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ABSTRACT
Micronutrient deficiency in cultivable soil, particularly that of iron (Fe) and
zinc (Zn), is a major productivity constraint in the world. Low Fe availability
due to the low solubility of the oxidized ferric forms is a challenge. An
experiment was, thus, executed to assess the performance of eight
genetically diverse rice genotypes on Fe-sufficient (100 mM) and Fe-deficient
(1 mM) nutrient solution, and their ability to recover from Fe deficiency was
measured. Fe efficiency under Fe deficiency in terms of biomass production
showed a significant positive correlation with the root release of
phytosiderophore (PS) (R2 D 0.62�). This study shows that the Fe deficiency
tolerance of Pusa 33 was related to both a high release of PS by the root and
an efficient translocation of Fe from the root to the shoot as the Fe–PS
complex, which could be useful for improving the Fe nutrition of rice
particularly under aerobic conditions.

KEYWORDS
Iron deficiency chlorosis;
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Introduction

Soil deficiency of micronutrients is a major production constraint in the world. Among the micronu-
trients, iron (Fe) deficiency is quite predominant particularly on alkaline, calcareous and upland soils
of semiarid regions (Miller et al., 1984). Application of Fe fertilizer in soil under the above condition is
not always helpful for the alleviation of Fe chlorosis because of the fixation and oxidation of the plant
unavailable Fe form (Lindsay and Schwab, 1982). The total Fe content of Indian soils is high
(0.4–27.3%), but the amount available to the plant is highly variable (0.36–174 kg¡1mg) depending on
various plant, soil, and environmental factors (Singh, 2009). The major research impetus is thus on
improving the resource use efficiency coupled with better micronutrient quality of the grains of the sta-
pled cereals for checking the challenge of malnutrition in burgeoning human population. Availability
of nutrients in the rhizosphere is controlled by the combined effects of soil properties, plant character-
istics, and interactions of plant roots with the microorganisms and the surrounding soil (Bowen and
Rovira, 1999).

Root is the main plant organ required for mineral nutrient uptake from the soil, and its growth and
activity certainly affects nutrient uptake rate and transport (Barber and Silberbush, 1984). Iron solubility is
known to increase with decrease in the rhizospheric pH, and Fe uptake is enhanced by an increased reduc-
ing capacity of the roots in the direction of Fe3C to Fe2C. Organic and inorganic compounds released from
the roots can influence nutrient availability and plant uptake by favorable modification of rhizosphere or
by chelation (Treeby et al., 1989; Singh et al., 2006). The roots of graminaceous monocots follow Strategy
II which involves the release of phytosiderophore (PS) as mugineic acid that chelates Fe3C and forms
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hexadentate Fe–PS complex (Romheld, 1991; VonWiren et al., 1993; Ma, 2005). The root-to-shoot trans-
port of the Fe–PS complex is known (Xiong et al., 2013). Plant roots possess the transporter (YS1) for the
uptake of the Fe–PS complex (Curie et al., 2001).

Rice plants, especially under aerobic conditions, cannot efficiently acquire Fe from soil despite its
abundance. Iron deficiency is, thus, a major factor limiting grain productivity and grain micronutrient
quality of the aerobic rice. It has been adequately documented that certain plant genotypes within spe-
cies exhibit genetic variation in mobilization, absorption, and transportation of soil Fe and, hence, tol-
erance to iron chlorosis (Hacisalihoglu et al., 2003). Genotypic differences in Fe nutrition of rice are
known (Fageria et al., 2002; Zuo and Zhang, 2009), which could be exploited for improving iron chlo-
rosis tolerance in rice by selection, and conventional and molecular breeding. A clear understanding of
the physiological and biochemical mechanisms determining the Fe efficiency could greatly improve
the chances of success of different breeding approaches. This article also examines the role of PS in Fe
nutrition and Fe deficiency tolerance of rice genotypes.

Materials and methods

Experimental setup

Eight genetically diverse rice genotypes, namely, ADT 38, ADT 39, Pusa 33, MAS 26, MAS 946–1,
Basmati 370, IR64, and IR36, were collected from the Division of Genetics and Plant Breeding, Indian
Agricultural Research Institute (IARI), New Delhi, India, and the Department of Genetics and Plant
Breeding, Gandhi Krishi Vigyan Kendra, University of Agricultural Sciences, Bengaluru, Karnataka,
India. The genotypes were germinated on autoclaved quartz sand, saturated with calcium sulfate
(CaSO4) solution before their transfer to the Fe-sufficient (100 mM) and Fe-deficient (1 mM)
Hoagland’s nutrient solution under the controlled growth conditions: 16/8 h light/dark, 350 § 50 mmol
photon m¡2 s¡1, temperature 27� § 3�C, and relative humidity 85 § 5%. Five plants per replicate and
four replicates per Fe availability treatment were maintained in the factorial complete randomized design
(CRD) in the Phytotron Facility of the IARI.

PS estimation

PS release capacity of different rice genotypes was determined at 8, 11 and 14 days after trans-
plantation (DAT) by the method of Romheld and Marschner (1986) as modified later by Gries
and Runge (1995). Plants were removed from the respective Fe-sufficient and Fe-deficient nutri-
ent solutions at two hours after the onset of sunlight, and their roots were gently washed in dis-
tilled water and tapped between the folds of tissue paper to remove excess water. The roots were
then immersed in 20 mL of distilled water for 4 h under continuous aeration, and after that the
root exudates were collected. Following which the plants were retransferred to the respective Fe
nutrient solutions, and the whole process was again repeated over time on different days of col-
lection of the root exudates.

The collected exudates were centrifuged at 12000 g, and the supernatants containing PS were
drawn and stored at ¡20�C until estimation. Working solution of Fe was prepared by adding
1 N sodium hydroxide (NaOH) to 4 mM iron (III) chloride (FeCl3) (pH 6.0) until the precipita-
tion of iron (III) hydroxide (Fe(OH)3) occurred. Eight milliliters of the stored PS samples was
added to 2 mL of the working Fe solution [Fe(OH)3], and 500 mL of 0.5 M sodium acetate buffer
(pH 5.6) was added to it under vortex for 30 min. Contents were filtered and 0.2 mL of 3 M sul-
furic acid (H2SO4) was added for the acidification of the solution. Resultant mixture was heated
for 20 min at 55�C after the addition of 500 mL of hydroxyl amino chloride. It was followed by
the addition of 0.2 mL of ferrozin (10 mM) along with 1 mL of sodium acetate buffer (0.5 M,
pH 4.6). The intensity of the violet color developed due to the formation of Fe (II)–ferrozin
complex was measured at 562 nm on ultraviolet-visible (UV–VIS spectrophotometer; UV5704SS,
Electronics Corporation of India Limited, Hyderabad, India).
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Estimation of iron content in rice plant tissue and unpolished rice

The total iron content of the unpolished grain, and shoot and root tissues of the experimental rice gen-
otypes was determined at 9 and 15 DAT following the diacid (9:4, nitric acid:perchloric acid (HNO3:
HClO4), v/v) digestion procedure of Jackson (1973) with the help of an atomic absorption spectrome-
ter (ZEEnit 700, Analytik Jena AG, Jena Germany) at 248.3 nm (Jones Jr. and Wallance,1992).

Shoot and root biomass

Plants harvested at 9 and 15 DAT from the Fe-sufficient and Fe-deficient solution were separated into
shoots and roots and oven dried at 60�C until constant weights were achieved. Following this, their dry
masses were recorded.

Chlorophyll content

A chlorophyll meter (SPAD 502; Soil Plant Analysis Development (SPAD unit), Minolta Camera Com-
pany, Tokyo, Japan) was used for measuring the relative chlorophyll content of Fe-deficient and Fe-
sufficient plants. SPAD measurements were made on the five youngest fully expanded leaves of each of
the investigated rice genotypes at 10, 13, and 15 DAT. Further, the Fe deficiency tolerance index was
calculated using the following formula:

Tolerance index TIð ÞD ½ CFeC ¡ CFe--ð Þ6 CFeC �

Where CFeC D the mean SPAD reading under Fe-sufficient nutrient solution for the genotype
CFe– D the mean SPAD reading under Fe-deficient nutrient solution for the same genotype.

Fe deficiency recovery index

Fifteen-day-old Fe-deficient seedlings of different rice genotypes previously grown on 1 mm Hoag-
land’s solution were supplied with Fe-sufficient (100 mm) Hoagland’s solution for 11 days and the Fe
recovery index was calculated by using following formula

Recovery index %ð ÞD ½ M0 DAIS ¡ M11 DAISð Þ 6 M0 DAIS� £ 100

Where M0 DAIS D the shoot mass (g plant¡1) at 0 day of Fe supply (100 mm)
M11 DAIS D the shoot mass (g plant¡1) at 11 days of Fe supply (100 mm).

Statistical analysis

The statistical analysis of data was carried out using the analysis-of-variance (ANOVA) technique for
the factorial CRD as per the standard methods described by Panse and Sukhatme (1995), and Gomez
and Gomez (1984) using the MSTAT-C (Version 1.41; MSTAT, University of Michigan, East Lansing,
MI, USA) program. Correlation analysis was carried out with the help of MICROSTAT package (Eco-
soft, Inc., Indianapolis, IN, USA). When ANOVA values were significant, means were compared by
the least significant difference at the 0.01 and 0.05 probability levels.

Results and discussion

Iron efficiency, in physiological terms, is a measure of a genotype’s capacity for biomass production
under Fe deficiency over the Fe-sufficient condition. It can also be expressed in terms of biomass pro-
duction per unit of Fe uptake by the plant. Substantial variation in tolerance to Fe deficiency within
and among cereals species has been reported (Rengel and Romheld, 2000). In this study, Fe efficiency
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of the eight rice genotypes was assessed in terms of plant vigor, Fe content, and the root release of PS
under Fe-sufficient (100 mM Fe) and Fe-deficient (1 mM Fe) nutrient solution cultures.

Shoot and root biomass

The mean plant and shoot masses of rice genotypes were significantly higher under Fe-sufficient than
under Fe-deficient condition (Table 1). The highest shoot mass under Fe-sufficient and Fe-deficient
treatments was observed for Pusa 33 (0.102 and 0.049 g plant¡1, respectively) and the lowest for ADT
39 (0.048 and 0.032 g plant¡1, respectively). Across the genotypes, the root biomass was lower under
the Fe-deficient condition. Genotypes having better root characteristics under conditions of low Fe
availability have a greater chance of tolerating Fe deficiency owing to their ability to explore a larger
soil volume. It is, thus, imperative to look for genotypes which produce roots independent of the Fe
nutrition. Among the investigated genotypes, Pusa 33 produced significantly higher mean root mass
both under Fe-sufficient and Fe-deficient conditions (0.061 and 0.036 g plant¡1, respectively).

Plant biomass, averaged over genotypes, was appreciably higher under Fe-sufficient condition in
comparison with Fe-deficient condition. Pusa 33 was the most Fe-responsive genotype as it accumu-
lated not only the highest but also twice the biomass under Fe-sufficient condition than under Fe-
deficient condition (Table 1). ADT 39 was found to be the most Fe-“unresponsive” rice genotype as it
produced the least plant biomass under both the conditions of Fe availability. A similar genetic varia-
tion in plant growth was observed in Aegilops tauschii and Triticum species under zinc (Zn) and Fe
deficiencies by Tolay et al. (2001).

Leaf greenness

Iron-deficient plants, irrespective of the genotypes, showed 75–80% reduction in the leaf chlorophyll
(SPAD index) compared with that of the Fe-sufficient plants (Table 1). Among all the investigated gen-
otypes, ADT 39 had the least chlorophyll (mean SPAD index of 18.58) even under Fe-sufficient treat-
ment compared to the other genotypes (mean SPAD index, 21–25). Because the availability of iron is
crucial for the maintenance of leaf chlorophyll content, Fe deficiency tolerance of the investigated gen-
otypes used in this study was also assessed in terms of the ability of the Fe-deficient plants to maintain

Table 1. Shoot, root, and plant mass, and leaf greenness (SPAD index) of rice genotypes under Fe-sufficient (CFe) and Fe-deficient
(¡Fe) nutrient solution.

Rice genotypes
(G)

Treatment
(T)

Shoot mass
(g plant¡1)

Root mass
(g plant¡1)

Plant mass
(g)

Leaf greenness
(SPAD) index

Tolerance index
(TI)

MAS 26 (C) Fe 0.073bcd 0.029c 0.102bc 24.98ab 0.75c

(¡) Fe 0.045a 0.027bcd 0.069ab 6.13ab

MAS 946–1 (C) Fe 0.064cd 0.038bc 0.102bc 24.47ab 0.82a

(¡) Fe 0.035c 0.023cd 0.058bc 4.36cde

Pusa 33 (C) Fe 0.102a 0.061a 0.163a 25.29a 0.81ab

(¡) Fe 0.049a 0.036a 0.085a 4.87cde

ADT 39 (C) Fe 0.048d 0.026c 0.073c 18.58e 0.79bc

(¡) Fe 0.032c 0.020d 0.052c 3.85def

Basmati 370 (C) Fe 0.077abc 0.034bc 0.111bc 22.58bcd 0.76bc

(¡) Fe 0.048a 0.029abc 0.077a 5.32abc

ADT 38 (C) Fe 0.058cd 0.031bc 0.089c 21.64cd 0.85a

(¡) Fe 0.037bc 0.024cd 0.060bc 2.94f

IR 36 (C) Fe 0.062cd 0.033bc 0.095c 21.02d 0.68d

(¡) Fe 0.044ab 0.032ab 0.076a 6.66a

IR 64 (C) Fe 0.093ab 0.051ab 0.144ab 23.85abc 0.78bc

(¡) Fe 0.043ab 0.035ab 0.078a 5.18bcd

LSD (p D 0.05) T D 0.006 T D 0.004 T D 0.009 T D 0.52
G D 0.011 G D 0.008 G D 0.019 G D 1.05

T £ G D 0.016 T £ G D NS T £ G D 0.027 T £ G D 1.48

Means followed by the same letter are not significantly different following Duncan’s multiple range test at 5% level.
LSD: least significant difference.
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the leaf chlorophyll in comparison with the Fe-sufficient plants. Pusa 33 not only had the highest mean
leaf chlorophyll under Fe-sufficient treatment but also showed a relatively higher but insignificantly
different chlorosis tolerance index (0.81) compared with ADT 38 (0.86) (Table 1). Irrespective of the
genotypes, visual Fe deficiency symptoms such as reduction in plant height and appearance of leaf
chlorosis were apparent by the 10th day of plant growth on the Fe-deficient medium as also reported
by Tolay et al. (2001).

Root and shoot Fe and Fe use efficiency

Irrespective of the genotype, growth stage, and Fe availability condition, the root accumulated more Fe
than the shoot except for MAS 946–1 and Pusa 33 under Fe sufficiency (Table 2), which exhibited a
better capacity for the root-to-shoot Fe translocation. Expectedly, Fe accumulation under Fe-sufficient
condition was greater than that under Fe-deficient condition. The mean shoot Fe content of genotypes
ranged from 225.8 to 687.4 mg g¡1 dry weight under low Fe condition, whereas under Fe-sufficient
condition, it varied from 1002.1 to 3745.5 mg g¡1 dry weight among the experimental genotypes of rice
(Table 2). However, the root Fe content under Fe-deficient and Fe-sufficient conditions ranged from
1172.4 to 1756.9 mg g¡1 dry weight and 1999.4 to 7307.5 mg g¡1 dry weight, respectively. Although the
mean shoot Fe content of Pusa 33 was much lower than that of the other genotypes (ADT 39, ADT 38,
IR36, and IR64), it was efficient in accumulating the biomass per unit of Fe uptake under the Fe-defi-
cient condition. Although Basmati 370 and IR64 also accumulated the shoot Fe equivalent to Pusa 33
under Fe-sufficient treatment, they were inefficient with respect to the root-to-shoot Fe transport
(Table 2). An efficient root-to-shoot translocation of Fe, under Fe-deficient condition, has been caus-
ally related to the Fe deficiency tolerance of rice and wheat (Hajiboland et al., 2001, Singh et al., 2002).

The mean plant Fe content among the investigated rice genotypes ranged from 75.1 to 384 mg/plant
and 8.84 to 30.2 mg/plant under Fe-sufficient and Fe-deficient treatments, respectively (Table 2). Pusa
33 had the highest plant Fe content highlighting its Fe-responsive behavior. Meanwhile, ADT 39 had
the least mean plant Fe content, when seen together with its capacity for the biomass production under
the Fe-sufficient condition, indicating its inability for the efficient Fe uptake, transport, and utilization,

Table 2. Iron concentration of the shoot and root, plant Fe content and Fe use efficiency of rice genotypes grown in Fe-sufficient
(CFe) and Fe-deficient (¡Fe) nutrient solutions.

Rice genotypes
(G)

Treatment
(T)

Shoot Fe (mg Fe g¡1

dry weight)
Root Fe (mg Fe g¡1

dry weight)
Plant Fe content
(mg plant¡1)

Fe use efficiency
(g dry weight mg¡1 Fe)

MAS 26 (C) Fe 1002.1e 3268.9bc 75.1d 0.11a

(¡) Fe 225.8c 1172.4d 10.1d 0.44a

MAS 946–1 (C) Fe 2051.6cd 1999.4c 145cd 0.06b

(¡) Fe 249.4c 1296.9cd 8.84d 0.41ab

Pusa 33 (C) Fe 3745.5a 2717.6c 384a 0.03c

(¡) Fe 309.4c 1244.4cd 15.2cd 0.32b

ADT 39 (C) Fe 2168.5cd 4970.3b 104d 0.05bc

(¡) Fe 499.8b 1240.6cd 16.5bcd 0.22c

Basmati 370 (C) Fe 3182.3ab 4853.6b 245bc 0.03c

(¡) Fe 281.1c 1648.1ab 13.9cd 0.39ab

ADT 38 (C) Fe 1760.6de 3384.1bc 104d 0.06b

(¡) Fe 620.6ab 1756.9a 22.7abc 0.16c

IR 36 (C) Fe 2724.9bc 7307.5a 171cd 0.04bc

(¡) Fe 564.7ab 1676.0a 25.0ab 0.19c

IR 64 (C) Fe 3295.9ab 4742.2b 315ab 0.03c

(¡) Fe 687.4a 1564.6abc 30.2a 0.15c

LSD (p D 0.05) T D 149 T D 364 T D 24 T D 0.018
G D 298 G D 728 G D 48 G D 0.036
T £ G D 421 T £ G D 1030 T £ G D 68 T £ G D 0.05

Means followed by the same letter are not significantly different following Duncan’s multiple range test at 5% level.
LSD: least significant difference.
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in comparison with other experimental rice genotypes. However, Pusa 33, despite accumulating half
the plant Fe level (15.2 mg Fe/plant) of IR64 (30.2 mg Fe/plant), showed significantly higher Fe use effi-
ciency for biomass production under the condition of low Fe availability (Table 2).

Iron use efficiency measured in terms of biomass production per unit Fe uptake was higher
under Fe-deficient than under Fe-sufficient conditions for all the investigated rice genotypes.
Understandably so, because the genotypes produced significantly lower biomass under Fe-defi-
cient than under Fe-sufficient conditions. A genetic variability in Fe use among the rice lines was
evident (Table 2). Use efficiency, in general, irrespective of the Fe availability and genotype,
declined with age. Iron responsiveness characteristic of Pusa 33 was related to an efficient uptake
and an efficient root-to-shoot translocation of Fe. Under Fe-sufficient condition, although ADT
39 accumulated twice the Fe content of Pusa 33 in the root, it translocated significantly lower
amount of Fe to the shoot compared with root-to-shoot Fe translocation efficiency of Pusa 33.
The data clearly show that the Fe efficiency and inefficiency of Pusa 33 and ADT 39, respectively,
are determined mainly by the genotypic difference in the transport of Fe from the root to the
shoot rather than the capacity for the uptake of Fe. Yokosho et al. (2009) have reported the pres-
ence of OsFRDL1, a citrate transporter gene required for efficient translocation of Fe in rice,
which is mainly expressed in roots and that knockout of this gene resulted in leaf chlorosis,
lower leaf concentration, and precipitation of Fe in the stele. The genotypic differences of Fe con-
tent in the root and shoot of rice and their iron use efficiency could probably be explained on
the basis of differential expression of OsFRDL1 in different rice genotypes studied.

Iron deficiency recovery index

Genotypic difference in the Fe deficiency recovery index was measured in the 15-day-old hydroponi-
cally raised Fe-deficient plants. These plants were transferred to the Fe-sufficient medium (100 mM),
and the change in the leaf chlorophyll was monitored for an experimental duration of 11 days, follow-
ing which the Fe deficiency recovery index was calculated. Plants grown continuously on the Fe-
sufficient medium throughout the experimental duration were maintained as control (Table 3).
Iron-deficient plants of Pusa 33 showed the highest recovery index of 37.7%, whereas ADT 39 and
IR36 showed relatively lower recovery index of 8.3% and 2.2%, respectively. Because the efficiency of
recovery from nutrient stress is an important determinant of nutrient deficiency tolerance, Pusa 33
that showed the highest recovery efficiency can be characterized as a Fe-responsive genotype. Mean-
while, the poor performance of ADT 39 under Fe deficiency could be attributed to its poor capacity for
Fe uptake and utilization. It has been reported that rice plants maintain Fe homeostasis by regulating
the response of transcription factor IDEF1, which regulates responses to Fe deficiency by recognizing
CATGC sequences (Kobayashi et al., 2009). The differential expression of this transcription factor
probably may be the reason for the observed genotypic variation in the Fe deficiency recovery index
among the studied rice genotypes.

PS release by the roots of rice genotypes

The root release of PS was measured from the 8th day after the transfer of rice seedling to the
Fe-deficient solution (1 mM Fe), as the Fe deficiency-induced leaf chlorosis became evident by
the 8th day. As expected, the PS release was almost negligible under Fe sufficiency, but was sig-
nificantly induced under the condition of low Fe availability (Ishimaru et al., 2006). Higher PS
exudation has been reported under Fe than under Zn deficiency in cereals (Rengel and Romheld,
2000). The mean release of PS averaged over 8, 11, and 14 DAT ranged from 0.05 to 0.16 and
0.25 to 1.03 mmol plant¡1 4h¡1 under Fe-sufficient and Fe-deficient treatments, respectively
(Table 4). Genotypic difference in the root release of PS was evident between the two Fe avail-
ability treatments among the investigated rice genotypes. The highest and the lowest PS release
were measured for rice genotypes Pusa 33 and ADT 39, respectively. PSs were highly effective in
solubilizing and mobilizing Fe by rice genotypes from low Fe availability of alkaline soils
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(Takahashi et al., 2001). The existence of large difference in Fe deficiency tolerance between vari-
ous rice genotypes has been correlated with the root release of PS (Yang et al., 2013). However,
Zhang et al. (1991) reported a relatively poor relationship between PS exudation and Fe defi-
ciency tolerance of barley genotypes.

Table 4. PS release by the roots of rice genotypes at 8, 11, and 14 DAT grown in Fe-sufficient (CFe) and Fe-deficient (¡Fe) nutrient
solutions.

PS (mmol Fe plant¡1 h¡4)

Rice genotypes (G) Treatment (T) 8 DAT 11 DAT 14 DAT Mean

MAS 26 (C) Fe 0.12ab 0.04b 0.05cd 0.07
(¡) Fe 0.60c 0.25d 0.43d 0.46

MAS 946–1 (C) Fe 0.06b 0.03b 0.06bcd 0.05
(¡) Fe 1.04b 0.52c 0.52d 0.69

Pusa 33 (C) Fe 0.08b 0.02b 0.12abc 0.07
(¡) Fe 1.04b 0.82b 1.23a 1.03

ADT 39 (C) Fe 0.07b 0.07b 0.02d 0.05
(¡) Fe 0.32f 0.21d 0.23e 0.25

Basmati 370 (C) Fe 0.05b 0.20a 0.04cd 0.10
(¡) Fe 0.35ef 0.82b 0.72c 0.63

ADT 38 (C) Fe 0.12ab 0.08b 0.04cd 0.08
(¡) Fe 0.52cd 0.52c 1.24a 0.76

IR 36 (C) Fe 0.18a 0.12ab 0.17a 0.16
(¡) Fe 1.47a 0.89a 0.52d 0.96

IR 64 (C) Fe 0.12ab 0.08b 0.14ab 0.11
(¡) Fe 0.45de 0.45cd 0.89b 0.60
LSD (p D 0.05) T D 0.02 T £ D D 0.03

D D 0.02 T £ G D 0.05
G D 0.04 D £ G D 0.06

T £ D £ G D 0.09

Means followed by the same letter are not significantly different following Duncan’s multiple range test at 5% level.
LSD: least significant difference.

Table 3. Iron deficiency recovery index of 15 day (D)-old rice plants raised in Fe-deficient nutrient solution culture at 11 days after Fe
supply (DAIS).

Plant mass (g plant¡1)

Rice genotypes (G) Treatment (T) 0 DAIS 11 DAIS Recovery index (%)

MAS 26 (C) Fe 0.082c 0.128b 56.1
(¡) Fe 0.046ab 0.058bc 26.1

MAS 946–1 (C) Fe 0.081cd 0.112c 38.3
(¡) Fe 0.038bcd 0.047de 23.7

Pusa 33 (C) Fe 0.138a 0.162a 17.3
(¡) Fe 0.053a 0.073a 37.7

ADT 39 (C) Fe 0.049f 0.073e 49.0
(¡) Fe 0.036d 0.039e 8.3

Basmati 370 (C) Fe 0.090c 0.135b 50.0
(¡) Fe 0.053a 0.068ab 28.3

ADT 38 (C) Fe 0.063e 0.093d 47.6
(¡) Fe 0.037cd 0.049cde 32.4

IR 36 (C) Fe 0.069de 0.099cd 43.4
(¡) Fe 0.045abc 0.046de 2.2

IR 64 (C) Fe 0.106b 0.167a 57.5
(¡) Fe 0.047ab 0.055cd 17.0

LSD (P D 0.05) T D 0.002 T £ D D 0.003
D D 0.002 T £ G D 0.006
G D 0.004 D £ G D 0.006

T £ D £ G D 0.008

Means followed by the same letter are not significantly different following Duncan’s multiple range test at 5% level.
LSD: least significant difference.
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Grain Fe content

Grain Fe density (mg g¡1) and content (mg grain¡1) of the experimental rice genotypes ranged, respec-
tively, from 6.9 to 9.2 and 0.09 to 0.16 mg grain¡1 (Table 5). ADT 39 showed higher grain Fe density
(9.2 mg g¡1) but the least grain Fe content (0.09 mg grain¡1). However, Pusa 33 possessed not only
comparable grain Fe concentration (8.2 mg g¡1) but also higher grain iron content (0.16 mg grain¡1).
Genotypic difference in the concentration of Fe in rice grain has earlier also been reported by Yang
et al. (1998). The role of the seed Fe content in affecting the seedling establishment and seedling vigor
is known (Wiersma, 2012). Seed micronutrients become particularly critical under the conditions of
soil nutrient deficiency where seed in situ concentrations of different micronutrients govern the effi-
ciency for the initial vegetative vigor and the consequent reproductive performance of crops (Rengel
et al., 1998; Rengel and Romheld, 2000). Considerable differences in the grain Fe content of Pusa 33
and ADT 39 could be the reason for the differences in the seedling establishment and initial seedling
vigor of these genotypes under Fe deficiency (Table 5). A higher grain Fe content of Pusa 33 might
help to outperform the low grain Fe-accumulating ADT 39, by enabling a better crop establishment
and seedling vigor at the initial stages of crop growth. Grain Zn availability was shown to influence the
initial seedling vigor and even grain yield in wheat grown on Zn-deficient soil (Cakmak et al., 1997).
Zinc deficiency response of wheat genotypes was shown to be significantly altered by the initial grain
Zn level (Singh and Singh, 2011).

Relationship among different physiological and biochemical attributes of plant growth

The increased correlation between plant growth and different physiological attributes with Fe uptake
and PS release characteristics of rice genotypes on Fe-sufficient and Fe-deficient nutrient solution is
presented in Table 6. Under Fe-sufficient and Fe-deficient conditions, the shoot mass was expectedly
correlated with the root mass. Plant mass exhibited a significant positive correlation with leaf greenness
and shoot Fe. A significant negative correlation between root Fe and leaf greenness indicates a higher
accumulation of Fe in the root but its impaired translocation to the shoot, which shall negatively influ-
ence the leaf growth and its physiological and photosynthetic potential. Because PS release is a function
of Fe deficiency (Clark et al., 1988), the PS release capacity under Fe-sufficient condition did not yield a
significant correlation with any of the plant growth parameters and Fe uptake.

Under Fe-deficient condition, the correlation coefficient between the shoot and the root mass and
that between the PS and the shoot mass were highly significant and positive (Table 6). Mass of plants
raised on Fe-deficient nutrient solution showed a highly significant positive (p D 0.01) correlation with
the leaf greenness and shoot Fe. Leaf greenness also showed a very strong positive correlation with the
shoot and root Fe. Shoot Fe and root Fe were also positively correlated, indicating a higher sink
demand for Fe in the shoot under Fe-deficient condition and the matching supply/transport of Fe
from the root to the shoot. Plant mass showed a highly significant correlation with leaf greenness
(R2 D 0.77��) and shoot Fe concentration (R2 D 0.83��) under Fe-deficient condition. The PS release
capacity by the roots of Fe-deficient plants showed a significant positive correlation with the shoot
mass (R2 D 0.62�). This indicates that the plants producing more mass shall possess a greater capacity

Table 5. Iron concentration (mg g¡1) and Fe content (mg grain¡1) in grains of rice genotypes used in the experiment.

Genotypes Fe concentration (mg Fe g¡1 grain) Fe content (mg Fe grain¡1)

MAS-26 6.1 0.13
MAS-946–1 7.7 0.15
Pusa-33 8.2 0.16
ADT-39 9.2 0.09
Basmati-370 7.5 0.15
ADT-38 7.8 0.13
IR-36 7.4 0.10
IR-64 7.3 0.12
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for the release of PS, which is likely to aid mobilization of bound and unavailable Fe and thus their sur-
vival on low available Fe (Table 6).

The data clearly showed that PS release is not the sole determining factor for high Fe uptake by rice,
and other physiological factors such as efficient root-to-shoot translocation and utilization of Fe are
also equally important. It is apt to mention here that PS not only aids the root uptake of Fe but also reg-
ulates the translocation of Fe to the shoot as the Fe–PS complex (Tsukomoto et al., 2009). A significant
correlation between plant mass and PS release revealed that plant health could influence root exudation
behavior of rice. Iron deficiency tolerant genotypes might have relatively more carbon resources for the
shoot-to-root translocation and their release as exudates than the susceptible genotypes. Neumann and
Romheld (2000) showed that the release of root exudates depends on the plants’ physiological status.
Rice genotype Pusa 33 was assessed as an Fe-responsive and Fe-deficiency-tolerant type, whereas ADT
39 was found to be highly sensitive to Fe deficiency. Iron deficiency tolerance of Pusa 33 could be
attributed to a significantly higher total and the rate of root release of PSs. Higher PS release may facili-
tate a higher root Fe uptake by Pusa 33 under the condition of low Fe availability. Radio-labeled carbon
(14CO2) can be used to prove the aforementioned hypothesis conclusively (Pandey et al., 2013).

Conclusion

Besides the wide genetic variation in Fe deficiency tolerance of rice, this study indicates that the Fe defi-
ciency tolerance of rice is attributed chiefly to an efficient root-to-shoot translocation of Fe. A higher
release of Fe-mobilizing PS in the Fe-efficient genotype could facilitate a higher root uptake of Fe and
an efficient Fe partitioning to the shoot as the Fe–PS complex.
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