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Abstract

A pot experiment was conducted under different water managements, namely control (continuous flooding
condition), 2,3,4WAH (water was drained at two to four weeks after heading), and FCap (the soil moisture was
kept at field capacity level, to maintain aerobic soil condition). We examined the influence of the establishment
of aerobic soil condition at different timing of rice post-heading stage. The results showed that water
managements changed soil redox potential and pH that were known to be responsible of micronutrients
availability in soil. Transition from flooding condition to aerobic condition during rice post-anthesis stage,
reduced pH toward its initial value as well as Fe availability in soil. Although soil was re-oxidized in 2,3,4WAH
treatments, which reduced Fe availability in soil from the level of control treatment, concentration of Fe in grain
did not differ between control and drained treatments. Correlation analyses exhibited that the reduction of Fe
availability in soil under aerobic condition in 2,3,4WAH and FCap enhanced Zn and Cu availabilities in soil and
increased concentration of Zn, Cu and Mn in grain. The results point up toward that, enhancement of
micronutrient availability in soil during post-heading stage are strongly associated with its grain micronutrient
concentration. Establishment of aerobic condition from two weeks after heading increased the grain Zn, Cu and
Mn concentration by 11, 20 and 35 percent respectively over the values in flooding condition, without negative
effects on yield parameters. Unlike control and 2,3, 4WAH treatments, FCap that kept aerobic soil condition
performed high concentration of grain micronutrients but its low yield.
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1. Introduction

Micronutrient deficiencies in soil have been identified as one of main factors affecting crop yield, food quality
and human health (Yang et al., 2007; Alloway, 2008). In recent years, emphasis on agriculture, environment,
demographic growth and micronutrient malnutrition has increasingly taken center stage in policy discussions on
food security in developing countries. The inhabitants of these countries are prone to suffer from
undernourishment, caused by inadequate food intake or intake of foods of poor nutritional quality (Bain et al.,
2013). New approaches have been applied in achieving sustainable improvements in the micronutrient status of
vulnerable populations. One of them is the “genetic biofortification” which has been accepted as a cost-effective
and sustainable strategy in order to ameliorate the malnutrition (Cakmak, 2008; Meenakshi et al., 2007). The
development of new improved crops varieties, through advanced breeding techniques as well as the screening of
germplasm, has allowed for identification of varieties with high potential of accumulating micronutrient in edible
parts. Some of the major successes have been observed in crops such as wheat, maize, beans, sweet potato,
cassava and rice.

Rice (Oryza sativa L.) is the main staple crop for more than half of the world population (FAO, 2013). In spite of
its high consumption, the low content of micronutrient in rice required to meet whole dietary elements necessary
to keep a balanced diet in humans, calls for concern. Rice as a major cereal therefore has become a priority for
current research works. New findings suggest that micronutrients content in rice grain depends not only on
genotypic variables, but also on environmental factors, such as the endogenous soil mineral contents, soil
properties ( Cakmak, 2008; Sperotto et al., 2013) water management (Dobermann & Fairhurst, 2000; Liao et al.,
2013) and climate conditions (Najafi-Ghiri et al., 2013).

“Agronomic biofortification” through the application of fertilizer (inorganic or organic), modification of
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cultivation systems, soil management and new irrigation strategies have proved effective in enriching
micronutrients content in rice grain by controlling the availability of soil micronutrients for plant (White &
Broadley, 2009). Unlike genetic biofortification, the agronomic biofortification has shown to be a short-term
approach, more accessible for developing countries which are facing the burden of malnutrition and where the
advanced technologies (e.g. plant breeding and genetic engineering) still remain unreachable (Cakmak, 2008).

Since soil micronutrient availability is highly associated with the contents in plant and grain quality; its
availability has become the key limitation factor to productivity, stability and sustainability of rice production in
many countries such as Australia, China, India and United States (Bell & Dell, 2008). Studies conducted by Yang
et al. (2007) in China, reported that such deficiencies in soil overlapped areas where population exhibits health
micronutrients imbalance, affecting more than 40% of the population. Usually those deficiencies are afforded by
the applications of chemical fertilizer (edaphic and foliar) or organic amendment. The application of Zn fertilizer
has had a positive response in wheat (7riticum aestivum L.), (Cakmak, 2008), sorghum (Sorghum bicolor L.) and
rice (Gao et al., 2012). Iron is another important micronutrient for plant and human health. Major Fe deficiencies
have been reported mainly in sandy and calcareous soils (Brady & Weil, 2014). However, under such condition
application of inorganic Fe fertilizer often results in ineffective practice due the conversion to ferric form
(Rengel et al., 1999). Besides that, the micronutrients content in grain could be controlled by genetic factor
meaning that the application of fertilizer even in excess could not increase the content in grain and would rather
trigger toxicity symptoms. Likewise micronutrient demand for physiological processes and plant uptake rates
could also vary in function of different growing stages and environmental condition (Maschner, 2012).

Rice as well as other crops needs essential micronutrients in very small amount compared to macronutrient.
Almost all the soil contains enough micronutrients to support the plants growth demands, however,
micronutrients availability often is governed by some soil properties (White & Broadley, 2009). For example,
changes in soil redox potential and pH are the most important properties that could affect micronutrient
availability in paddy (Tao et al., 2007; Brady & Weil, 2014). Likewise, soil organic matter and its decomposition
processes have a significant and direct impact on the availability of micronutrients (Marschner & Rengel, 2007).
Other factors such as synergistic and antagonist interactions among micronutrients and essential elements could
also often affect micronutrient uptake by crops (Fageira, 2002).

In order to increase the contents of micronutrients in grain, understanding the dynamics of micronutrient at
different growing stages is also very important. Some studies have pointed out that the period between panicle
initiation to maturity is considered as high demand for grain micronutrient accumulation. For instance,
concerning Zn uptake, Jiang et al. (2007) reported that 36% of total Zn in rice grain was taken up directly from
soil between anthesis and maturity stages, similar patterns has been described in wheat during grain filling stage
(Pearson & Rengel, 1994). For Fe, as Inoue et al. (2009) observed, Fe-trasnporter gene OsYSL15 was highly
expressed during the anthesis and seed formation stage, these stages probably are the active Fe uptake period of
rice. Copper (Cu) on the other hand is essential in flower fecundation (Dobermann & Fairhurst, 2000). Therefore,
its demand should significantly increase at anthesis.

With regards to above factors influencing the micronutrient availability in soil, plant uptake and the content in
rice grain, little information is available about the effect of water management over micronutrient concentration
in grain during grain filling stage. Since changes in soil water condition are strongly associated with
micronutrient availability and plant uptake; shifting soil water condition could be a suitable approach to control
soil micronutrient availability and to improve the nutritional value of rice in developing countries where farmers
do not have easy accesses to fertilizers or other costly approaches. Therefore, the aim of this present study was to
assess the effect of water management on the micronutrient contents in rice grain and availability of soil at grain
filling stage.

2. Materials and Methods

The effects of water management on soil properties and micronutrients content in rice grain, were evaluated
through a pot experiment conducted in a greenhouse at Shimane University (35°29'N 133°04'E), from
2011-2012 during rice growing season in Japan (May 15th/Oct 15th). Plastic bucket (@ = 24 cm X 25 cm height)
were filled with 7.5 kg of air dry “Gray Lowland” soil Typic Fluvaquent (USDA, 2010). The general soil
characteristics are presented in Table 1. The semi-dwarf (cv. Koshihikari) rice variety was used in this study.

2.1 Experimental Design

The pot experiment was laid out in a randomized block design of five water irrigation treatments (Figure 1) with
four replications. Control was flooded from transplanting to harvest. The heading stage (50% of the panicle
exertion) was the benchmark for the next customized irrigation treatments where flooded-irrigation was stopped

164



www.ccsenet.org/jas Journal of Agricultural Science Vol. 7, No. 5; 2015

during the post-heading at four week after heading “4WAH,” three week after heading “3WAH,” and two weeks
after heading “2WAH,” and kept in a soil level approximately 35+3% (v/v) moisture, equivalent to £80% of its
field capacity level. The last treatment was kept at the same moisture condition, 80% of field capacity conditions
“FCap” throughout growth period in order to mimic the conditions of upland systems. Treatments under flooding
condition were £5 cm water depth. Distilled water was used for irrigation to avoid micronutrient supply through
it. Chemical fertilizer (N:P:K) at doses of 45:65:60 kg ha™ respectively was applied based on crop demand as
follows: N was split in four application, 1¥-20% basal, 2"*-30% at tillering stage, 3"-40% at panicle initiation
and 4™-10% 15 days after panicle initiation (PI). P was applied 100% of dose basal. K was split in two
application 50% basal and 50% at panicle initiation.

Table 1. Physical-chemical properties of Typic fluvaquent soil “Gray lowland” collected at paddy field in
Shimane prefecture, Japan

Soil characteristics Value
Sand (%) 22.8
Silt (%) 37.8
Clay (%) 39.4
pH 4.85
EC (mSm™) 3.87
Bulk Density (g cm™) 1.39
Total C ( gkg™) 17.6
Total N (g kg™) 1.6
NH,4-N (mg kg™) 491
NO; N (mg kg™) 8.22
Available P (mg kg™) 34.9

\E
\¥4 77

NQN

s
S

- i j

Filling \\( 1)/ \ L/
| } / \\\ ! NP
4 /P Stage) Wil il
3 0 ,{{'&"3 _({'K‘ N
I v \% VI
1 Control
2 4WAH
3 3WAH
4 2WAH
5 FCap. - >

S Anaerobic ) Aerobic

Figure 1. Schematic representation of randomized block design at with different irrigation treatments were
applied during the growth season. (I) Sowing, (II) Transplanting, (III) Tillering, (IV) Heading, (V) Maturity
Stage, (VI) Harvest. Period between («<») IV and V was considered as grain filling stage
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2.2 Plant and Rice Grain Chemical Analysis

Plant samples were collected at harvest. Flag leaves were first washed with tap water and twice with distilled
water. Thereafter they were oven dried at 40 °C for 48 hours and dehusked in rotating rubber roll, (Satake
THU35B, Japan). For micronutrient analysis, flag leaves and grain samples were ground into fine powder in
agate grinding jars, using a mixer mill (MM200, Retsch GmbH, Haan, Germany). Grain and plant samples were
oven-dried 12 hours at 80 °C. Subsequently 0.5 g of sample was digested in 2.5 ml HNO; within Teflon vessel.
All samples were oven heated at 160 °C for 4 hours, kept resting overnight and diluted with distilled water up to
25 ml (Koyama & Sutoh, 1987). The concentrations of Fe, Zn, Cu and Mn were determined by Inductive
Coupled Plasma Spectroscopy (ICPE-9000, Shimadzu, Japan).

2.3 Soil Sampling and Analysis

Soil samples were collected from 5, 10 and 15 cm depth in the bucket after harvest. They were immediately
stored in ZIPLOC hermetic plastic bag and refrigerated in order to maintain original chemical soil properties.
Portions of each sample was oven dried at 105 °C to measure the moisture content to calculate the necessary
amount for all the subsequent analyses following standard analyses methods (Japan Soil Environment Analysis
Methods Committee, 2003). The concentration of micronutrients (Fe, Zn, Cu and Mn was analyzed by mixing 10
g of soil with 20 ml of diethylene triamine pentaacetic acid (DTPA-TEA) extracting solution (Linsay & Norvel,
1978). The solution obtained was filtered and analyzed in ICPE-9000. Soil pH was determined by the soil-water
ratio of 1:2.5 and electric conductivity (EC) soil-water ratio of 1:5 using electrode method (D-24 HORIBA,
Japan). Redox potential was measured in situ from transplanting period to 25 DAT at 10cm depth using electrode
method (PNR-41, DKK-TOA Co., Japan).

2.4 Statistical Analysis

To determine the influence of water management on soil properties, micronutrient concentration in soil, plant
and rice grain accumulation, data were statistically analyzed by one—way analysis of variance (ANOVA).
Significant differences among the treatments were determined by Turkey’s honestly significant difference (HSD)
test (P < 0.05) for multiple means comparison. Correlation analysis between grain micronutrient concentration
and soil properties was done using Pearson Product Moment Correlation (PPMC). All statistical analysis was
performed using IBM SPSS Statistic v20.0 (IBM SPSS, 2011. Chicago IL, USA).

3. Results
3.1 Soil Properties

Effects of flooding on soil redox potential (E#) (Figure 2a) were observed from transplanting until early tillering
stage (25 DAT). There was a sharp decrease over time in the Ek at the 10 cm depth, from +467 to -379 mVolt
(mV). This suggested that depletion of O, and an increase in electron activity mediated by microorganisms
respiration was highly marked in the first five days. However, after 17 days Eh values achieved an apparent
stability, without significant changes. As a result of changes in the soil electrical conductivity in the flooded
treatments, the pH increased from initial pH 4.85 (transversal dashed line) at transplanting (Figure 2b). In the
control which was flooded throughout the growth stage, pH was 6.18 at the harvest stage, significantly higher
than that of the other treatments that were drained after heading at 4, 3, 2 WAH. In the drained treatments, pH
ranges declined between 5.54-5.58 without significant differences among them. Results show that pH acquires
specific values at specific soil moisture. FCap treatment showed the lower pH of 5.24.
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Figure 2. Influence of soil flooding on soil electrochemical properties. a) Soil Redox Potential; b) Soil pH(H,0).
[dashed line represent the pre-flood pH value]

3.2 Influence of Water Management on Grain Micronutrient Contents and Yield

One—way analysis of variance (ANOVA) showed that, there were statistically significant differences between
means of micronutrient concentration in grain (P-value < 0.05) Table 2. Therefore resulted in rejection of the null
hypothesis which stated that all the data came from groups with the same mean. In this case, subsequent analysis
will help us to find a significant difference between pairs of means in at least one of the treatments.

Table 2. One—Way analysis of variance (ANOVA) for the concentration of micronutrients in grain

Sum of Squares  df Mean Square  F Sig.
Grain-Fe Concentration Between Groups 139.438 4 34.860 9.888 0.000
Within Groups 123.385 35 3.525
Total 262.824 39
Grain-Zn Concentration Between Groups 204.186 4 51.046 11.431 0.000
Within Groups 156.292 35 4.465
Total 360.477 39
Grain-Cu Concentration Between Groups 36.593 4 9.148 17.769 0.000
Within Groups 18.020 35 0.515
Total 54.613 39
Grain-Mn Concentration Between Groups 3043.854 4 760.963 16.706 0.000
Within Groups 1594.257 35 45.550
Total 4638.111 39

The concentration of micronutrients in rice grain (Figure 3) differed significantly among irrigation treatments.
The Fe concentration in grain ranged from 19.01 mg kg™ to 13.95 mg kg™'. 4WAH, Control and 2WAH showed
the higher Fe concentration with no large significant differences, while 3WAH and FCap were 10% and 23%
respecctively lower than Control. In contrast to Fe, Zn concentration in rice grain was more sensitive to changes
in water management (Figure 3b). Treatments FCap and 2WAH showed values 35.40 mg kg™ and 33.70 mg kg™
respectively, representing 18% and 11% significantly higher than Control.

The concentration of Cu in grain clearly rose due the establishment of aerobic condition (Figure 3¢). Treatments
FCap and 2WAH showed higher concentrations of 4.82 and 4.11 mg kg’ respectively without significant
difference between them. Both treatments almost doubled their concentration in comparison with Control,
4WAH and 3WAH which were not significantly different. The trend observed for Mn grain concentration was
not as we expected for the different water treatments. As soil anaerobic conditions were more prolonged, grain
Mn concentration decreased. Values varied from 31.52 mg kg™ to 55.68 mg kg, treatments 2WAH and FCap
rose their Mn concentration by 65-76% respectively higher than Control (Figure 3d).
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Figure 3. Concentration of micronutrients (Fe, Zn, Cu and Mn) in rice grain, influenced by water management

The effects of soil drainage on grain micronutrient concentration during early grain filling stage, around 75-80
DAT, was beneficial particularly from treatment 2WAH where the period of flooding was the shortest. That
period was identified as high demand for micronutrient acquisition and accumulation. Despite of changes in soil
properties, the transition from flooded to aerobic conditions increased grain yield and root density by 7% and 7.3
% respectively compared to the control (Table 3). Although aboveground plant biomass (leaf and stem weight)
showed higher values for drained treatments , we observed that the increase was due the emergence of some new
shoots after of the aerobic conditions were established. These tillers did not produce panicle at the time of
harvest.

Table 3. Comparison of dry matter weight among different water managements. Values represent means of dry
matter weight, on each part of the rice plant

Control 4WAH 3WAH 2WAH FCap.
Grain yield (g plant™) 30.1° 30.5% 31.3% 32.2° 15.7°
Leaf & Stems weight (g plant™) 101.0° 108.6™ 115.9° 119.4° 72.0°
Roots weight (g plant™) 13.7° 12.9% 13.9° 14.7° 12.5°

Note. * Means followed by different lowercase letter represent the significant difference at P < 0.05 among
treatments.

3.3 Soil Micronutrient Availability and Water Management

Soil micronutrient availabilities were clearly influenced by water managements. The Fe availability (Figure 4a)
significantly decreased from Control to FCap. The decreasing change was more evident after the re-oxidation of
treatments 4, 3, 2 WAH where the concentration was reduced by more than 20%. Treatments 3WAH, 2WAH and
FCap showed a slight increase in Zn availability by 6, 1land 12% over Control, respectively, although
differences were not statistically significant (Figure 4b).
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Figure 4. Micronutrients availability (Fe, Zn, Cu and Mn) in soil

Cu availability increased sharply as aerobic condition were established. Figure 4c shows how Cu availability
increase from flooded condition to 4WAH in a short time. Cu availability reached its peak values as result of
decreasing pH which is maintained across subsequent treatments. Availability of Cu did not show significant
difference between the drained (4, 3, 2WAH) and FCap treatments. FCap and 2WAH were >20% significantly
higher than Control. Likewise, Mn availability (Figure 4d) remained high across all the treatments regardless of
flooding schedule. These treatments did not showed significant differences among them. Availability of Mn
range from 187 mg kg™ to 228 mg kg™'. Control was six fold higher in available Mn than FCap.

4. Discussion

At first, for better understanding of the results of present study, we simply summarize the effect of Soil Eh and
pH change with water management on micronutrient availability in soil. Soil flooding conditions caused
modifications in soil pH and Eh. After its establishment, soil pores were water saturated and Eh started to
decrease progressively (Figure 2a). The depletion of O, triggered new processes driven mainly by strict
facultative anaerobic microbes that thrive under these environments. They take over further biochemical
reactions, using substances other than O, as the terminal electron acceptor to metabolize organic compounds
(Berkowitz, 2014). In the present study, the pH increase under flooding condition (Figure 2b), could be led by
Eh reduction and the hydrogen consumption, during the reduction process of MnO, and Fe(OH); and other
transition elements demanded in microbes metabolism (Brady & Weil, 2014). The transition from flooding to
aerobic condition during grain filling stage, reduced pH suggesting that establishment of aerobic condition could
have affected the Eh and therefore pH could be progressively restored toward its initial value, as soil is
re-oxidized (Zhou et al., 2014). Redox reactions (i.e. gain and losses of electrons) can define both the soil pH
and the availability of micronutrients (White & Broadley, 2009).

4.1 Fe Dynamics

In our result, Fe availability (Figure 4a) was over the critical level in soil (5 mg kg™") for deficiency and below
300 mg kg in leaf for toxicity (Dobermann & Fairhurst, 2000). The availability of Fe in soil was significantly
higher in flooded than drained treatments, which implies that Fe availability in soil depends on soil Eh.
Therefore water management becomes the major controlling factor to consider in promoting Fe plant uptake.
Results also showed that even when soil became aerobic, Fe availability decreased at 2, 3 and 4WAH, but the
grain Fe concentration was kept comparable in all the treatments except FCap. Moreover, transition from
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flooding to aerobic and re-oxidation of Fe** to less soluble form at 2WAH and the other drained treatments, did
not affect substantially the concentration of Fe in grain. Remobilization of Fe from tissues to the grain may
explain this phenomena. Studies conducted on rice by Sperotto et al. (2013) suggested that leaves were the main
source to supply Fe to the seeds by remobilization from old tissues. Besides, release of organic acids
(phytosiderophores) in rhizosphere might also contribute to Fe acquisition under aerobic condition and
deficiency stress (Nozoye et al., 2013). Rice plant, during the tillering and reproductive stages is able to
accumulate Fe as ferritin a “Fe-reserve protein” (Da Silveira et al., 2009). This Fe is remobilized via phloem by
metal-transporters such as OsIRT1, OsIRT2, OsYSL15, and OsNRAMPS which enhance their activity during
grain filling stage (Bashir et al., 2013). In addition, the enhancement of Fe availability in soil, inhibited the
availability of Zn and Cu in soil (Dobermann & Fairhurst, 2000) and the concentration of Zn, Cu and Mn in
grain as showed correlation matrix (Table 4) therefore the re-oxidation of Fe to less soluble form from 2WAH,
might facilitate the uptake of such micronutrients and improve the concentration in grain

4.2 Zn Dynamics

Regarding available Zn values, in soil were above the critical levels (0.8 mg kg™) for deficiency (Dobermann &
Fairhurst, 2000). The concentration of Zn in grain as well as the concentration in soil was the highest in FCap,
and also tended to increase by transition from Control, to 2, 3 ,4WAH (Figures 3b and 4b). These enhancements
in grain positively correlated (P < 0.01) with the Zn availability in soil (see Table 4). Although Zn availability in
soil might be affected by several factor (Sadeghzadeh, 2013) apparently, the reestablishment of acrobic condition,
pH declining and reduction of Fe to less available form were the major factor controlling Zn availability. The
timing in which irrigation was stopped, also played an important role for Zn acquisition. Unlike FCap, which
achieved high grain Zn but low yield, 2WAH showed the best performance in terms of Zn grain concentration
and grain yield (Table 3). The period in which soil was re-oxidized coincided with grain filling stage, which has
been identified as high demand period not only for the uptake and remobilization of Zn but also other essential
elements (Pearson & Rengel, 1994; Bashir et al., 2013) Many researchers found that Zn is translocated from old
tissues to flag leaf and afterwards remobilized to the grain (Rengel et al., 1999; Wu et al., 2010). However, the
higher percentage of Zn moved into the grain is taken up directly by root, during post-heading stage (Jiang et al.,
2007; Sperotto et al., 2013). Although the availability in soil did not show significant differences with control,
2WAH responded more positively than other treatments. In comparison with 2WAH, treatments 3 and 4WAH did
not increase their Zn grain concentration even when aerobic condition could have facilitated availability of Zn.
Under flooding condition, Zn can be precipitated as ZnS and Zn(OH), or reduced its transport and root uptake by
HCO; which is the predominant anion at such condition (Dobermann & Fairhurst, 2000). The small enhancement
in root density (Table 3) observed in 2WAH, also could be another positive factor that facilitated a larger soil
contact area (Yang et al., 2004) and therefore, increase Zn uptake by plant.

4.3 Cu Dynamics

Available Cu in soil is held mainly as a free cupric ion (Cu®") which is the preferred form for plant (Hoang et al.,
2008). In our results the Cu behavior in soil and grain was broadly similar with the trend observed in Zn. Results
showed that the water condition at this period in which soil was re-oxidized at early grain filling stage, i.e. two
weeks after heading, was determining factor controling the Cu contents in grain. Figures 3¢ and 4c, showed a
close relationship between soil Cu availability and grain concentration. Furthermore, the shifting from anaerobic
to aerobic condition promote enhancement of Cu solubility and bioavailability as well as better root uptake (Liao
et al., 2013). On the other hand the lower Cu availability observed in treatments where anaerobic condition was
kept longer, could be ascribed to the formation of Cu-ferrite (Cu,Fe,04), organic matter bound and formation of
insoluble CuS (Dobermann & Fairhurst, 2000). Soil Zn availability did not significantly increase when the
aerobic conditions were established, but Cu did (Figures 4b and 4c). This suggested that Cu is able to increase in
availability easier than did Zn. Garnett et al. (2005) reported that more than 60% of Cu in grain was absorbed at
filling stage, which explains the importance of timing in water management to increase grain Cu concentration.
Enhancement of Cu availability is advisable in soils where Cu do not exceed toxic level for plant and humans
(Xu et al., 2006).

4.4 Mn Dynamics

Despite of establishment of aerobic condition, scheduled at 2, 3 ,4 WAH, soil Mn availability remained high
(Figure 4d) without significance changes compared with control. Since Mn is reduced at higher potential (+400~
-100mV) than Fe (+200~ -200 mV) (Kyuma, 1997), the Mn availability in soil can be kept stable longer than Fe
in drained treatments of which the moisture condition changed. Although Fe and Mn take active parts in redox
reactions in soil and both are able to increase their availability after soil flooding, presumably, high Fe
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availability observed in soil, adversely inhibited Mn uptake by roots, because of the antagonist interaction in soil
(Dobermann & Fairhurst, 2000; Millaleo et al., 2010; Das, 2014). Alam (1985) reported that a concentration of
Mn in leaves and stems of 7 weeks plants were increased when Fe application ranged 0-30 mg kg™ in soil, but
above 30 mg kg™ application reduced Mn concentration in plant. Other studies conducted by Pearson and Rengel,
(1994) concluded that Mn concentration in flag leaf and other active leaves increased during grain filling stage,
but remobilization to the grain was not carried out, regardless of the leaf concentration. Suggesting that,
continuous uptake from soil seems to be the main source of grain Mn. However its behavior still remains unclear,
therefore further investigations are needed to elucidate this issue.

4.5 Relationship among Soil, Plant and Grain Micronutrients Composition.

The effect of water management on soil micronutrients availability and its relationship with the concentration in
grain and flag leaf are shown in Table 4. The availability of Fe, Zn and Cu in soil significantly correlated with
their respective concentrations grain. Soil pH, redox reactions, plant physilogy (Growth stage) and rhyzosphere
activity are the main factors controlling the availability in soil and concentration of micronutrients in grain
(Dobermann & Fairhurst, 2000; Gao et al., 2012; Marchner, 2012) mediated by the transition from flooding to
aerobic condition. Mn detected in soil did not correlate with Mn concentration in flag leaf and showed a negative
correlation with grain Mn (p < 0.05). Fe availability in soil correlated negatively with the concentration of Zn
and Cu in plant and grain (p < 0.01). This observation suggested that availability of Fe in soil could be attributed
to antagonistic interaction, namely inhibition of Zn, Cu and Mn uptake (Dobermann & Fairhurst, 2000) Negative
effects of Fe excess on Cu and Mn shoots concentration have been observed in /ndica varieties (Yoshihara et al.,
2010). Concentration of Fe, Zn, Cu and Mn in flag leaf correlated positively with their respective concentration
in grain. Moreover, concentration of Zn, and Cu in grain and flag leaf correlated significantly (p < 0.01) among
each other. Studies conducted by Ishimaru et al. (2005) revealed that the expression of ZIP’s gene family are
actively related with the Zn and Cu uptake and transport system. The same mechanism may control the behavior
of Zn and Cu in plant, which brought the similar results of Zn and Cu in the present study.

Table 4. Correlation matrix between soil micronutrients availability and micronutrient concentration in flag leaf
and grain

Soil Micronutrient Flag leaf Micronutrient Grain
Fe Zn Cu Mn Fe Zn Cu Mn Fe Zn Cu
Zn -0.33"
§ Cu 0777 043"
Mn 0717 -047" -047"
Fe 020 032 013 0.6
§ zn 068" 041 038 08"  -0.14
é" Cu -0.747 047" 0617  -0817 020 077"
Mn 043 055 0597  -041 0.68" 031 0.72"
Fe 0637 -038" -041" 055" 031  -0.69" -0.61" -0.27
e In 0617 039" 0467  -0.58" 031 073" 086" 076" 0.25
% Cu -0.577 0457 0517 -0.66" 034 072" 093" 080" 024 0.87"
Mn -0.53" 048" 0597 -034 046" 0.28 0.64" 085" 024 072" 079"

Note. “and’ represent significant correlation at P < 0.01 and P < 0.05 respectively.

5. Conclusions

Soil water management changes the soil Eh and pH, which control the availability of micronutrient in soil and
consequently the concentration in rice grain. When those changes occur during grain filling stage, micronutrients
such as Zn, Cu and Mn increase their concentration in the grain, likely due the reduction of pH and their
interaction with other soil properties. Although water management did not exerted significant changes on soil Fe
availability, its re-oxidation to less available form, promoted the increase of Zn, Cu and Mn in grain.

Although researchers have been focused to increase the concentration of micronutrient in grain through breeding
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strategies, if soil management in relation to water condition is not applied, those strategies inevitably will fail.
Therefore establishment of aerobic condition starting from 2 weeks post-anthesis till maturity by proper water
management such as intermittent irrigation, seems to be the most feasible strategy to increase the concentration
of micronutrients in rice grain. Furthermore, this technique did not result in grain yield losses.

Our results exhibited the importance of soil environmental managements in realization of the biofortification
program. Plant breeding strategies must work alongside agronomic biofortification techniques. In this particular
case of rice, the combination between water management and plant breeding could be the most viable option in
order to ensure the supply of micronutrients from the soil and overcome malnutrition in vulnerable populations.
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