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INTRODUCTION

Plants are the primary source of nutrients for human nutrition. Staple seed crops
such as rice supply the majority of daily dietary nutrients for billions of people. However, the
rice grain has low density of mineral nutrients, and for those whose diets are high in staple
foods, micronutrient malnutrition is widespread. To keep up with the population growth and
to improve the nutrition and health of rice consumers, development of high-quality rice
varieties becomes increasingly important (DUAN AND SUN, 2005).

Despite the increasing number of studies about the physiology and regulation of
uptake of several minerals from the rhizosphere, the lack of knowledge about how minerals
are moved into or out of vascular tissues, translocated to vegetative tissues and loaded into
seeds is one of the barriers to biofortification of seeds (KRAMER et al. 2007).

In this work, we assess growth dynamics of the whole plant (panicles, non-flag
leaves, flag leaves, stems/sheaths and roots) over the reproductive development of the
model plant Oryza sativa. We also describe the concentrations and contents of ten mineral
nutrients (Fe, Zn, Cu, Mn, Mo, Ni, Ca, Mg, K and S) in these organs over time.

MATERIAL AND METHODS

Plant materials and growth conditions
Rice seeds from the fast-growing cultivar Kitaake were germinated in petri dishes
for 8 d before being transferred to hydroponic solution. Plants were grown in a controlled
environment chamber with 16-h, 20°C day and 8-h, 15°C night at the USDA-ARS Children’s
Nutrition Research Center, Houston, TX. The standard solution for hydroponically grown
plants contained 1 mM Ca(NOs),;, 3 mM KNO;, 0.5 mM MgSO,, 0.75 mM K,SO,4, 0.5 mM
KH,PO,, 25 uM CaCl,, 25 yM MnSOy, 0.5 pM ZnSO4, 0.5 pM CuSO,, 0.5 yM H,Mo0,, 0.1
UM NiSO,, 0.1 mM K;SiOs, and 20 uM Fe(lll)-HEDTA. All nutrients were buffered with 2 mM
MES (2,4-morpholino-ethane sulfonic acid), pH 5.5 and growth solutions were replaced
every 3 days.
Elemental analysis by ICP
All tissues were harvested and dried in a 60°C oven for 48 h. Dried tissues were
predigested overnight in borosilicate glass tubes with 4 ml of redistilled 98.8 % HNO;. One
milliliter of concentrated trace metal grade HCIO, was added to the predigested tissues and
heated at 100°C for 1 h, 150°C for 1 h, 180°C for one hour and then at 210°C to dryness (1-
2 h). Digests were resuspended in 15 ml of redistilled 2% HNO;. Concentrations of Fe, Zn,
Cu, Mn, Mo, Ni, Ca, Mg, K and S were determined by inductively coupled plasma-optical
emission spectroscopy (CIROS ICP Model FCE12, Germany). Mineral content was
determined by multiplying each sample’s concentration by dry weight.
Partition quotient calculation
To evaluate the partitioning of minerals within a rice plant during its reproductive
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development, changes in each tissue’s content were normalized to changes in each tissue’s
weight, relative to the whole plant. The DW of each organ was calculated as a percentage of
total plant weight at each time point, and mineral content of each organ was calculated as a
percentage of total plant mineral content at each time point. Using these values, the
normalized partitioning of that mineral within the plant was calculated by dividing each
organ’s percentage mineral content by its percentage DW, and multiplying by 100, which we
refer to as the partition quotient (PQ).
Statistical analyses

When appropriate, data were subjected to analyses of variance (ANOVA) and
means were compared by the Tukey HSD (Honestly Significant Differences) (P < 0.05). The
Levene’s test (for homogeneity of variance) was used prior to ANOVA. Pearson’s correlation
analyses were carried out using two significance levels (P < 0.05 and 0.01). All the statistical
analyzes were performed using the SPSS Base 19.0 for Windows (SPSS Inc., USA).

RESULTS AND DISCUSSION

Growth and mineral dynamics

According to our analysis, three different patterns of mineral accumulation during
the reproductive development of rice could be detected. First, Fe, Zn, Cu and Ni are
preferentially accumulated in the roots (Figures 1a, b, ¢ and f). Silveira et al. (2007) also
detected lower Fe levels in shoots than in roots of different rice cultivars. A large part of the
Fe in plants is in the apoplast, particularly the root apoplast. Most of this apoplastic pool is in
the basal roots and older parts of the root system (ROMHELD AND NIKOLIC, 2007). We
found Fe PQ values of about 100 in non-flag and flag leaves (Figure 1a). It is already known
that a significant proportion of Fe is also localized within the chloroplast of rapidly growing
leaves (MARSCHNER, 1995). According to Rémheld and Nikolic (2007), concentrations of
Fe in seeds are lower than in the vegetative organs, corroborating our extremely low Fe PQ
values in panicles (Figure 1a). Zn PQ values decrease in roots throughout the reproductive
development of rice, along with non-flag leaves (Figure 1b). On the other hand, Zn PQ
values increase in stems/sheaths. Simmons et al. (2003) reported the temporary
accumulation of Zn in stems. In panicles, Zn PQ values are higher during panicle exertion
(PE) than in grain filling (GF) and full maturity (FM) stages. Indeed, it has been shown that
high Zn accumulation during early seed development is possibly related to protein synthesis.
There are several reports showing that protein synthesis in seeds is particularly high during
early seed development (MARTRE et al. 2003) and Zn is the most critical micronutrient
affecting protein synthesis in plants (OBATA et al. 1999). Cu has limited transport in plants;
therefore, the highest concentrations are often in root tissues (CHAIGNON et al. 2002).
Analysis of 16 different forage species revealed that root tissues accumulated the highest Cu
concentrations (28.8 mg kg'), followed by leaves (15.5 mg kg™') and stems (8.4 mg kg™”)
(PEDERSON et al. 2002). Similar pattern was found in our work (Figure 1c). Nickel
distribution in plants depends on their developmental stage. Thus, most Ni accumulation in
the roots of Avena sativa was registered at the tillering and booting stages (in accordance
with our result) (ANDREEVA et al. 2000). Also similar to our results, Dwivedi et al. (2007)
found that most of the Ni was confined to roots in all the three tested rice cultivars.

The second pattern of mineral accumulation involves Mn and Mg, which are
accumulated in leaves (Figure 1d and h). Mn moves easily from the root to the shoot in the
xylem-sap transpirational stream. In contrast, re-translocation within the phloem is complex,
with leaf Mn being immobile, but root and stem Mn being able to be re-mobilized
(LONERAGAN, 1988), which could explain high Mn PQ values in leaves and low PQ values
in roots and stems/sheaths. In cucumber, Mg concentrations were seven times higher in the
shoots than in the roots. Yet, Mg accumulation in the younger leaves of cucumber is higher
after flowering and fruiting (BENGTSSON AND JENSEN, 1983), which is similar to our flag
leaves Mg PQ values (Figure 1h).

328



OPE OGF mFM

1600 (a) Fe 30 7 (b)2n 1007 () Cu 3007 (d) Mn 3007 (e) Mo
00

ius |

30 (f)Ni %007 (g)Ca 207 (h) Mg w07 (i)K 307 ()S

:
=
=
5

E
:

:
=
=
="
.
=

pt . " N -
olaNa 0 “
b .
s Nl | Il |
& & & & & & & & & &
& & & F&LSES
T e F
r

Figure 1. Partition quotients (PQ) in panicles, non-flag leaves, flag leaves, stems/sheaths and roots during panicle exertion
(PE), grain filling (GF) and full maturity (FM) stages of rice plants cultivated under control condition (20 uM Fe(lll)-HEDTA).
Dashed horizontal line represents PQ of 100 (dry weight increase of the organ is responsible for its increased mineral
content).

The third pattern of mineral accumulation involves Mo, Ca, and S, which are
accumulated in roots and leaves (Figure 1e, g and j); and K, which is accumulated in roots,
leaves and stems/sheaths (Figure 1i). Generally, the concentration of Mo in crop species is
higher in leaves than in the stems (GUPTA AND LIPSETT, 1981). Surprisingly, Ca PQ value
decrease in roots during GF stage (Figure 1g). Most of this Ca content was probably
transported to leaves, which accumulate more Ca during GF than PE stage. We found
higher S concentrations in roots than in leaves, but in general, photosynthetically active
leaves show the highest S concentrations of all plant organs (HANEKLAUS et al. 2007). It is
already known that K is taken up from the soil solution at high rates and is quickly distributed
in plant tissues and cell organelles, owing to the low- and high-affinity channels. Potassium
ions cycle via xylem from roots to upper plant parts and via phloem from leaves to roots. The
direction depends on the physiological demand. However, for optimum grain filling, a high K
concentration in the leaves is required for the translocation of assimilates to the grains and
for protein synthesis in these grains (MENGEL et al. 1981).

Pearson correlation analysis indicated that Fe-Mn and K-S were positive correlated
in every analyzed organ. Fe-Ni, Cu-Mg and Mn-Ni were positive correlated in four of the five
organs, showing a negative correlation in roots (Figure 2). Zeng et al. (2005) showed a
significant positive correlation between Fe and Mn content in brown rice. Parida et al. (2003)
observed that Fe contents in plants of Trigonella increased with the increase in the Ni
concentration applied. Zeng et al. (2005) also showed a significant positive correlation
between Cu and Mg in brown rice. Fe and Zn positive correlation, found in three of the five
analyzed tissues (Figure 2), have already been reported in rice grains (SPEROTTO et al.
2009).

(a) Panicles (b) Non-flag leaves (c) Flag leaves (d) Stems/Sheaths (e) Roots

Figure 2. Pearson’s correlation analyses of ten mineral concentrations in (a) panicles, (b) non-flag leaves, (c) flag leaves,
(d) stems/sheaths and (e) roots through the reproductive development of rice plants cultivated with 20 uM of Fe(lll)-HEDTA.
Solid lines represent a significant positive correlation and dashed lines represent a significant negative correlation. Thinner
lines indicate significance at the 0.05 level and thicker lines indicate significance at the 0.01 level.
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CONCLUSION

While Fe, Zn, Cu and Ni are preferentially accumulated in roots, Mn and Mg are
accumulated in leaves; Mo, Ca, and S in roots and leaves; and K in roots, leaves and
stems/sheaths. Correlation analyzes indicate that fluctuations in Fe-Mn, K-S, Fe-Ni, Cu-Mg
and Mn-Ni concentrations throughout the reproductive development of rice were positively
correlated in at least four of the five organs.
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