8 and 13.9-fold change) followed by
HS+RG treatment (3.1 and 3.9-fold change) and HS+Si+RG (1.7 and
1.5-fold change). In contrast, OsLsi6 transcripts remained at a low level
in all the treatments (Figure 3B; Supplementary Figure S2).

In the case of shoot tissue, expression of OsHsp26.7, OsHsp100,
OsHsp70, and 60kDa chaperonin were higher (4.5, 5.9, 5.1, and
1.5-fold change, respectively) with response to AC+RG treatment
under ambient conditions (Figure 3C; Supplementary Figure S3)
while a 3.7-fold increase in the expression of OsHsp90 gene was
observed when treated with both bacteria and silicates (AC + Si+RG).
The hormone-related gene, OsIAA6, expression was elevated 9.1 and
2.3-fold with AC+ Si and AC + RG treatments, respectively while there
was no change in relative expression in the treatment AC+Si+RG. A
2.2 and 2-fold increase was observed in the expression levels of the
OsERSI gene as influenced by AC+Si+RG and AC + Si treatments,
respectively. Among the silicon transporters, transcript levels
corresponding to OsLsil and OsLsi2 did not show much change
between the treatments. (Figure 3C; Supplementary Figure S3).

Furthermore, OsHsp90 was highly expressed under heat
stress conditions in shoot tissue treated with HS+Si (1.8-fold
change) followed by HS+RG (1.2-fold change; Figure 3D;
Supplementary Figure S4). Elevated expression of 60kDa chaperonin
by 1.2-fold (HS+RG) and by 1.1-fold in the HS+Si treatment was
observed. In the combined treatment with silicates and bacteria
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(HS+Si+RG) there was a lower expression of both these genes
compared to the control (HS). On the other hand, OsHsp26.7 and
OsHsp100 expression reduced with the treatments HS + RG followed
HS+Si, HS+Si+RG in comparison with heat-stressed control HS
(control). However, among the silicon transporters genes, OsLsi6
showed higher expression (1.6-fold change) in response to HS+ Si+RG
and showed lower expression with HS + Si and HS + RG. The expression
levels of OsIAA6 and OsERSI were lower in all treatments relative to
HC (control; Figure 3D; Supplementary Figure S4).

Overall, the expression profiling of HSPs (OsHsp90, OsHsp100 and
60kDa chaperonin), hormone-related (OsIAA6) and
transporters (OsLsil and OsLsi2) exhibited higher expression in both
shoot and root tissue HS+RG, HS+Si and HS+Si+RG. Thus,
comparatively based on HSPs, hormone-related and silicon

silicon

transporters genes expression profiling shows that the treatment
HS+Si+RG (both IIRR NI,
G. diazotrophicus) augmenting silicon uptake affects the alleviating or

silicon and Rhizobium sp.
coping maximum heat stress conditions compared to bacteria alone

(Rhizobium sp. IIRR N1 and G. diazotrophicus) and silicon alone
in rice.
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Discussion

Heat stress severely affects crop production, resulting in global food
insecurity (Zhou et al., 2017; Raza, 2020) as it reduces crop yields
(Szymanska et al., 2017; Thakur et al,, 2021). Among the various abiotic
stresses, heat stress causes the most devastating effect on the
physiological processes of plant growth, development, and metabolism
in several ways (Szymanska et al., 2017; Thakur et al., 2021). Silicon
fertilization is emerging as an important agronomic practice to combat
the negative effects of biotic and abiotic stresses on plants. However, due
to the high cost of synthetically manufactured silica fertilizers (Raza
et al., 2023) attention has now shifted to the use of cost-effective and
sustainable biological sources of Si like diatomaceous earth (Duboc
etal., 2019) and crop residues (Hughes et al., 2020). The insoluble Si
present in these sources can be released as soluble phyto-available Si by
co-inoculation with silicate solubilizing and decomposer
microorganisms. Similarly, plant growth-promoting bacteria colonizing
the rhizospheric and endospheric niches and possessing phytohormone
modulating capabilities like the production of auxins like JAA and

enzymes like 1-aminocyclopropane-1-carboxylate-deaminase (ACC

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1168415
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Chaganti et al.

deaminase) can improve the plants’ ability to cope with environmental
stresses (Fahad et al., 2015; Souza et al., 2015; Cura et al., 2017; Etesami
and Jeong, 2018; Tapera et al., 2018) by reducing the production of
stress-induced ethylene.

Our investigation demonstrates that the exogenous application of
Si as a mixture of diatomaceous earth and rice straw in combination

FIGURE 2
3D plot for the stress tolerance index based on rice seedling biomass
under ambient temperature (Yp) and heat stress (Ys).

10.3389/fmicb.2023.1168415

with silicate solubilizing bacteria, Rhizobium sp. IIRR N1 and plant
growth-promoting endophytic bacteria G. diazotrophicus reduced the
adverse effect of heat stress in rice plants by improving the morphological
traits that include root and shoot biomass. The results presented in this
study concur with earlier reports on exogenous Si application alleviating
the adverse effects on plant growth under different abiotic stress
conditions including salt stress in rice (Mahdieh et al., 2015), metal
toxicity in rice (Chen et al., 2019), and salt stress in okra (Abbas et al.,
2017). Our findings were similar to the previous reports on the
exogenous application of silicon improving shoot length and biomass
production in rice (Agarie et al., 1998), cucumber (Liu et al., 2009),
sword fern (Sivanesan et al., 2014), and tomato (Khan et al., 2020) while
enhancing the heat stress tolerance. Furthermore, the combined use of
Si and PGPRs has been established as a sustainable strategy for
alleviating crop abiotic stresses (Rizwan et al., 2015; Kaushal and Wani,
2016; Mahmood et al., 2016). Heat, heavy metal toxicity, nutrient
deficiency, salinity, and water deficit are some of the stresses overcome
by plants (Verma et al., 2019) due to the interaction of both PGPRs and
Si which could be the synergistic result of both available Si and PGPR
mediated regulation of plant hormones biosynthesis, i.e., auxins, abscisic
acid (ABA), cytokinins, gibberellins, and ethylene (Kim et al., 2014; Yin
et al.,, 2016; Tsukanova et al., 2017). Most of the studies related to the
combined application of silicates and plant growth-promoting bacteria
involved the use of soluble silicates (Al-Garni et al., 2019; Kubi et al.,
2021; Mahmood et al, 2022) unlike the present study wherein
inoculation with silicate solubilizing bacteria (Rhizobium sp. IIRR N1)
could have made available soluble Si from insoluble biogenic silicates as
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was reported earlier by Chandrakala et al. (2019a). The accelerated
release of soluble Si from diatomaceous earth (diatom frustules of
amorphous Si), which is highly recalcitrant to solubilization, through
bio-dissolution by microbes has been reported earlier (Bidle et al., 2002;
Roubeix et al., 2008; Holstein and Hensen, 2010). Microorganisms also
play a role in decomposing phytolith silica contained in crop residues
such as straw (Alfredsson et al., 2016; de Tombeur et al., 2021).

The effect of inoculation with Rhizobium sp. IIRR N1 and
G. diazotrophicus application were similar to earlier reports on PGPRs
mitigating heat stress. Inoculation with Bacillus cereus, Pseudomonas spp.,
Serratia liquefaciens, P. fluorescens, Pseudomonas putida, and Bacillus
tequilensis SSB07 has alleviated heat stress in several crops like tomato,
pigeon pea wheat and soybean (Kang et al., 2019). The capability of
1-aminocyclopropane-1-carboxylate (ACC) deaminase activity in
bacteria is presently one of the main selection criteria while identifying
bacteria for plant stress alleviation (Gupta and Pandey, 2019; Etesami
etal,, 2020; Orozco-Mosqueda et al., 2023). The enzyme ACC deaminase
degrades ACC, the precursor for ethylene in plants into ammonia and
alpha-ketobutyrate (nitrogen and carbon nutrient source for the bacteria)
resulting in reduced stress ethylene production by plants thereby enabling
plants to escape the adverse effect of the gaseous hormone. ACC
deaminase producing Methylobacterium oryzae (Roy et al.,, 2022) and
Glutamibacter sp. (Ji et al., 2020) and Burkholderia sp. (Sarkar et al., 2018)
inoculation has been reported to induce salt stress tolerance, while
Bradyrhizobium SUTN9-2 (Sarapat et al., 2020) enhanced rice growth
under drought stress condition in rice. Submergence tolerance also have
been induced in rice treated with ACC deaminase producing
Microbacterium sp. AR-ACC2, Paenibacillus sp. ANR-ACC3, and
Methylophaga sp. AR-ACC3 which resulted in significant growth
improvement growth parameters when compared with non-treated seeds
(Bal and Adhya, 2021). There is a paucity of studies on the interactions
between rice and bacteria and their role in inducing heat stress tolerance.
Both bacteria used in this study possess unique traits that could have
played a role in improving rice seedlings’ tolerance to heat stress.
Rhizobium sp. IIRR N1, in addition to silicate solubilization potential, can
produce TAA and ACC deaminase, which could have modulated stress
ethylene levels in seedlings while inducing heat stress tolerance
(Chandrakala et al,, 2019b). G. diazotrophicus is well known as a drought
stress alleviator (Filgueiras et al., 2020; Silva et al., 2020), though its effect
on plants during heat stress has not been studied.

The highest Si content in root and shoot in this study were
observed to be in treatment with silicon and Rhizobium sp. IIRR N1
plus G. diazotrophicus (H+ Si+RG) followed by those treated with
silicon alone and treatment of Rhizobium sp. IIRR N1 plus
G. diazotrophicus under heat stress conditions. Diatomaceous earth
(Marxen et al., 2016) and rice straw incorporation (Pati et al., 2016;
Sandhya and Prakash, 2019) in soil have been reported to influence
the uptake of Si by rice plants. However, both diatomaceous earth and
rice straw show variability in their ability to supply Si to plants (Duboc
etal., 2019; Zellener et al., 2021) due to slow and inconsistent release
of soluble Si that does not match to the plant demands. The inoculation
of these Si source with silicate solubilizing bacteria is expected to
improve the efficiency of these silicate sources. Thus, our findings on
morphological traits demonstrate that exogenous application of both
silicon and Rhizobium sp. IIRR N1 plus G. diazotrophicus (H+Si+RG)
can alleviate the effect of heat stress in rice seedlings plants enhancing
plant growth attributes, such as root length, shoot length, silicon
content in root and shoot and seedling biomass production.
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The combined application of silicon and Rhizobium sp. IIRR N1
plus G. diazotrophicus (H+ Si+ RG) significantly increased chlorophyll
content, relative water content in leaf followed by Rhizobium sp. IIRR
N1 plus G. diazotrophicus (HS+RG) and silicon alone (HS+ Si)
respectively under heat stress conditions. Our findings on the
chlorophyll content and relative water content concur with earlier
studies in rice crops (Ma et al., 1989; Tamai and Ma, 2008; Detmann
et al,, 2012), which demonstrated that Si application increased plant
growth, chlorophyll content, photosynthetic activity and subsequently
enhanced productivity. In our results, electrolyte leakage was lowest
in the combined application of silicon and Rhizobium sp. IIRR-1 plus
G. diazotrophicus followed by Rhizobium sp. IIRR-1 plus
G. diazotrophicus and silicon alone, respectively, under heat stress
conditions. It has been reported that heat stress causes electrolyte
leakage in higher plants grown without Si or under minimal Si applied
conditions (Agarie et al., 1998). In rice, increasing the level of Si
reduces the electrolyte leakage from leaf tissues, indicating that the
concentration of Si in leaf tissue is correlated with cell wall
polysaccharides level and also indicates Si role in maintaining thermal
stability of lipids in cell membranes (Agarie et al., 1998).

Heat stress induces the production of highly toxic reactive oxygen
species (ROS) leading to oxidative stress (Sarkar et al., 2018), and damages
the various cellular, sub-cellular membranes, and macro-molecules
causing disturbances in cellular homeostasis (Foyer and Noctor, 2011).
Also, ROS molecules disturb the photosynthetic system (PSI and PSII)
and cell membrane stability by triggering electrolyte leakage and
autocatalytic lipid peroxidation (Tiwari and Yadav, 2019). Plants cope
with oxidative damage by enhancing the endogenous content of catalase,
peroxidase, superoxide dismutase, glutathione reductase, guaiacol
peroxidase, ascorbate peroxidase, and dehydroascorbate reductase which
are enzymatic antioxidants that protects against the oxidative stress
produced during to abiotic stresses (Etesami and Jeong, 2018; Verma
etal,, 2019). It has been reported that PGPR-induced antioxidant enzymes
production has the potential to mitigate the abiotic stresses in plants by
reducing ROS (Etesami and Jeong, 2018). Also, exogenous application of
Si may alleviate oxidative damage during abiotic stresses in plants by
modifying the antioxidant machinery consisting of both enzymatic and
non-enzymatic components (Zhu and Gong, 2014; Kim et al., 2017).

Our findings revealed that both silicon and Rhizobium sp. IIRR
N1 plus G. diazotrophicus application under heat-stressed rice
seedlings increased the enzymatic antioxidants activities in line with
earlier reports on tomato soybean and wheat crop (Ali et al., 2009,
2011; Meena et al., 2015; Choudhary et al., 2016; Bisht et al., 2020). In
wheat, Pseudomonas putida AKMP7 has enhanced the shoot and root
length, dry biomass, tillers number, grain formation, and decreased
membrane injury and antioxidant enzyme activities such as SOD,
APX, and CAT under heat stress conditions (Ali et al., 2011). In wheat,
auxin-producing Azospirillum brasilense was shown to alleviate heat
stress by maintaining water status (Choudhary et al., 2016). In rice,
combined application of bacterial inoculants and nano-silicon
improved antioxidant activities under salt stress conditions (Alharbi
etal,, 2022). Kim et al. (2017) also reported that combined exogenous
application of PGPRs and silicon may alleviate oxidative damage in
crops by inducing ROS, CAT, POD, SOD, GR and APOD enzymatic
activities under various abiotic stress conditions.

At the molecular level, the HSP genes viz. OsHsp90, OsHsp100,
60kDa chaperonin, two phyto-hormone genes viz. OsIAA6 and OsERS]
and two silicon transporter genes, OsLsil and OsLsi2 showed higher
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expression in the treatment of HS+ RG and HS +Si+RG over control
(HS) in root tissues under heat stress conditions. Whereas, in shoot
tissues, two HSP genes viz. OsHsp90, 60kDa chaperonin, and OsIAA6
showed higher expression in HS +Si and HS+RG. The OsLsi6 silicon
transporter gene showed higher expression in response to HS+Si+RG
treatment in shoot tissue under heat-stress conditions. It has been
reported that plants overcome heat stress by mechanistic response via
activation of conserved pathways, including overexpression of
ABA-responsive genes, calcium-sensing proteins, HSPs-induced protein
folding, and ROS-scavenging genes (Janni et al., 2020). Plants develop a
diverse array of heat stress tolerance mechanisms including biosynthesis
of heat shock proteins (HSPs), biosynthesis of specific phytohormones,
and scavenge the ROS mechanism (Khan et al., 2020; Raza et al., 2021;
Haider et al,, 2021a,b). Our findings while profiling the gene expression
of HSPs, hormone-related, and silicon transporters genes are concurrent
with previous results on the combined application of PGPRs and Si that
have documented enhanced expression of these genes while exhibiting
tolerance to heat stress (Tiwari et al., 2016; Janni et al., 2020; Khan et al.,
2020). It has been reported that Si-based activation of HSFs and HSPs
interact with various signaling cascades triggered by Ca** phospholipids,
phytohormones, and H,0O,, to reduce the effects of heat stress in crop
plants (Liu et al., 2015; Sharma et al., 2019). The role of Si in inducing
heat stress tolerance by stimulating heat shock proteins, antioxidant
system, and phytohormone production in tomatoes was demonstrated
by Khan et al. (2020).

In rice, silicon transporters viz. OsLsil and OsLsi2 are present in
the plasma membrane of rice plant cells and are located on the distal
side of the cell and proximal side of the cell and play a role in Si influx
and efflux, respectively, (Ma et al., 2007). In rice, Si is taken up by rice
roots in the available form of silicic acid (SiOH4) through Si influx
(LsiI) and efflux transporters (Lsi2) genes and then translocated into
aerial organs, i.e., shoots through xylem transpiration stream
unloaded by Lsi6 (Yamaji et al., 2008, 2015). Tiwari et al. (2016)
demonstrated that they induce the expression of stress-responsive
genes of rice seedlings in response to B. amyloliquefaciens NBRI-SN12
and enhanced the accumulation of osmoprotectants mitigate the heat-
stress conditions. Similarly, Pseudomonas sp. AKM-P6 treated
sorghum seedlings showed higher expression and accumulations of
HSPs and generating EPSs, which leads to tolerance to the heat stress
conditions (Sandhya et al., 2009).

Thus, our findings revealed exogenous application of both silicon
and Rhizobium sp. IIRR N1 plus G. diazotrophicus (H+Si+RG)
showed higher expression of silicon transporters genes OsLsil, OsLsi2,
and OsLsi6 in root and shoot tissue under heat stress conditions,
suggesting enhanced Si uptake and played a role in mitigating heat
stress. This role might be due to the uptake of Si from root to shoot
and Si in the shoot provides strength to leaf and shoot tissue by
minimizing the adverse effects leading to alleviating the heat stress in
rice seedlings. This role might be attributed to the accumulation of Si
in the shoots, providing additional strength to the leaf and stem
structure to minimize the adverse effects of heat and drought stress,
hence leading to a higher tolerance.

Conclusion

Globally, reduction in yield of crops due to heat stress is a
major concern. Silicon dependent stress emancipation of plants is
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gaining popularity as a reliable, eco-friendly strategy to meet
global food demands in a sustainable manner under stress
agriculture. The results obtained in this study demonstrates that
mixed bacterial inoculum of Rhizobium sp. IIRR NI and
Gluconacetobacter diazotrophicus along with insoluble silicates like
diatomaceous earth and rice straw when used in combination as a
organo-mineral biofertilizer, can result in conferring heat stress
tolerance to a heat susceptible rice genotype.
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