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ABSTRACT: One of the major problems associated with high pH calcareous soils is micronutrient
unavailability. Paddy grown in such soils is usually low in total bio-available microelements in
general, and, Iron in particular. In present study bio-available contents of iron i.e. ferritin, were
enhanced by exploiting the positive interaction of plants and microbial biomass in the presence of
biochar in elemental sulfur treated calcareous soil. First, pH of soil was manipulated to 6.5 units by
carrying out an incubation study. Four rates i.e. 0, 1.5, 2, 2.5, 3 g kg™ soil of elemental sulfur were
used. To maximize translocation and uptake of DTPA extractable Fe i.e. 15 kghairon fertilizer was
applied in combination with biochar, 1% (w/w) and Burkholderiaphytofirmans PsJN inoculation.
Results showed that combined application of Fe, Burkholderiaphytofermans and biochar enhanced
physiology, crop stand and over all rice crop turn out in pH manipulated soil relative to control. Bio-
available Fe i.e. ferritin was increased by 2.54 folds while phytate contents were reduced by 35%
compared to control. Quality of grain was assessed by quantifying protein, fat, ash and crude fiber that
were improved by 36%, 37%, 69% and 48% respectively in pH modified soil over control. It may be
concluded that integrated use of endophytic PsJN and carbon-rich biochar in pH modified soil can be a

good option for iron biofortification in rice.
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INTRODUCTION

Climate change and bourgeoning population
have become two most daunting challenges of the age. It
is alarming to note that by 2050 population of the world
is going to increase by 9.8 billion, 34% what it is today
(UN, 2017). Food security has become a major concern
that demands increase production per unit area focusing
its nutrient availability. Most cereals staple food i.e.
wheat, maize, rice are naturally poor in micronutrients
like Fe, Zn and vitamins (Kumar et al. 2019, Wakeel et
al. 2018). Particularly rice grains roughly contain Fe in
the range between 1 - 11 mg/kg bioavailable iron
(Kenzhebayeva et al. 2020; Maganti et al. 2019) which is
in not enough to assure the everyday intake of iron.

Despite being micronutrient iron controls and
maintains variety of biochemical and physiological
functions in living systems (Adnan et al. 2020). It is iron
that involves in regulating mitochondrial functionalities
in plants and also responsible for growth retardation if
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not available in adequate quaintly (Greenfield 2020). It
also supplements chlorophyll synthesis and nitrogen
assimilation (Sangeetha et al. 2021); while insufficient
availability of iron results in yellowing of leaves i.e.
interveinal chlorosis and decline in yield While in
humans it plays the key role in making of blood carrying
protein i.e. hemoglobin, helps in binding of oxygen to
Red Blood Cells, aids in brain development and regulates
muscles activities (Cortese-Krott et al. 2020; Bianco et
al. 2018). Contrarily, anemia, impaired nervous system,
loss of immunity against disease and poor workability of
children are some of the issue related to inadequate
supply of iron to human body (Price 2018; Liberal et al.
2020).

Calcareous soils are not deficient in iron; rather
its inaccessibility for plant absorption in these soils is
major issue associated with these soils (Ramzani et al.
2017). A number of soil factors are involved in
determining solubility, mobility and availability of iron in
calcareous soils (Moradi and Karimi 2021). Nonetheless,
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solubility and translocation of iron from soil to plants
controls by single dominating factors that is soil pH
(Antoniadis et al. 2021). In high pH calcareous soils
adsorption of iron on the soil particulate matter results in
its deficiency in soil solution. (Dhaliwal et al. 2021).
Besides, dominating species of iron in soil solution is
highly soluble ferrous ions (Fe?), and which with
increase in pH transforms into less or sparingly soluble
ferric ions (Fe®) reported by White (2018). So soil pH
coupled with redox reaction in calcareous soils promotes
non-availability of iron for plant absorption (Ramzani et
al. 2017)

Besides soil factors some anti-nutritional factors
i.e. phytate and phenolic compounds which affects the
bioavailability of Fe (Magalhaes et al. 2017; Mann and
Truswell 2017). Of the key concerns, grain phytate,
stocked phosphorous which deposits when seed develops,
obstruct Fe absorption in intestinal tract (Pavord et al.
2019). During digestion, it gets bind to Fe and forms
insoluble compounds thus decrease the absorption of Fe
along with different essential micronutrients in humans
(Nissar et al. 2017; Corte-Rea and Bohn 2018; Milman
2020). Contrary to ferritin- a stable iron storage protein
keeps the bioavailability of iron constant in grains
(Boonyaves et al. 2017, liberal et al. 2020) as well during
digestion as it does not undergo denaturation (Yin 2021).

Soil pH manipulation using some acidifying
agent i.e. elemental sulfur speeds up solubility and
availability of micro-nutrients (Fe) for plants (Osman
2018; Hartz 2020). Two protons (H*) are ought to be
obtained from mineralization of elemental sulphur,
consequently, increasing the acidity and mobilizing micro
elements adsorbed on particulates into micro environment
(Zaccheo et al. 2021; Pot et al. 2021). To tackle with the
micronutrient deficiency one may either go through
clinical medication i.e. supplementation, food
fortification i.e. enrichment of food with some mineral or
vitamins (iodized salt and Vitamin D- enrich milk) or by
making some modification in cooking and processing
(Man et al. 2021). However, it needs several
precautionary measures, smooth and unbroken public and
political interests backed by heavy financial supports that
may last long (Fiedler et al. 2020). Contrary to these
conventional strategies, biofortification is a profitable,
sustainable and targeted strategy that provides sufficient
quantity of micronutrients in balance during the whole
life span (Bouis 2019; Rehman et al. 2019)

It is important and bear reporting that since last
20 years, scientists have explored the biochar science to
maximize nutrient cycling as well as crop output (Rawat
et al. 2019). As the matter of the fact, biochar itself keeps
reserves of nutrients (Kopecky et al. 2020) releases
slowly but steadily, making the nutrients availability
possible in the most nutrient limiting condition as well
(Bolan et al. 2021). Large surface area, towering cation
exchange capacity and porous nature of biochar
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significantly contribute to make it an effective and
sustainable amendment especially for biofortification
program (Das and Ghosh 2020; Gaffar et al. 2021)

To chart a new course, researchers are struggling
hard to exploit as much as possible eco-friendly and
sustainable approaches. Microbial inoculation proves a
reasonable solution in this regard. Endophytes inhabit the
plant internal organs like root and shoots (Krishnamoorth
et al. 2021; Bomfim et al. 2020). They not only
improving plant growth, but also induce immunity
against biotic and abiotic stresses (Harman and Uphoff
2019; lasur Kruh et al. 2020). These tiny creatures are
capable to regulate important biochemical reaction i.e.
nitrogen fixation and auxin production in plants (Ullah et
al. 2019; Rana et al. 2020). One of the most significant
feature of the said microbe is the production Fe-
siderophores, that accelerates iron in soil system
(Walitang et al. 2017; Garcia-Latorre et al. 2021) making
it a suitable candidate for Fe-biofortification studies.
(Kaur et al. 2020). Plethora of works on biofortification
of rice, maize and wheat is on record using either
biotechnology or improving its breeding techniques
(Dapkekar et al. 2020; Rhowell et al. 2021). Current
study was designed to maximize solubility and
translocation of soil and seed bounded iron by exploring
the potential of endophytes in biochar enriched sulfur
treated soil.

MATERIAL AND METHODS

Experimental soil: Soil used in lab and pot study was
collected from Soil and Environmental Science research
area; University of Agriculture Faisalabad. Well before
use for incubation and pot trail various soil was shade
dried, thoroughly mixed and passed through a 2-mm
sieve and removing pieces of stones. After
homogenization, composite soil was tested different
physical and chemical properties. Daily temperature
values kept nearly 28-30°C during day time, night
temperature 20-23°C. Level of relative humidity was
maintained between 44.9 to 75% soil-air water
percentages at given temperature.

pH manipulation of soil: To manipulate the pH of soil
crude sulphur was employed. Four rates of S° i.e. 0, 1.5,
2, 2.5, 3 g kg'! soil were chosen in order to select the rate
of sulfur to create acidity in soil to 6.5 units. Elemental
sulfur was first ground to a powder with the help wooden
spatula, sieved to remove all the impurities well before
use in incubation study. Small plastic trays were filled
with 500 g soil and were incubated at room temperature
and 64% WHC for 105 days. Crude sulfur treated soil
was manually mixed twice a day thereby to ensure
aerobic conditions for sulfur oxidizing microbial
population. On the other hand, to maintain moisture level
in experimental soil deionized water was applied. Soil pH
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was measured once a week using distilled water in
soil:water ratio of 1:5. Rate of sulphur to lower down the
soil pH to 6.5 units was as under (Table 1).

Inoculum preparation: For inoculums preparation, a
loop of said microbe i.e. B. phytofirmansstrain PsJN was
provided by Microbiology and Biochemistry Lab.
Institute of soil and Environmental Science; University of
Agriculture Faisalabad. For multiplication of the microbe,
250 mL LB broth was prepared and autoclaved in a 500-

mL Erlenmeyer flask and incubated at 28°C and 150 rpm
for 48 hours. Spectrophotometer (SPECTRONIC
GENSIS 5 MULTON ROQY)) was used to adjust optical
density of broth 0.5 and was recorded at K 535 nm. All
this was done to get a homogeneous bacterial biomass i.e.
108-10° colony forming units (CFU) mL%in the LB liquid
media. After transplantation, 2 week aged healthy
seedlings were inoculated with 50 mL of B. phytofirmans
PsIN::gusA10 containing about 10° cells mI* per pot.

Soil characteristics

Soil pH (soil saturated paste) (HI 2211-pH/ORP meter, HANNA Instrument).
Soil textural class (Gee and Bauder, 1986; Moodie et al. 1959).
Soil organic matter (Walkley-Black method, Nelson and Sommers, 1982)

Soil EC
Calcium carbonate (CaCQgs) (Allison and Moodie 1965).

Plant available (DTPA-extractable) Fe and Zn (Lindsay and Norvell 1978).

Phosphorous (Watanabe and Olsen 1965)
Nitrogen (Bremner and Mulvaney 1982)
Extractable K (Flame Photometer at 767-nm wavelength).

8

Loam

0.54%

1.88dSm*

4.8%

3.7 and 0.49 mg kg™*
7.9mg kgt

0.42%

107 mg kg*

Pot experiment: For pot experiment, plastic pots of
capacity10 kg, with 9 kg of sulfur amended soil, collected
lab study were filled. For biochar preparation eucalyptus
as a feed stock was used while pyrolysis was done at
400°C. Chemical and biochemical attributes of biochar
were measured as pH 6.66, organic carbon 52.8 %,
Electrical Conductivity 1.90dS m, Iron 298.4 mg kg*,
Manganes 131.8mg kg, Cupper 155.6 mg kg, Zinc
111.7 mg kg BC and Carbon to Nitrogen ratio 53. By
following treatment plan, experimental soil was mixed
with eucalyptus biochar @1% w/w (Table 1). Hydrated
ferrous sulphate (FeSO4.H-0) as iron fertilizer, @7.5 mg
kg soil was also applied. Healthy rice seedlings of
variety Basmati 515 aged 28 days were shifted to
amended soil. Recommended dose of N:P:K 2:1:1.5 were
applied using urea, K;SO4 and SSP. Other half of N
fertilizer i.e. 0.03 g N kg soil was added after 3 weeks
of seedlings transplantation. Submerged condition for
uniform growth of rice seedlings were maintained using
distilled  water.  Physiological ~ parameters like
photosynthesis  (A), stomatal conductance  (gs),
transpiration rate (E), vapor pressure deficit (VPD) and
sub-stomatal conductance (Ci) using CIRAS-3 (PP
System Amesbury, MN, USA) of rice plants were
recorded when reached aged 2 months. When rice karnals
were turned golden yellow crop was harvested and
threshed manually and grains were separated. These were
then washed thoroughly using deionised water. After
shade drying of root and shoot samples these were oven
dried at 70°C till the constant weight (Tokyo Rikakikai,
Eyela WFO-600 ND, Tokyo, Japan). Root and shoot
dried weights were recorded.

Chemical and biochemical analysis: Oven dried plant
root and shoot samples were ground using mill (IKA
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Werke, MF 10 Basic, Staufen, Germany) and digested in
nitric acid and percholoric acid mixture in ratio 2:1
(Jones and Case 1990) for their chemical and biochemical
measurements. DTPA- extractable Fe was measured from
the digested samples of root, shoot and grain were run on
atomic absorption spectrophotometer (PerkinElmer,
AAnalyst 100 and Waltham USA). While saturation
percentage was calculated by following methods
prescribed in AOAC (2003). Protein contents were
determined by following Bradford (1976) colorimetric
method. For ash contents sample was digested in muffle
furnace at 550°C till the gray white ash collection
(AOAC, 2003). Fat determination was carried out using
Soxhlet apparatus (AOAC 2003). Ether extraction
followed by digestion in H,SO4 and KOH solution of rice
grain was done. After digestion, left over residues were
again hated in the furnace, loss in weigh named as crude
fiber. While Nitrogen free extract was calculated using
difference method as,

NFE = (100-% moisture + % crude fat + %
crude protein + % ash + % crude fiber).

For the quantification of Phytate in grain sample
Haug and Lantzsch (1983) were followed. Briefly, 55.9 g
of grain sample was prepared by grinding the whole grain
and was extracted for 120 minutes at 25 degree
centigrade with 10 mL of 0.2 N HCIL Using
spectrophotometer (Shimadzu, UV-1201, Kyoto, Japan)
phytic acid contents were calculated from extracted
samples. For ferritin content measurement, grain sample
was prepared as method described by Lukac et al. (2009).
However, bioavailable Fe i.e. ferritin was determined by
Rebecca et al. (2009) with some modifications and final
readings were (absorbance) taken at 450 nm by
developing direct ELISA.
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Statistical analysis: A completely randomized design,
each treatment in triplets was arranged for pot study. One
way ANOVA was used to determine treatment effect on
plant growth. Treatment mean comparison was carried
out by using Duncan's multiple range test (DMRT) (p <
0.05) at SPSS statistic software version 22 (SPSS, Inc.,
Somers, NY, USA).

RESULTS

Photosynthetic measurements in rice leaves: In rice
leaves, photosynthetic activity (A) as significantly
decreased in calcareous soil (Table 2). When compared
with control, either sole or in combination with biochar
and microbial inoculation, Fe fertilizer significantly
increased the photosynthetic activity; nevertheless, results
were different in both acidified and normal soil.
Photosynthesis was increased up tol.24 folds when pH
manipulated soil was amended with Iron, biochar and
PsJN as a single treatment over its respective control.
Likewise, all organic and mineral treatments
positively influenced transpiration rate (E) by the first
order and second order interaction compared with control
(Table 2). It was observed that upon integrate use of
biochar, endophyte and iron fertilizer transpiration
activity increased upto 98% in sulfur treated soil over

control. Similarly, 58% to 68% improvement in stomatal
gas exchange (gs) was observed in S amended soil where
soil was treated with biochar, PsIJN and iron, compared
with 50% increase in normal soil with same treatments
(Table 2). However, sub-stomatal conductance (Ci) was
reduced with Fe fertilization, biochar and microbial
inoculation in both normal and pH manipulated soils
(Table 2). Highest reduction (18%) in sub-stomatal CO;
conductance was recorded where organic (biohar and
PsJN) and inorganic 9Fe and S) amendments were used
over its respective control.

Plant dry matter and grain yield: Application of biochar
and microbial inoculation increased he effectiveness of
Fe fertilizer that ultimately influenced the root and shoot
dry weight (p <0.05) (Table 3). A significant increase in
dry matter yield was observed in sulfur amended soil
relative to control. In root dry weight, 28% increase while
63% increase in short dry weight was recorded,where
biochar was applied in combination with PsJN and Fe
fertilizer in acidified soil relative to control. Besides
increasing total number of tiller plant™(40%) integrated
use of biochar, microbial inoculation and Fe fertilizer
increased the rice grain yield (16%) in S treated
calcareous soil relative to control (Table 3).

Table 1 Effect of sulfur applied with Fe, BC and PsJN on soil pH. Sulfur applied with treatments in each pot
having 8 kg soil and its effect on soil pH after sulfur oxidation as observed in each pot before sowing

crop.
Treatments Abbreviation Initial soil Iron solubilizing agent (Elemental Soil pH
pH Sulfur) before crop
Sulfur Corresponding H* ions sowing
(g kg soil) (mmol kg™ soil)
Control C 8+0.01 8+0.01
Biochar BC 8+0.01 7.940.03
PsJN PsJN 8+0.01 8+0.02
Biochar + PsJN BC + PsJN 8+0.01 7.940.02
Iron Fe 8+0.01 7.9+0.02
PsJN + Iron PsJN + Fe 8+0.01 7.9+0.02
Biochar + Iron BC + Fe 8+0.01 7.9+£0.01
Biochar + PsJN + Iron BC + PsJN + Fe 8+0.01 . . 7.9+0.02
Sulfur S 8+0.01 25 156.2 6.5+0.03
Sulfur + Biochar S+BC 8+0.01 25 156.2 6.5+0.03
Sulfur + PsJN S + PsIN 8+0.01 25 156.2 6.5+0.03
Sulfur + Biochar + PsJN S+ BC + PsJN 8+0.01 25 156.2 6.5+0.03
Sulfur + Iron S+ Fe 8+0.01 25 156.2 6.5+0.03
Sulfur + PsJN + Iron S+ PsIN + Fe 8+0.01 25 156.2 6.5+0.03
Sulfur + Biochar + Iron S+BC+Fe 8+0.01 2.5 156.2 6.5+0.03
Sulfur + Biochar + PsJN + Iron S+ BC + PsJN + 8+0.01 2.5 156.2 6.5+0.02
Fe

Fe in soil and different organs of rice crop: Application grain by first order and second order interactions (Table
of Fe fertilizer in combination with microbial inoculation 4). Increasing soil acidity using elemental sulfur,
and biochar improved iron contents in root, shoot and increased DTPA-Fe in plant dry matter (root, shoot,
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grain). The effectiveness of biochar, PsJN and Fe
fertilizer significantly increased in sulfur treated soil
which was evident from 1.19 foldsincrease in DTPA
extractable Fe relative to control. An increase of 1.17 fold
was recorded for shoot Fe concentration in pH
manipulated soil compared with 69% increase in un-
amended control. However microbial inoculation, biochar
and iron fertilizer improved the grain byl1.22 foldsin
sulfur treated soil relative to control.

Grain proximate composition: Rice plants grown in both
of the soil i.e. normal and manipulated pH showed varied
degree of significant (p < 0.05) increase in grain
proximate composition when treated with sulfur and
amended with biochat, Fe and PsJN (Table 5). It was
observed that under soil acidification, biochar, microbial
inoculation and Fe fertilizer 68% increase in ash contents
was recorded relative to 64% in un-amended control.
Likewise, 36% increase in crude fat and 38% increase in
protein contents were recorded when iron was applied
with PsJN and C-rich biochar compared to control (Table
5). Similarly, crude fiber contents were significantly (p
<0.05) improved from 32 to 48% by the application of

PsJN, organic amendment and mineral fertilizer in sulfur
affected soil.A significant increase i.e. 30% in moisture
contents were also observed in acidified soil, when Fe
fertilizer was tested against biochar and PsJN relative to
control

Grain phytate and ferritin concentration: A significant
(p<0.05) reduction in phytic acid concentration was
recorded in treatment iron, biochar and bacterial
inoculation with and without sulphur application (Figure
2). Phytic acid contents were decreased up to 32% with
integrated use of biochar and microbial inoculation in pH
manipulated soil relative to control. Nevertheless, highest
reduction i.e. 35% in phytate concentration was recorded
when Fe fertilizer was mixed with biochar and microbial
inoculation with respect to control in Sulphur treated soil.
On the other hand, plants provided with iron fertilizer
significantly improved bioavailable Fe i.e. ferritin
contents in both original andacidified soil (Figure 1-A,
B). Highest increase in grain ferritin consents i.e. 2.54
folds were recorded when PsJN, iron and biochar were
applied as single treatment in sulfur treated soil with
respect to control.

Table 2 Effect of Biochar, PsJN and Fe on physiological parameters of ricecrop. Means bearing same letter(s) are
statistically non-significant according to Duncan’s multiple range test (p < 0.05).

Treatments Control Bc PsJN Bc+PsJN Fe PsIN+Fe Bc+Fe Bc+PsIN+Fe

A

pH 8 9.00k 11.13i 11.47hi 12.01h 14.93e 15.65e 16.73d 18.99¢
+0.08 +0.01 +0.01 +0.07 +0.01 +0.03 +0.03 +0.06

pH 6.5 10.06j 13.18fg 12.92g 13.92f 18.94c 21.58b 21.17b 22.56a
+0.04 +0.00 +0.02 +0.01 +0.03 +0.01 +0.11 +0.04

E

pH 8 3.75k 3.88jk 3.88jk 4.02j 4.91¢g 5.41e 5.47e 6.15¢c
+0.02 +0.15 +0.05 +0.05 +0.01 +0.01 +0.02 +0.02

pH 6.5 3.451 4.37i 4.58h 5.16f 5.90d 6.74ab 6.76ab 6.89a
+0.09 +0.02 +0.03 +0.01 +0.05 +0.01 +0.01 +0.02

Ci

pH 8 277.66a 266.04b 262.22b 259.01b 212.07de 213.67de 204.23def 202.66ef
+0.33 +0.61 +1.06 +0.66 +0.58 +0.45 +0.88 +0.88

pH 6.5 238.55¢ 227.99c 231.58¢c 215.05d 202.23¢f 197.56f 195.52f 194.66f
+0.66 +0.65 +0.76 +0.56 +0.28 +0.27 +0.28 +0.33

Gs

pH 8 317.33k 335.9jk 367.00i 416.40fg 437.00ef 459.70cde 474.90c 477.70c
+2.33 +2.40 +3.05 +2.64 +1.15 +3.52 +1.85 +1.45

pH 6.5 357.00ij 396.30gh  378.30hi 444.30de 465.70cd 586.30a 555.70b 595.30a
+1.73 +2.33 +1.85 +2.40 +2.60 +3.05 +2.08 +2.90

VPDd

pH 8 3.93a 3.85b 3.81b 2.93d 2.42f 2.369 2.33g 2.14h
+0.01 +0.01 +0.00 +0.01 +0.01 +0.01 +0.01 +0.01

pH 6.5 3.15¢ 2.70e 2.93d 2.44f 2.329 2.07i 2.15h 2.02i
+0.02 +0.02 +0.03 +0.01 +0.01 +0.01 +0.03 +0.02
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Table 3 Effect of Biochar, PsIJN and Fe on growth of ricecrop. Means bearing same letter(s) are statistically non-
significant according to Duncan’s multiple range test (p < 0.05).

Treatments Control Bc PsIN Bc + Fe PsJN + Bc+ 15 Fe Bc + PsJN +
PsJN Fe Fe

Plant height

pH 8 71.67i 75.47gh 74.33h 76.87fg 76.50fg 80.20e 80.40e 86.10c
+0.33 +0.98 +0.88 +0.46 10.33 +1.34 +0.55 +0.14

pH 6.5 74.10h 76.73fg 75.33gh 77.73f 83.93d 98.53a 95.33b 100.33a
+0.92 +0.63 +1.20 +0.96 +1.57 +0.33 +0.56 +0.88

Root dry weight

pH 8 1.86j 2.28f 2.21g 2.42d 2.12h 2.47c 2.41d 2.54b
+0.10 1+0.14 +0.05 +0.01 +0.04 +0.18 10.02 +0.10

pH 6.5 2.06i 2.36e 2.26f 2.42d 2.47c 2.62a 2.52b 2.64a
+0.02 10.15 +0.19 +0.08 10.07 +0.03 10.01 +0.02

Shoot dry weight

pH 8 11.50i 12.68gh 12.53h 15.09d 12.85gh 12.51h 14.14¢f 18.00c
+0.22 +0.16 +0.13 +0.27 +0.14 +0.18 +0.37 +0.40

pH 6.5 12.59h 14.31e 13.96ef 18.12c 13.44fg 19.73b 19.23b 20.58a
+0.12 +0.37 +0.51 +0.31 +0.53 +0.24 +0.14 +0.31

Total no. of tiller

pH 8 6.00e 7.33cd 6.67cde 7.67bc 6.33de 7.00cde 7.00cde 7.67bc
+0.66 +0.33 +0.33 +0.33 +0.33 +0.00 +0.66 +0.33

pH 6.5 6.67cde 7.33cd 7.00cde 8.67ab 7.33cd 9.00a 9.00a 9.33a
+0.67 +0.33 +0.00 +0.33 +0.67 +0.66 +0.33 +0.33

1000 grain weight

pH 8 11.53f 12.26de 11.95ef 11.79¢f 12.04ef 12.18de 12.68cd 13.06bc
+0.02 +0.02 +0.01 +0.16 +0.16 +0.12 +0.11 +0.03

pH 6.5 11.83ef 12.36de 12.31de 12.71cd 13.04bc  13.61ab 13.57ab 13.79a
+0.14 10.17 +0.28 +0.04 10.02 +0.01 +0.00 +0.01

Table 4 Plant available Fe in soil after crop harvest and iron concentration (mg kg™) in root, shoot and grain of
rice. Means bearing same letter(s) are statistically non-significant according to Duncan’s multiple range
test (p < 0.05).

Treatments Control Bc PsJN Bc + Fe PsJN+Fe Bc+ Fe Bc + PsJN
PsJN +Fe

DTPA extractable Fe

pH 8 4.07fg 3.92g 4.96e 4.93e 7.07cd 6.57d 8.36b 8.42a
+0.08 +0.05 +0.02 +0.01 +0.04 +0.16 +0.25 +0.06

pH 6.5 4.61efg 4.81ef 4.77ef 7.18cd 7.61c 9.95a 9.73a 10.14a
+0.05 +0.11 +0.02 +0.48 +0.09 +0.09 +0.01 +0.02

Grain Fe

pH 8 42.98j 36.60k 52.28h 50.55h 70.81e 65.91f 82.55d 88.75¢
+0.64 +0.63 +0.52 +0.64 +1.06 +0.68 +0.16 +0.75

pH 6.5 46.53i 50.11h 58.14¢g 65.80f 80.15d 97.41b 88.50c 103.63a
+1.15 +0.40 +0.85 +0.55 +0.77 +0.37 +1.41 +0.93

Root Fe

pH 8 145.00ij 139.67j 152.00hi 168.67fg 179.67de  177.67def 191.33bc 198.33b
+2.30 +2.27 +1.15 +0.67 +0.33 +0.67 +0.88 +0.33

pH 6.5 155.00h 166.33hi 158.67hi 172.33efg  185.33cd 215.00a 210.00ja 229.33a
+2.08 +1.15 +0.33 +1.20 +2.18 +1.00 +1.45 +0.67

Shoot Fe

pH 8 73.67j 67.33k 80.00hi 83.50gh 97.30e 88.67f 109.00d 124.67c
+1.45 +1.00 +0.88 +0.33 +0.88 +1.52 +0.33 +2.18

pH 6.5 76.67ij 76.00j 74.67j 84.00g 125.67¢c 151.33a 138.00b 166.67a
+1.20 +1.15 +0.33 +2.64 +1.76 +0.57 +1.45 +2.33
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Table: 5 Grain biochemical attributes as affected by different organic and inorganic amendments. Means bearing
same letter(s) are statistically non-significant according to Duncan’s multiple range test (p < 0.05).

Treatments Control Bc PsJN Bc + Fe PsJN + Bc+ Fe Bc + PsJN +
PsJN Fe Fe
Ash%
pH 8 0.31i 0.34h 0.34h 0.38¢g 0.44ef 0.46de 0.43f 0.51c
+0.00 +0.00 +0.00 +0.01 +0.00 +0.00 +0.01 +0.01
pH 6.5 0.35h 0.45def 0.40g 0.47d 0.50c 0.55b+ 0.50c 0.59%a
+0.00 +0.01 +0.01 +0.01 +0.00 0.00 +0.01 +0.01
C. Fat%
pH 8 0.91h 0.96fg 0.94gh 1.13c 0.99¢f 1.10d 1.02e 1.15¢
+0.00 +0.01 +0.01 +0.03 +0.02 +0.03 +0.01 +0.01
pH 6.5 0.95fg 1.07d 0.96fg 1.17c 1.07d 1.25b 1.02e 1.30a
+0.01 +0.01 +0.01 +0.01 +0.05 +0.02 +0.01 +0.01
C. Protein%
pH 8 5.31k 5.62h 5.54hi 5.799 6.31e 6.83d 6.37e 7.19b
+0.01 +0.00 +0.01 +0.01 +0.00 +0.01 +0.03 +0.01
pH 6.5 5.44ij 5.969 5.87g 6.14f 6.84d 7.29ab 7.01c 7.52a
+0.00 +0.01 +0.02 +0.01 +0.03 +0.04 +0.01 +0.14
C. Fiber
pH 8 0.33g 0.35¢ 0.35¢ 0.40de 0.38f 0.37f 0.39¢f 0.44b
+0.00 +0.00 +0.00 +0.01 +0.00 +0.00 +0.00 +0.00
pH 6.5 0.35¢ 0.39¢f 0.38f 0.43c 0.42cd 0.49b 0.43c 0.52a
+0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00
NFE
pH 8 83.00a 82.28ab 81.83abc  80.90bcd  80.66be  79.19ef 78.68fg 77.33ghi
+4.40 +3.06 +3.32 +4.10 +3.17 +3.23 +3.50 +3.95
pH 6.5 81.75abc  79.85def  80.33cde  79.12¢f 78.37fgh  76.33i 76.83hi 75.90i
+3.45 +3.87 +4.37 +4.48 +3.67 +1.64 +3.48 +3.11
Moisture
pH 8 10.17h 10.45¢g 11.01f 11.22¢f 11.29e 12.20d 12.91c 13.29b
+0.03 +0.07 +0.08 +0.02 +0.07 +0.06 +0.02 +0.12
pH 6.5 11.19ef 12.31d 12.16d 12.77¢ 12.88¢c 14.19a 14.13a 14.60a
+0.03 +0.04 +0.02 +0.05 +0.23 +0.02 +0.05 +0.25
0.18
0.16
> 0.14
& 0.12
2
S 0.1
>
g 0.08
S 0.06
(«b]
L 0.04
0.02
0
Control Biochar PsJN Biochar+ Fe PsIN + Fe Biochar+F | Biochar +
PsIN e PsIN + Fe
I Soil pH 8 0.038 0.041 0.046 0.048 0.09 0.091 0.092 0.101
——— Soil pH 6.5 0.043 0.054 0.054 0.06 0.11 0.134 0.131 0.152

Fig. 1(A) Grain ferritin concentration ug/ seed under Fe, Biochar and BurkholderiaphytofrmansPsJN in pH
modified soil
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0.4

035
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025
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015
01
0.05

Ferritin ng/mL

Control Biochar PsJN

Biochar+

Biochar +

Fe PSIN + Fe Biochar+F
PsIN + Fe

PsIN e

B Soil pH 8 0.094 0.103 0.115

0.12 0.224 0.228 0.234 0.252

0.135

——SoilpH 6.5 0.107 0.136

0.151

0.263 0.334 0.328 0.379

Fig. 1(B) Grain ferritin concentration ng/ ml under Fe, Biochar and BurkholderiaphytofrmansPsJN in pH

modified soil

146
126
106

Phytate mg/g
2]
(<)}

66
46
26
6
Control | Biochar PsJN Biochar+P Fe PsIN + Fe Biochar+F| Biochar +
sJN e PsJN + Fe
B soilpH8 | 123.12 | 123.79 | 11143 | 99.56 108.1 89.01 | 100.01 | 87.34
~SoilpH6.5| 11639 | 102.8 99.69 78.56 104.8 94.23 80.24 75.9

Fig. 2 Phytate concertation mg/ g under Fe, Biochar and BurkholderiaphytofrmansPsJN in pH modified soil

DISCUSSION

Soil acidification and nutrient solubility: In soil system,
availability of iron is regulated by soil pH. Most of the
available iron i.e. ferrous (Fe*?) in alkaline soil rapidly
gets converted into insoluble or sparingly soluble Fe*®
oxides and hydroxides and thereby apparently become
unavailable to plants (Rajniak et al. 2018; Xing et al.
2020). Researcher have reported the potential of sulfur as
acidifying agent which creates acidity in micro

environment i.e. rhizosphere as it promote protonation
through nutrient oxidation thus increase mineralization
and consequently bioavailability of important micro-
elements i.e. Fe and zinc (Mahala et al. 2020; Ali et al.
2020). In current study chemical analysis of soil, root,
shoot and grain both showed a significant increase in Fe
concentration (Table 4) when soil was treated with sulfur
to lower down the pH from 8 to 6.5 (Table 1). It is soil
pH and calcareous nature of soil that are responsible for
such a low bioavailability of Fe in soil by reducing its
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mineralization and mobilization (Turan et al. 2018; Das
et al. 2020).

Effect of B.phytofirmansPsJN inoculation on plant
growth and plant physiology: It is worth mentioning that
paddy physiological, growth and yield parameters were
significantly increased in current study when soil was
treated biochar, microbial inoculation i.e. PsJN and Fe
fertilizer in S amended soil (Table 2, 3). Microbial
mediated sulfur oxidation and resultantly release of H* in
the rhizosphere (Mahala et al. 2020) might be the driving
force behind this improvement. Besides, PSIN is known
to produce Fe chelating compounds i.e. siderophores that
might have aided in Fe uptake by plants (Aziz et al. 2020;
Naveed et al. 2020). The mode of action of siderophores
released by B.phytofirmans strain PsJN is very similar to
mugeic acid (Alvarado et al. 2019) that might have
increased the solubility and the mobility of
micronutrients i.e. lron, Zn (Rosales-Segovia et al.
2021). Thanks to the physiology plant and microbes- they
release sideophores, that in turn help the plant to sustain
in Iron limiting conditions. Sidephores are one of the key
factors in iron mineralization and uptake by plants
(Verma et al. 2021; Nuzzo et al. 2018). PsJN inoculation
only influences plant physiology but also plant heath as it
releases plant growth hormones (Naveed et al. 2020).The
activity and effectiveness of the said microbes is
unquestionably remained unchanged in stress conditions
as described by Aziz et al. (2020). PsJN worked
irrespective of the stress situation and improved the
photosynthesis and transpiration of maize; similar results
were recorded in current study (Table 2). These are
microbes that may induce modifications in plant
morphology thus regulates gaseous exchange and control
photosynthetic rate (Martinez-Arias, et al. 2021; Liu and
Wei 2021) these studies support the current observations
(Table 2). Furthermore, it was recorded that, sulfur
treated treatments were bearing tillers which were only
healthy but also more in number compared with other
treatments. It was because upon acidification Fe and
other important micronutrients released in soil solution
which were otherwise bond to soil particulates (Falcone
et al. 2021) Further, remaining portion of nutrients
supplemented by carbon rich biochar (Gong et al. 2020;
Dhir 2021). Clearly (Table 3) optimum plant nutrition
and endophytic inoculation improved total number of
tillers, plant growth and yield (Magsood et al., 2021).

Mechanisms of Biochar for improving Fe bioavilability:
Biochar- a carbon rich product provides variety of
services in micro and macro environment thus attracting
plant growth promoting micro-flora (Bolo et al. 2019;
Shind et al. 2019) High surface area, sorption capacity
and porous nature of biochar aids Fe and other essential
micronutrients to adsorb on its surface, moreover, high
cations exchange capacity and microbial aided
protonation enables slow but steady release of Fe thereby
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keeps nutrient supply constant (Table 3). In submerged
conditions, thio-oxidansuses ferric Fe®* as alternative
electron acceptor because respiratory activity increases
right after either partial utilization or complete absence of
O (Fan 2020; Oladosu et al. 2020). Translocation of Fe
into plants increases that cause overall improvement in
plant growth and development (Al-Amri et al. 2020).
Application of bichar influences moisture contents in soil
as well as in plants (Kanwal et al. 2018; Panahi et al.
2020) which ultimately improves yield and quality of
crop (Saha et al. 2019) as discussed in current study
(Table 2).

Influence of Fe nutrition in seed biochemistry: In grains
most of the Fe is stored and available as ferritin and does
not undergo any transfusion digestion in gastrointestinal
tract. However, important staple cereals i.e. maize, wheat
are naturally low in bioavailable Fe i.e. ferritin contents.
Results suggested that by manipulating the pH of soil
application of PsJN and biohar significantly (P<0.05)
increased ferritin contents in grains with its respective
control (Figure 1-A, B). Studies revealed that it is
accelerated activity of enzyme i.e. aconitase which is
responsible for ferritin accumulation in rice grain when
growth media was enriched with Fe fertilization
(Mendoza-Cézatl et al. 2019; Pappas et al. 2018).

Contrarily to this, a significant (P < 0.05)
reduction in phytic acid contents in rice grains were
recorded when soil was treated with sulfur and biochar,
PsJN and iron fertilizer was applied as single treatment
relative to its control (Table 4; Figure 2). Scientists have
suggested that mature embryo and aleurone layer of rice
act as sink for phytate (Silva et al. 2021; Che et al. 2021).
Phytate- an anti-nutrient, inhabit the absorption of
essential micro-elements i.e. Fe, Zn etc. by forming
complexes in intestinal tract during digestion (Umar et al.
2019; Dapkekar et al. 2020) Availability of minerals like
Zn and Fe in root zone influences the entry of phosphorus
through root interception and storage in grains
(Bindraban et al. 2020; Haider et al. 2020). Furthermore,
rice genome has been explored and low phytic acids
mutants have been discovered in order to find the best
possibilities of lowering phyate concentration in rice
(Ashokkumar et al. 2020). Successful attempts have been
made to identify quantitative trait loci (QTL) for grain
phytatecontents rice (Ali et al. 2020) hereby increasing
bioavailability of micro-elements.

Farm modernization has changed the concepts of
profit based farming rather quality produce has replaced
it over the time. A good quality grain is characterized by
proximate composition i.e. Ash, fiber, protein, fat and
moisture contents. In current study we also took this
parameter into consideration. Results showed all quality
parameter were positively influenced when soil was
treated with sulfur and amended with biochar and PsIN
along with Fe fertilizer (Table 5); our results were in
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coherence with Yadav et al. (2013) and Ramzani et al.
(2016b)
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