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Abstract Rice (Oryza sativa L.) is one of the main staple
food crops which is inherently low in micronutrients, espe-
cially iron (Fe), and can lead to severe Fe deficiency in
populations having higher consumption of rice. Soils polluted
with nickel (Ni) can cause toxicity to rice and decreased Fe
uptake by rice plants. We investigated the potential role of
biochar (BC) and gravel sludge (GS), alone and in combina-
tion, for in situ immobilization of Ni in an industrially Ni-
contaminated soil at original and sulfur-amended altered soil
pH. Our further aim was to increase Fe bioavailability to rice
plants by the exogenous application of ferrous sulfate to the
Ni-immobilized soil. Application of the mixture of both
amendments reduced grain Ni concentration, phytate,
Phytate/Fe, Phyt/Zn molar ratios, and soil DTPA-extractable
Ni. In addition, the amendment mixture increased 70 % Fe
and 229 % ferritin concentrations in rice grains grown in the
soil at original pH. The Fe and ferritin concentrations in S-
treated soil was increased up to 113 and 383 % relative to
control respectively. This enhanced Fe concentration and cor-
responding ferritin in rice grains can be attributed to Ni/Fe
antagonism where Ni has been immobilized by GS and BC

mixture. This proposed technique can be used to en-
hance growth, yield, and Fe biofortification in rice by reducing
soil pHwhile in parallel in situ immobilizingNi in polluted soil.
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Introduction

Heavy metal toxicity in agricultural soils is a serious concern
for quality food production on these soils (Adrees et al. 2015a;
Ali et al. 2015; Rizwan et al. 2012, 2016a). Among heavy
metals, contamination of soil with nickel (Ni) has become a
serious global issue, leading to hazardous health effects as
they enter the food chain and cause reduction in agricultural
yield (Guo and Marschner 1995; Salt et al. 1995; Khaliq et al.
2016). Nickel is released into the atmosphere from both natu-
ral and anthropogenic sources (Rajkumar and Freitas 2008).
Nickel is considered an essential micronutrient for proper
functioning of plants, and its high concentration in soil caused
toxic effects on plants grown in these soils (Roitto et al. 2005;
Gajewska et al. 2009). Excess Ni affects a number of bio-
chemical and physiological processes in plants resulting in
an inhibition of plant growth and yield (Bertrand et al. 2001;
Gajewska et al. 2006; Khaliq et al. 2016).

The conventional technologies for cleaning up contaminat-
ed soils like soil washing strategies, electrokinetic extraction,
solidification, and soil replacement have their own limitations
(Mulligan et al. 2001; Sruthy and Jayalekshmi 2014).
Recently, the use of a variety of organic and inorganic amend-
ments has attained a considerable attention for remediation of
heavy metal-contaminated soils (Usman et al. 2013;
Almaroai et al. 2014; Adrees et al. 2015b; Rehman et al.
2015; Rizwan et al. 2016b). Recently, a carbon-rich econom-
ically viable soil amendment like biochar (BC), produced by
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pyrolyzing biowaste materials under limited oxygen supply,
has attained significant interest to improve soil physical,
chemical, and biological properties due to its high organic
carbon content, surface area, cation exchange capacity, etc.
(Almaroai et al. 2014; Rizwan et al. 2016c). Biochar is also
widely used as a soil amendment to immobilize toxic metals
and hence reduced their toxicity to plants when applied in
contaminated soils (Houben et al. 2013a; Houben et al. 2013b;
Almaroai et al. 2014; Rizwan et al. 2016c, 2016d). However,
little information is available on the role of BC in reducing Ni
toxicity in plants (Rizwan et al. 2016c). Furthermore, it has
been reported that gravel sludge (GS) application improved
plant growth under metal stress (Iqbal et al. 2012).

Iron (Fe) acts as cofactor for many enzymes which is in-
volved in a number of physiological processes both in plants
and animals (e.g., respiration, photosynthesis, and oxygen
transport) that are impaired under Fe deficiency. Iron is not
deficient in mineral soil, but due to high pH and
calcareousness, it is merely available to plants because at high
pH, Fe+2 ions (absorbed by plants) converted into less soluble
Fe+3 oxides and hydroxides and disappear from the soil solu-
tion (Marschner 1995). Nickel and Fe have an antagonistic
effect in which high concentration of Ni in the soil reduces
endogenous Fe concentration and reduces its bioavailability to
crops (Chen et al. 2009; Ghasemi et al. 2009; Nishida et al.
2012). Interestingly, different authors have also confirmed that
high concentration of Fe+2 suppresses Ni+2 absorption and
translocation in plants (Cataldo et al. 1978; Marschner 1995).

Rice is the most widely consumed staple food crop and a
primary food source for 50% of the world’s population (Wang
et al. 2013a). Around 3 billion people, mostly in Asia, depend
on rice for 35–59 % of their caloric intake, and the dietary
contribution of rice is substantially higher in many developing
countries (Meng et al. 2005). Rice is poor in Fe contents
which are about 7.5–24.5 mg kg−1 that are insufficient to meet
daily Fe requirements of people whose staple food is rice
(Welch and Graham 2004). Decreased concentration of Fe
and other mineral nutrients has been observed under Ni stress
in many plant species, including rice (Rubio et al. 1994;
Rahman et al. 2005).

There are several promoting and inhibitory factors which
are involved in the Fe bioavailability to rice plants. Ferritin is a
long-term stable iron storage protein in grains and is known to
be a major source of iron (Zielińska-Dawidziak 2015).
Ferritin-Fe has been shown to have a bioavailability similar
to that of ferrous sulfate (Theil and Briat 2004; Lonnerdal
2007). Some anti-nutrients like phytate, polyphenolic com-
pounds, and tannic acids act as Fe inhibitory factors, by
forming insoluble complexes which limit the Fe bioavailabil-
ity to humans (Bouis and Welch 2010).

Bioavailability of trace elements especially Fe to crop
plants can be increased by lowering soil pH by the application
of elemental sulfur in alkaline soils (Qureshi et al. 2004;

Olaniran et al. 2013). It is reported that oxidizing each mole
of S produces two moles of hydrogen ions (H+) in the soil and
reduces soil pH that leads to dissolution of nutrients in the root
zone (Modaihsh et al. 1989; Kaplan and Orman, 1998; Iqbal
et al. 2012). Different studies have been reported on micronu-
trient biofortification in plants under normal soils (Hussain
et al. 2013). However, to the best of our knowledge, no such
study is reported on Fe biofortification under pH-manipulated
Ni-contaminated soil. Therefore, a novel approach was used
for Fe biofortification by the remediation of Ni under normal
and pH-manipulated Ni-contaminated soil with the aim of
increasing Fe bioavailability and nutrition value by decreasing
Ni content in rice grain.

Materials and methods

Experimental soil

Nickel-contaminated soil was collected from the top 0–15 cm
of soil from the industrial area near Lahore, Pakistan, for the
use in this experiment. The soil was continuously affected
from the last 25 years by receiving the effluents from the
nickel plating industry. Prior to use in experiment, soil was
air-dried and passed through a 2-mm particle size. Soil texture
was clay loam (clay 43 %; silt 41 %; sand 16 %) as measured
by hydrometer method (Gee and Bauder 1986). Soil pH was
measured by pH meter (JENCO pH meter, 671 P model). The
electrical conductivity of the saturated soil paste extract was
measured by ECmeter. Soil organic matter was determined by
Nelson and Sommers (1982). The amount of calcium carbon-
ate (CaCO3) was determined by acid dissolution (Allison and
Moodie 1965). Iron, Ni, and Zn in the soil were measured by
atomic absorption spectrophotometer (PerkinElmer, AAnalyst
100, Waltham, USA) after extraction with 0.005 MDTPA
(Lindsay and Norvell 1978). Phosphorus (Watanabe and
Olsen 1965), nitrogen (Bremner and Mulvaney 1982), and
extractable potassium (Flame Photometer at 767 nm wave-
length) were measured according to the standard procedures.
Both physical and chemical properties of experimental soil are
given in Table 1.

Soil additives

Immobilizing agents

Both BC and GS were used for immobilizing Ni in soil.
Biochar used in this study was prepared from rice straw feed
stock at Government College University Faisalabad, Pakistan.
This BC was prepared in a closed reactor by pyrolyzing the
rice straw feedstock with the end temperature 350 °C. The BC
was air-dried, ground in a blender, and sieved to <1 mm size
prior to use in this experiment. Representative properties of
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BC were pH 7.65, EC 1.79 dS m−1, organic C 54.03 %, C/N
ratio 5:1, Fe 312.2 mg kg−1, Cu 143.3 mg kg−1, Mn
142.6 mg kg−1, and Zn 169.5 mg kg−1. Gravel sludge is a
product of gravel industry having 30–70 g kg−1 Fe2O3, 400–
650 g kg−1 SiO2, 100–140 g kg

−1 Al2O3, 40–60 g kg
−1 MgO,

and 50–120 g kg−1 CaO (Friesl et al. 2006; Friesl-Hanl et al.
2009; Iqbal et al. 2012). For immobilization of Ni, BC and GS
were applied at 1 % (w/w) in experimental soil when used in a
single treatment and 0.5 % each when applied in combination.

Solubilizing agents

Elemental sulfur (S) was used for slow and steady acidifica-
tion of soil and related Fe solubilization in this experiment.
Acidity in soil is produced by microbial oxidation of S under
aerobic conditions to sulfuric acid (Iqbal et al. 2012):

S0 þ 1:5O2 þ H2O→H2SO4

To calculate the amount of S to lower the pH of experimen-
tal soil, a preliminary incubation experiment was conducted in
which different amounts (1.5, 2, 2.5, 3 g kg−1 soil) of elemen-
tal S were added to the experimental soil. After the addition of
S, experimental soil was incubated for 17 weeks at 55%water
holding capacity. After the completion of incubation experi-
ment, the soil samples were suspended in deionized water at a
soil/solution ratio of 1:2.5 and were measured for pH. These
pH data were then used to calculate the amount of S to achieve
the pH 6.5 in experimental soil (Table 2).

Iron source in experimental soil

Ferrous sulfate was used as Fe source and was applied at
10 kg ha−1. To this end, ferrous sulfate heptahydrate (purity

≥99 %; Sigma-Aldrich Co. St Louis, MO, USA) was homo-
geneously mixed in the soil with the help of a spatula
(Table 2).

Pot experiment

Both agents (BC and GS) were mixed with soil to obtain ten
treatments (Table 2). Powdery soil amendments were homo-
geneously mixed in soil with the help of a spatula and were
moistened to 65 % WHC. The soil was incubated for 10 days
in a plastic container (25 °C) in the dark and was air-dried.
Each treatment was performed in triplicate. For each treat-
ment, 10 kg air-dried soil was filled in drained plastic pots
and was placed on plastic trays to avoid water losses during
experiment via evaporation. The pots were transferred to an
outdoor greenhouse and arranged in a randomized manner.
Recommended doses of nitrogen (60 mg kg−1), phosphorus
(45 mg kg−1), and potassium (30 mg kg−1) were uniformly
applied in soil by using urea, single super phosphate, and
potassium sulfate as source. Rice seeds of variety BBasmati
385^ were obtained from Ayub Agriculture Research Institute
(AARI), Faisalabad. This rice variety is mainly cultivated in
the country and has strong resistance against pests and dis-
eases. The pot experiment was conducted in a botanical gar-
den where the temperature was in the range 18–25 °C and
humidity was 70 % at the time of sowing and 30–35 °C and
85 % humidity at the time of harvesting. Uniform and healthy
seeds were transferred into gunny bags and soaked in water
for 24 h. Seeds were grown in small trays. Three 25-day-old
rice seedlings were transplanted into plastic pots and plants
were grown for 16 weeks from mid-July to mid-November
2014. All pots were carefully watered tomaintain the moisture
during the experiment.

Plant parameters and analysis

Physiological parameter

After 6 weeks of transplanting rice seedlings, physiological
parameters like photosynthesis rate (A), transpiration rate (E),
stomatal conductance (gs), and substomatal conductance rate
(Ci) were measured during the time period of 10 to 12 a.m. by
using IRGA (Li-Cor 6400 XT).

Biological parameter

The rice crop was harvested carefully when 90 % of grain
became golden yellow. Plant root, shoot, and grain weights
were measured at harvest. Shoot and root dry weight was
recorded after sun-drying, and then harvested plants were
oven-dried at 70 °C till constant weight.

Table 1 Physico-
chemical properties of
experimental soil

Parameters Units Value

Sand % 16

Silt % 41

Clay % 43

pH – 8

Organic matter % 1.1

CaCO3 % 3.1

HCO3 % 0.04

EC dS m−1 1.9

CEC cmolc kg
−1 16.7

Nitrogen mg kg−1 139

Phosphorus mg kg−1 6.9

Potassium mg kg−1 113

DTPA-Ni mg kg−1 3.94

DTPA-Fe mg kg−1 3.95
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Chemical analysis

Grain samples of rice were dried at 60 °C in a hot air oven,
ground, and digested in a diacid mixture (HNO3/HClO4 9:4)
(Jackson 1973). Iron, Zn, and Ni in rice grain digest were
measured on AAS (PerkinElmer, Analyst 100, Waltham,
USA). All the chemicals and reagents used in this study were
obtained from Sigma-Aldrich (St. Louis, MO, USA) to ensure
the quality and purity of the chemicals.

Biochemical analysis

For the determination of phytate in rice grains, 60 mg finely
ground rice was extracted with 10 mL of 0.2 N HCl at room
temperature after shaking the mixture continuously for 2 h.
Phytate in the extract was determined by an indirect method
(Haug and Lantzsch 1983) at 519 nm with a spectrophotom-
eter (Shimadzu, UV-1201, Kyoto, Japan). Ferritin quantifica-
tion from rice grains was carried out through the method de-
scribed byBarcelo et al. (1997) and Laulhere et al. (1988) with
slight modifications described by Lukac et al. (2009). The
final concentration of ferritin was measured by enzyme-
linked immunosorbent assay using antibody-coated microtiter
wells (catalog number BC-1025).

Physico-chemical analysis

The paddy was cleaned to remove dust trash, stone, and for-
eign matter; de-hulled; and milled by passing through BStake
sheller^ (polisher) to obtain different fractions of rice. A por-
tion of rice fractions was also ground by passing through
BUDYCycloneMill^ to get rice flour. Samples were analyzed
for ash, fiber, protein, and fat by the methods of AOAC
(2003).

Statistical analysis

The pot experiment was conducted in a completely random-
ized design. Treatment effects on plant physiological, biolog-
ical, biochemical, and physiochemical parameters were eval-
uated using two-way analysis of variance (ANOVA). Least
significant differences (at p = 0.05) were used for comparison
between treatment (Steel et al. 1997). Statistical analyses were
performed using Statistix 9® for Windows (Analytical
Software, Tallahassee, USA). The regression/correlation anal-
ysis was calculated by Microsoft Excel 2012 professional
edition.

Results

Dry matter yield

Table 3 shows the dry matter yield in the treatments of unal-
tered pH soil and the pH-amended soil. Application of BC and
GS alone or their mixture significantly increased the shoot dry
weight per pot when compared to control treatment. The max-
imum increase in shoot dry weight (91 %) was observed in
T10 relative to control. Similarly, a significant increase in root
biomass was observed in T10 compared to T1 (control).
Incorporation of GS and BC in pH-amended soil (T10) sig-
nificantly increased root dry weight when compared to control
treatment (T1). Grain yield per pot on unaltered soil pH and
the pH-amended soil was generally higher in the treatments
where GS or BC alone or their mixture was added as
immobilizing amendments. Interestingly, a significantly
highest grain yield [pH 6.5 (27.2 g pot−1)] was observed in
the treatment receiving GS, BC, and S together (T10) which
was 56 % higher when compared to control (T1).

Table 2 Sulfur effect on soil pH as applied with iron (10 kg ha−1) and biochar (1 % w/w)

Treatments Abbreviation Immobilizing amendments
Gravel Sludge and biochar
(g kg−1 soil)

Iron-solubilizing agent (elemental sulfur) Soil pH before
crop sowing

Sulfur Corresponding H+ ions (%)
(mmol kg−1 soil)

Control T1 – – – 8 ± 0.02

Iron T2 – – – 8 ± 0.01

Iron + biochar T3 10 – – 7.9 ± 0.01

Iron + gravel Sludge T4 10 – – 8 ± 0.01

Iron + biochar + Gravel sludge T5 5 + 5 – – 7.9 ± 0.02

Sulfur T6 – 0.25 156.2 6.5 ± 0.01

Sulfur + iron T7 – 0.25 156.2 6.5 ± 0.01

Sulfur + iron + biochar T8 10 0.25 156.2 6.4 ± 0.01

Sulfur + iron + gravel Sludge T9 10 0.25 156.2 6.5 ± 0.02

Sulfur + iron + biochar + gravel sludge T10 5 + 5 0.25 156.2 6.4 ± 0.01

Sulfur applied with treatments in each plot having 10 kg soil and its effect on soil pH after sulfur oxidation as observed in each subpots
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Photosynthetic parameters of rice plant

Table 3 presents the photosynthetic rate (A) of rice leaves
under different treatments. Application of Fe only (T2) did
not significantly increase A relative to control treatment.
However, Fe along with immobilizing amendments (GS or
BC or their combination) and elemental S showed a significant
increase inA relative to T1. The maximum increase (184%) in
Awas observed in T10 (S + Fe + BC+GS) application relative
to control. Transpiration rate (E) values ranged from 2.7 to
5.8 μmol H2O m−2 s−1 with the maximum value found in
T10 (S + Fe + BC + GS). Maximum increase (115 %) in E
was observed in T10 treatment relative to control. The values
of stomatal conductance (gs) in rice leaves were ranged from
235 to 479.7 μmol m−2 s−1. Application of S with GS or BC or
their combination (T8, T9, and T10) in the presence of Fe
showed statistically similar values of gs but had significantly
higher values relative to control (T1). Similarly, the maximum
significant decrease in substomatal CO2 conductance (Ci) in
the leaves of rice plants was found in T10 (29 %) and T8
(28 %) relative to the non-amended control (T1).

Grain Fe, Zn, and Ni concentration

In our experiment, the application of Fe significantly im-
proved Fe concentration in rice grains (Table 4) when com-
pared to control where no Fe was added. The concentration of
Fe was in the range from to 27.9 to 59.6 mg kg−1 dry weight
(DW) of rice grains in our results. Interestingly, incorporation
of elemental S (altered soil pH) significantly increased grain
Fe concentrations (in most of the treatments) when compared
to T1. Maximum increase of 70% (T5) and 113% (T10) in Fe
concentration in the grains was observed when compared to
control (T1).

Zinc concentration in rice grain ranged from 18.5 mg kg−1

(original soil pH) to 27.4 mg kg−1 (altered soil pH). Generally,
the Fe concentrations in the grains were found higher in the
soil at an original pH (8) as compared to the likewise treat-
ments in the soil with altered pH (6.5). Maximum increase
(39 %) in grain Zn concentration was observed with T9 appli-
cation relative to T1. The concentration of Ni ranged from
10.2 to 17.3 mg kg−1 in the rice grains (Table 4). Application
of immobilizing agents (GS and BC) and S affected the Ni
concentration in grains.

Total and DTPA-extractable Ni concentrations in the soil

The effect of solubilizing and immobilizing agents on the
DTPA and total Ni concentration after crop harvest in the soil
is presented in Table 4. Data showed a positive effect of these
amendments on the amount of chemically available Ni in the
soil. Highest concentration of DTPA-extractable Ni was ob-
served in T6 (4.36 mg kg−1 soil) (altered soil pH) where a
significant lowest DTPA-extractable Ni was observed in T5
(2.12 mg kg−1 soil) which was 44 % lower when compared to
control (T1). The significant increase in the total Ni concen-
tration in soil was observed in T5 when compared to control.
In contrast, lowest total Ni concentration was observed in the
treatment T6 (71.1 mg kg−1 soil) which was 5.1 % lower when
compared to T1 [control (74.9 mg kg−1 soil)]. Both total and
DTPA-extractable Ni concentrations were higher in the soil at
original pH (8) as compared to the likewise treatments in the
soil with altered pH (6.5).

Proximate composition of rice grains

Proximate composition was significantly (p < 0.05) reduced in
rice cultivar under control conditions when compared to most

Table 3 Growth and photosynthetic parameters of rice plants grown with various treatments

Soil pH Treatments Shoot DW Root DW Grain Wt. A (μmol CO2 m
−2 s−1) E (μmol H2O m−2 s−1) gs

(μmol m−2 s−1)
Ci
(μmol mol−1)(g)

Original soil pH T1 19.4g 2.9c 17.4f 5.1f 2.7f 319.7d 261.3a

T2 21.1g 3.3c 19.8ef 6.4ef 3.1ef 235d 245.3ab

T3 25.2df 3.4c 22.5ce 8.7d 4.1d 337.3c 222.7cd

T4 22.8eg 3.1c 21.4de 4.5de 3.6de 366.3c 228.7bd

T5 29.9bc 4.1ab 25.5ac 10.6c 4.3cd 435b 210.3de

Altered soil pH T6 22.1fg 3.1c 19.6ef 6.7e 3.3ef 334.7d 233bc

T7 26.5ce 3.2c 22.4ce 10.8c 4.1d 416.7b 212.7de

T8 31.1b 4.2a 26.5ab 10.3ab 5.3ab 471.7a 188.3f

T9 26.9cd 9.5bc 23.4bd 12.4b 4.9bc 460.3 a 198ef

T10 37.2a 4.7a 27.2a 14.5a 5.8a 479.7 a 184f

T1 control; T2 iron; T3 iron + biochar; T4 iron + gravel sludge; T5 iron + gravel sludge + biochar and the next five treatments were in same order with
elemental sulfur) under nickel-contaminated soil. Soil pH was manipulated from 8 to 6.5 with elemental sulfur prior to sowing of rice crop. Values are
means with bars sharing the same lowercase letters which are statistically similar to each other at p ≤ 0.05
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of the treatments (Fig. 1). Significantly highest proximate
composition of rice grains was observed in T10 treatment
(S + Fe + BC + GS) when compared to control (T1). The
ranges of percent age values of crude fat ranged from 0.9 to
1.53; crude protein from 4.8 to 7.5; crude fiber from 0.27 to
0.54; and ash content from 0.36 to 0.7 in our experiment. At
original soil pH, application of immobilizing agents (BC and
GS) with Fe (T5) in soil showed 44, 41, 59, and 66 % signif-
icantly higher crude fat, protein, fiber, and ash percentages in
rice grains, respectively, when compared to the control treat-
ment (T1). The application of S along with BC, GS, and Fe
(T10) in pH-altered soil proved to be significantly effective in
increasing 72, 56, 101, and 93 % crude fat, protein, fiber, and
ash percentages, respectively, relative to the non-amended
control (T1).

Phytate contents and molar ratios of phytate to Fe and Zn
in rice grains

The phytate contents in rice grain ranged from 6.2 to
8.3 mg g−1 DW in our results (Fig. 2). Incorporation of BC,
GS, and Fe (T5) significantly decreased the phytate contents
(10 %) in rice grains relative to control (T1) where no amend-
ments were added. This effect was more pronounced (34 %
decreased) in the treatment (T10) where elemental S along
with BC, GS, and Fe was incorporated (altered soil pH). BC
along with Fe (T3) in the soil with original pH significantly
reduced phytate contents up to 7 %when compared to control,
but this effect was significantly more prominent (23 % de-
creased) in the treatment where S and Fe were added (T8).

Figure 2 presents themolar ratios of phytate to iron and zinc
in rice grains. Phyt/Fe molar ratios ranged from 8.8 to 25.2
with the minimum value found in T10 (S + Fe + BC + GS).
Application of Fe significantly (p < 0.05) reduced Phyt/Fe

molar ratios, but the reduction was variable among different
treatments. There was a 47 % decrease in Phyt/Fe molar ratio
in T5 treatment (Fe + BC + GS) relative to the control (T1).
Interestingly, this decrease was significantly more pronounced
(65 %) in the treatment where elemental S along with BC, GS,
and Fe was incorporated (T10). The values of the Phyt/Zn
molar ratio in our experiment were in the range from 24 to
42.1 in the results. Treatment receiving only Fe (T2) was sta-
tistically similar to the control where neither Fe nor amend-
ments were added (T1). Treatments receiving elemental S (al-
tered soil pH) showed significantly lower Phyt/Zn molar ratios
(Fig 2) when compared to the likewise treatments where no
sulfur was added (originals soil pH).

Concentration of ferritin in rice grains

Ferritin concentration in rice grains is shown in Fig. 2. In our
results, the concentration of ferritin in rice grain ranged from
0.03 to 0.15 μg g−1 DW. Application of Fe only (T2) in soil
without any immobilizing amendments significantly in-
creased the ferritin concentration in rice grains when com-
pared to control (T1) where neither amendments nor S was
added. The maximum increase (383 %) relative to control
treatment was observed where Fe, GS, BC, and S together
were applied (T10). Ferritin concentration was found lower
in the soil at original pH (8) as compared to the likewise
treatments in the soil with altered pH (6.5).

Correlation between Fe concentration and ferritin
concentration in rice grains

There was a close positive correlation between Fe concentra-
tion and ferritin protein concentrations in the rice grains
(r = 0.97) (Fig. 4).

Table 4 Mineral (Fe, Zn, and Ni)
concentrations present in rice
grains and remaining DTPA-
extractable and total Ni present in
soil after crop harvest

Soil pH Treatments Fe Zn Ni DTPA-Ni Total Ni
mg kg−1 DW mg kg−1 soil

Original soil pH T1 27.9g 19.7e 14.4b 3.83ab 74.9de

T2 33.8f 18.57e 12.6cd 3.76b 77.6bd

T3 38.7e 21.1ce 11.4de 2.46de 79.8ac

T4 35.1ef 23.3bc 12.4d 2.8cd 74.5de

T5 47.6cd 19.87de 10.2e 2.12e 83.7a

Altered soil pH T6 31.9fg 26.6a 17.3a 4.36a 71.1e

T7 44.1d 20.97ce 14.2bc 3.96ab 75.2ce

T8 55.1ab 25.1ab 12.4d 2.8cd 76.5cd

T9 50.8bc 27.4a 14.1bc 3.1c 73.8de

T10 59.6a 22.8bd 11.1de 2.76cd 82.4ab

Rice plants grown with various treatments (T1 control; T2 iron; T3 iron + biochar; T4 iron + gravel sludge; T5
iron + gravel sludge + biochar and the next five treatments were in same order with elemental sulfur) under nickel-
contaminated soil. Soil pH was manipulated from 8 to 6.5 with elemental sulfur prior to sowing of rice crop.
Values are means with bars sharing the same lowercase letters which are statistically similar to each other at
p ≤ 0.05
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Discussion

The results of the present study showed that BC alone and its
mixture with GS (original soil pH) increased growth and yield
parameters of rice (Table 3). This effect was more pronounced
with the application of elemental S in the growth medium.
Such increased impact of BC on dry matter production of rice
is in accordance with the results of previous studies (Kimetu
et al. 2008). Compared to control, the highest grain yield was
recorded in the S + Fe + GS + BC treatment in the altered soil
pH (Table 3). Wang et al. (2012) found similar results when
BC applied with N fertilizer increased wheat and rice grain
biomass and yield. Similarly, an increase in the biomass of
different plant species by the application of GS has also been

previously reported in different studies (Friesl et al. 2006;
Friesl-Hanl et al. 2009; Iqbal et al. 2012). The GS application
showed a positive effect on plant yield on a site with initial
inhibited plant growth. Thus, it is clear that enhanced plant
growth and grain yield in rice crop can be attributed to the
positive effect of BC. An increase in the yield parameters of
rice can also be attributed to the immobilization of Ni in the
soil (Table 4) which led to a decrease in the Ni uptake by
plants, hence alleviating Ni toxicity to plants (Herath et al.
2015).

In the present study, the significant increase in A (184 %)
and E (115 %) was observed with the application of S + Fe +
GS + BC as compared to control (Table 3). Ippolito et al.
(2011) reported that application of BC increased the moisture
contents by about 3–7 % which enhanced the rate of photo-
synthesis. The maximum increase in E (115 % that of control)
and gs was also observed with the application of combined
amendments (Table 3). Borrell et al. (2000) reported reduction
in E in the plants under stress conditions. It has been reported
that Ni toxicity decreased gas exchange characteristics in
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many plant species (Ouzounidou et al. 2006; Khaliq et al.
2016). Similarly, a decrease in stomatal conductance and
hence a decline in photosynthesis due to Ni stress in poplar
(Populus nigra) were reported by Velikova et al. (2010). An
increase in stomatal conductance was found by the application
of BC as compared to control (Solaiman et al. 2010). It
showed that BC combined with GS in the presence of S has
given the stability to rice plants under Ni stress.

When compared to control, a significant increase in Fe
concentration in rice grains in receiving immobilizing agents
(GS and BC) alone or in combination in both soils (original
soil pH and altered soil pH) can be attributed to reduced Ni
and Zn concentration in rice grains (Table 4). Several authors
have reported that Ni and Fe show an antagonistic effect
where high Ni reduced Fe concentration and/or bioavailability
(Chen et al. 2009; Ghasemi et al. 2009; Nishida et al. 2012). It
was reported that it is the Ni/Fe ratio, rather than the absolute
concentration in plant tissues and organs, that is most tightly
associated with reduced Fe bioavailability/use under high Ni
conditions. Interestingly, Fe on Ni antagonism has also been
proved in some studies where reduced Ni in soil increased the
Fe concentration in plants (Bingham et al. 1986; Yang et al.
1996; Wood 2013).

In the present study, the significant increase in Fe concen-
tration in rice grains can be associated with lower concentra-
tion of grain Ni in these treatments. This Ni-induced increase
in grain Fe and Zn concentration implicates a Ni-induced dis-
ruption of cell homeostasis likely due to low bioavailability of
Ni in soil solution. This low bioavailability of Ni in soil
(Table 4) led to an increased uptake of Fe and Zn by rice plant.
Many studies found that application of immobilizing agents
like BC and GS reduced bioavailable Ni concentration (Friesl-
Hanl et al. 2009; Namgay et al. 2010; Khanmohammadi et al.
2015). Biochar has larger surface areas and offers sorption
sites that immobilize heavy metals by combined processes
of chemisorption, complexation, ion exchange, and surface
interaction (Cao et al. 2009; Park et al. 2011; Usman et al.
2013; Ahmad et al. 2014). Numerous studies have found that
GS decreases soil available heavy metals and thus reduces
uptake by plants (Lothenbach et al. 1998; Friesl et al. 2006;
Friesl-Hanl et al. 2009; Iqbal et al. 2012). Mechanisms like
increased metal adsorption due to increased soil pH (Iqbal
et al. 2012), enhanced soil buffering capacity (Lothenbach
et al. 1998), chemisorptions (Gray et al. 2006), and offering
large surface area for metal binding provided by calcite, cal-
cium carbonate, and clay minerals present in GS (Lothenbach
et al. 1998; Krebs et al. 1999) have been suggested to explain
the decreased metal solubility in soil after its application.

Phytate are complexes that are formed by relative binding
of divalent mineral cations with phytic acid which is an acidic
compound (Lott et al. 1995). In rice, the accumulation of
phytate is mostly (about 80 %) in the embryo and in the aleu-
rone layer of mature seeds (Ogawa et al. 1977). In present

study, the phytate range was from 6.2 to 8.3 mg g−1 DW of
rice grains with the lowest significant values found in T7, T8,
T9, and T10 in the soil with altered pH. This significant lowest
phytate concentration can be attributed to higher grain Zn
concentrations in corresponding treatments (Table 4).
According to literature, phytic acid (PA) is a major phospho-
rus storage compound of most seeds and cereal like rice (Zhou
and Erdman 1995). Previous studies have shown that the con-
centration of PA in seeds is mostly dependent on uptake of
phosphorus from root and its translocation from leaves to
seeds (Michael et al. 1980; Raboy and Dickinson 1993).
Since uptake of phosphorus via root and later its accumulation
in seeds is greatly affected by Zn supply to roots (Loneragan
et al. 1982; Rengel and Graham 1995), thus in our case it can
be suggested that higher Zn accumulation in rice grains has
affected PA contents in rice grains.

The molar ratio of Phy/mineral concentration is an estimate
of phytate inhibitory effect on mineral absorption. The molar
ratio of Phy/Zn and Phy/Fe is the most widely used to evaluate
Fe and Zn bioavailability for human and animal absorption

f

e

cd

de

bc

ef

cd

a

ab

a

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10

Original soil pH Altered soil pH

F
er

ri
ti

n 
co

nc
en

tr
at

io
n 

(µ
g 

g-1
)

Treatments

Fig. 3 Ferritin concentration (μg g−1) in rice grains grown with various
treatments (T1 control; T2 iron; T3 iron + biochar; T4 iron + gravel
sludge; T5 iron + gravel sludge + biochar and the next five treatments
were in the same order with elemental sulfur) under nickel-contaminated
soil. Soil pH was manipulated from 8 to 6.5 with elemental sulfur prior to
sowing of rice crop. Values are means with bars sharing the same letters
which are statistically similar to each other at p ≤ 0.05

y = 0.0035x -0.0574
R² = 0.97

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

20 30 40 50 60 70

F
er

ri
ti

n 
co

nc
en

tr
at

io
n 

in
 r

ic
e 

gr
ai

ns
 

(µ
g 

g-1
)

Fe concentration in rice grains (mg kg-1 ) 

Fig. 4 Correlation between Fe concentration (mg kg−1 DW) and ferritin
concentration (μg g−1 DW) in rice grains

18592 Environ Sci Pollut Res (2016) 23:18585–18595



(Cook et al. 1991; Hambidge et al. 2010). Our results proved
that application of BC and GS, alone or in combination (both
in soil with original pH and altered soil pH), was able to
decrease Phy/Fe ratio when compared to control. In the case
of Phy/Zn molar ratio, lowest significant values were found in
T8, T9, and T10. This decreased Phy/Fe ratio can be attributed
to the higher content of Fe in rice grains which was due to the
antagonistic behavior of Fe with Ni (Bingham et al. 1986;
Yang et al. 1996; Wood 2013).

The ferritin concentration increased in rice grains by the
application of BC and GS in original soil and soil with altered
pH (Fig. 3). This increase in ferritin concentration can be
attributed to low bioavailability of Ni in soil solution due to
immobilization of Ni by GS and BC. This decreased Ni
bioavailability in soil solution has led to enhanced uptake of
Fe by rice plant and later its accumulation in grains. Our
findings are in line with Panda et al. (2014) who found that
application of Fe supplementation in the growing medium
increased Fe accumulation, which in turn increased aconitase
activity, and ferritin accumulation in the seedlings of two rice
cultivars.

Therefore, not only increased Fe storage in grains but also
enhanced Fe uptake from soil and hence its enhanced translo-
cation within the rice plant body are thought to be the require-
ments for further Fe biofortification in rice grains.
Interestingly, we found a strong correlation (R2 = 0.97) be-
tween Fe concentration and ferritin concentration in rice
grains (Fig. 4). Prom-u-thai et al. (2009) also reported a pos-
itive correlation between ferritin and Fe concentration in rice
grains.

Ferritin is the only protein known to concentrate Fe to the
level required by the cells, to store it in a soluble and biolog-
ically available form, to release it when required, and to pro-
tect the cells against the toxic effects of excess Fe (Theil and
Briat 2004). Also, the molecular mechanism involved in the
Fe uptake which is stored in ferritin is an important source for
humans to use and avoid Fe deficiency (Thiel et al. 2012). Our
results strengthen the suggestion that increasing the bioavail-
ability of Fe in soil parallel to the immobilization of Ni with
BC and GS can be an effective solution for improving Fe
nutrition in the populations who are exposed to the risk of
Fe deficiency.
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