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Abstract 

    Two rice (Oryza sativa L.) cultivars, high-Se rice Xiushui 48 and low-Se rice S. Andrea, differed in their 
ability to accumulate Se in the grain as high as a three-fold during the grain filling period. Four Se species 
(Selenate, Selenite, Se-methyl-selenocysteine (SeMeSeCys), Selenomethionine (Se-Met) were supplied to 
individuals of the two cultivars via excised panicle stems subjected to a ± stem-girdling treatment and cut flag 
leaves. Results indicated that organic Se can be remobilized from the stems to the grains only through the 
phloem, but about 29.1 to 48.7% of inorganic Se can be transported to the grain through the phloem. The 
remaining inorganic Se is transported to the grain through the xylem. The cultivar Xiushui 48 was significantly 
more effective (p = 0.05) in transporting SeMeSeCys, Se-Met and selenate from stem to grains, and its ability 
to remobilize SeMeSeCys and Se-Met from flag leaves to grains is significantly more than that of S. Andrea. 
High-Se rice, Xiushui 48 can remobilize more Se from stems and flag leaves and transport it to grains more 
efficiently than the low-Se rice, S. Andrea. 
 
Introduction 
 Rice is a very important crop in China, and improvement in the Se content of rice is considered 
as the main way to increase the intake of Se in the diet of the Chinese population. Organic Se is 
more easily absorbed by humans and Se-Met and SeMeCys are the most effective anti-cancer Se 
species (Combs 2001). Therefore, when the mechanisms of Se transfer and accumulation in the rice 
grains are investigated, Se speciation must be considered.  
 Selenite is the main species of Se in flooded rice fields (Masscheleyen et al. 1991); however, 
the oxidation of selenite to selenate in the rhizosphere may result in the uptake of selenate by rice as 
well. When rice plants absorb selenate, Se mainly exists in the roots, stems and xylem liquid, in 
contrast, selenite enters the root, it quickly metabolizes into amino acids, such as selenomethionine, 
Se-methyl-selenocysteine and very small amount of selenomethionine Se-oxide (SeOMet) (Li et al. 
2008). Sun et al. (2010) collected rice from different areas of China, and came to the conclusion 
that Se-Met is the most prevalent species in rice grains, accounting for 82.9% of the total Se content, 
while SeMeSeCys and SeCys made up 6.2 and 2.8 - 6.3%, respectively. Bourgis et al. (1999) 
applied 35S-Met as tracer material to supply leaves in the filling stage, and concluded that sulfur 
exists in the form of S-methyl-Met (SMM) in plants, and is mainly transported to grains through the 
phloem. Carey et al. (2012) have shown that selenite was retained at the point of grain entry; 
organic Se species viz., SeMet and SeMeSeCys were loaded into phloem and transported to the 
grain.  
 However, the Se content of rice husk is low. Se in the flag leaf of high-Se cultivar, Xiushui 48, 
seems to be more easily remobilized than in low-Se cultivars (Zhou et al. 2008). So far, there are 
significant gaps in current understanding of whether a higher Se content of Se enriched rice is 
directly related to its high transport capacity. The excised panicle culture method was used to   
study differences between cultivars in Se transfer and remobilization in rice grains, with the aim of 
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investigating the differential efficiency of the translocation and transport of important Se species 
from stems and flag leaves to grains and comparative contributions of phloem and xylem transport. 
 
Materials and Methods  

Seeds of two cultivars of Oryza sativa L. (Xiushui 48 and S. Andrea) were sterilized with 0.5% 
NaOCl for ten min, rinsed with and soaked in deionized water for overnight, and then placed on a 
nylon net floating on 0.5 mM CaCl2 solution until germination occurs. After germination, seedlings 
were transferred  4 seedlings pot-1 to 10 L pots filled with the Kimura solution. The composition 
of Kimura nutrient solution was as follows: 0.40 mM (NH4)2SO4, 0.09 mM K2SO4, 0.56 mM 
MgSO4, 0.18 mM KH2PO4, 0.18 mM KNO3, 0.37 mM Ca(NO3)2, 20 µM Fe-EDTA, 10 µM H3BO3, 
1.0 µM CuSO4.5H2O, 1.0 µM ZnSO4.7H2O, 5.0 µM MnCl2.4H2O and 0.5 µM H2MoO.4H2O. 
Deionized water was used throughout the growth period of rice. The solution was renewed every 
three days and the solution pH was adjusted daily to pH 5.5 using 0.1 M KOH or HCl (Zhou et al., 
2008). The solution culture experiment was conducted in a growth glasshouse under a diurnal cycle 
of 14 hrs at 25ºC for daytime and 10 hrs at 20ºC for night. Relative humidity was 65%, and the light 
intensity at the plant tops was approximately 300 µmol/m2/s of photosynthetic photon flux. Xiushui 
48 and S. Andrea cultivars were grown separately in 24 pots. The rice cultivars were grown in a 
glasshouse until 10 days after flowering (95 days after germination).  

Healthy panicles of Xiushui 48 and S. Andrea rice cultivars at flowering stage were selected. 
Stem-girdled panicles were subjected to a 30 sec jet of steam that was distributed on a 1 cm area of 
the stem between one and two cm below the panicle head, prior to their excision from the plant. 
This destroyed the phloem cells, preventing further phloem transport into the rice grain, while the 
xylem vessels remained functional. Se in grains can only be transported through xylem vessels. 
Therefore, the relative contribution of xylem and phloem to Se content was distinguished by the 
comparison of stem girdling (i.e., blocking phloem transport, only allowing xylem transport) and 
the control (i.e., functioning phloem and xylem transport). Panicle excision was conducted under 
low red light conditions to reduce evaporation and limit xylem air bubbles caused by cutting the 
stem base. Excised panicles were fixed in a 50 ml high silica glass tube with a nutrient solution (as 
described in Chen et al. 2007). Excised panicles were transferred to a growth glasshouse with a day 
light time of 14 hrs, light intensity of 400 µmol/m2/s, and a day/night temperature of 25/20ºC. 
Twenty four hrs later, the excised panicles from the two rice cultivars were transferred and kept in a 
sterile, non-phosphorus nutrient solution with 100 µM selenite, selenate, Se-Met and SeMeSeCys 
for 72 hrs. The rice cultivars were treated with stem girdling (blocking phloem transport) and non 
stem girdling. Following treatment, flag leaves were cut at the base of the leaf blade, and grains 
were selected and manually dehusked. Se content of flag leaf and grain were measured. The 
samples specimens were dried at 70ºC, weighed, and then the Se content of the flag leaf and grain 
was measured.  

To investigate the remobilization of Se species from flag leaves to rice grains during grain 
filling, two rice panicles were exposed to 100 µM selenite, selenate, Se-Met or SeMeSeCys as well 
via the cut leaf of intact plants for 10 days. The top of flag leaves (2 cm) was cut and inserted into 
bottles containing 100 µM selenite, selenate, Se-Met or SeMeSeCys. Each Se treatment repeated 
four times.  

The Se content in rice samples was determined following the method described by Zhang et al. 
(2006) using an AF-610A atomic fluorescence spectrometer. Blanks and certified reference 
material (GSB-23 rice flour) were included in each batch of samples for quality control. The 
recovery for GSB-23 was 85 - 105%. 

Data sets were analyzed using analysis of variance (ANOVA) tests and differences between 
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treatment means were compared using the least significant difference (LSD) method at the 0.05 
probability level. All statistics were conducted using SPSS 18.0. 
 
Results and Discussion 

For panicles that had not been stem-girdled, the Se content in rice grains with organic Se 
treatment (SeMeSeCys and Se-Met) was 13 to 14 times higher than that of inorganic Se (selenite 
and selenate). Stem-girdling significantly reduced the absorption of the four Se species by rice 
grains compared with the non-stem-gridling treatment (Fig. 1).  
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Fig. 1. Mean total grain Se concentrations of two rice cultivars of rice. Panicles excised at 10 days 

post-anthesis that were subjected to a ± stem-girdling treatment, and hydroponically fed a solution 
amended with 100 µM selenite, selenate, Se-Met, or SeMeSeCys for a 72 hrs. Data (means ± Sd, n = 4) 
with different letters denote significant differences between Se treatments in the same cultivar (a, b, c), 
between cultivars for the same Se treatment (x, y) and between stem-girdling treatment and 
non-stem-girdling treatment in the same cultivar under the same Se treatment (α, β) at p < 0.05. 
Abbreviations: Grain Se-SG: grain concentrations of Se in rice grain for panicles excised at 10 days 
post-anthesis subjected to non-stem-girdling treatment. Grain Se + SG: grain concentrations of Se in rice 
grain for panicles excised at 10 days post-anthesis subjected to stem-girdling treatment. 

 

 In rice threated with SeMeSeCys, stem-girdling reduced Se content by 99.8 - 99.9% as 
compared to non-stem-girdling. Similarly Se-Met, selenite and selenite reduced Se content by 99.2 
- 99.4% compared to non-stem-girdling. In rice cultivated with selenite 70.3 - 70.9% and 51.3 to 
51.9% reduced Se content by 70.3 - 70.9%, respectively compared to non-stem- girdling. The Se 
concentration in grains was greater for selenate and selenite stem-gridled panicles than for 
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SeMeSeCys and Se-Met stem-gridled panicles. Stem-girdling essentially stops the transport of 
organic Se into the grain, but some (29.1 - 48.7%) inorganic Se can be transported to the grain via 
the xylem (Fig. 1).  
 In plants treated with SeMeSeCys, Se-Met and selenate, in the non stem-girdling treatment, the 
Se accumulation capacity of Xiushui 48 was significantly higher than that of S. Andrea, but in the 
stem-girdling treatment no significantly differences were observed. This suggests that Xiushui 48 
was significantly more effective (p = 0.05) in transporting SeMeSeCys, Se-Met and selenate from 
stems to grains than S. Andrea (Fig. 1). 
 Inorganic Se was transported more to the flag leaf than organic Se, and the inorganic Se 
concentration was 210 - 381 times higher than the organic Se concentration (Fig. 2). In the 
non-stem girdling treatment, selenate was transported more to the flag leaf than selenite, and 
stem-girdling caused a reduction in selenate. Se transport was reduced by about 50%, for selenite, 
stem-girdling caused no significant effect on Se transport to the flag leaf. This datum suggests that 
selenate may be transported to the flag leaf through both xylem and phloem, and selenite can only 
be transported to the flag leaf through xylem.  
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Fig. 2. Mean total flag leaf Se concentration of two rice cultivars. Denotations are same as Fig. 1. 
 

 There were no significant differences in the ability of the two rice cultivars to transport selenite 
from stems to flag leaves in either of the stem girdling treatments. For plants treated with non-stem 
girdling and selenate, the cultivar Xiushui 48 was found to be more effective (p < 0.05) to transport 
selenate than S. Andrea. However, after stem girdling, there was no significant difference between 
the ability of the cultivars to transport selenate. Rice excised panicles were able to weakly transport 
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organic Se to flag leaves, and the stem girdling and non-stem girdling treatments had little effect on 
the transport of organic Se. There were no significant differences in the ability of the two rice 
cultivars to transport organic Se from stems to flag leaves. 

Treatment with selenite and selenate caused no significant differences in the Se content of the 
rice grains of the two cultivars. However, treatment with Se-Met led to a higher Se content in rice 
grain than other treatments (Fig. 3). When the rice cultivars were treated with Se-Met and 
SeMeSeCys, Xiushui 48 had significantly higher Se content than S. Andrea. Hence, Xiushui 48 was 
significantly more effective (p = 0.05) than S. Andrea in transporting Se-Met and SeMeSeCys from 
flag leaves to grains.  
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Fig. 3. Mean total Se concentration in the flag leaf (a, b) and grain (c, d) in two rice cultivars fed 100 µM 

selenite, selenate, Se-Met, or SeMeSeCys, via the flag leaf of intact plants for a 10 days during grain fill. 
Data (means ± Sd, n = 4) with different letters denote significant differences between Se treatments in the 
same cultivar (a, b, c), between cultivars for the same Se treatment (x, y) at p < 0.05.  

 

The Se content of flag leaves with treated with inorganic Se was significantly higher than those 
treated with organic Se. Treatment with organic Se resulted in a (22.4 - 24.1-fold less) lower 
concentration of Se in the flag leaf than inorganic Se treatments (p < 0.0001). There was no 
significant difference between the two organic treatments (Fig. 3). 

 
When treated with organic Se, the flag leaf to grain translocation factors (grain/flag leaf Se) was 

17.0 - 20.8 times higher than with inorganic Se treatment (Table 1). Se can be absorbed by flag 
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leaves and transported to grains mainly through the phloem. The ability of the two cultivars of rice 
transported significantly more organic Se than inorganic Se from flag leaf to grain. Xiushui 48 was 
able to transport more Se-Met and SeMeSeCys from flag leaves to grains than S. Andrea.  
 
Table 1. Flag leaf-to-grain translocation factors (grain/flag leaf Se) of two rice cultivars 

fed 100 µM selenite, selenate, Se-Met, or SeMeSeCys. 
 

Grain/flag leaf Se Different Se species 
Xiushui 48 S. Andrea 

Selenite 0.05 a 0.08 a  
Selenate 0.04 a 0.04 a 
SeMeSeCys 0.71 a 0.68 b 
Se-Met 0.83 a 0.44 b 

 

The different letters within a row indicate the significant differences according to LSD  
multiple comparison test (p < 0.05). Data are means of four replicates. 
 

The mechanism of selenium accumulation in rice grains has important theoretical and practical 
significance in improving the selenium content in rice grains. Recent studies have indicated that 
rice endosperm contains organic Se, while the bran layer contains both inorganic and organic Se 
(Williams 2009, Sun et al. 2010). Se-Met is the major form of Se, followed SeMeSeCys, and a 
small part of SeCys. It is not yet clear how the different Se species are transported to grain. 
Treatment of the excised panicle with organic Se (Se-Met and SeMeSeCys) resulted in a higher Se 
content in the grain (Fig. 1), which showed that the transport efficiency of organic Se from the stem 
to the grain was much higher than that of inorganic Se. The stem girdling test confirmed that 
organic Se (Se-Met and SeMeSeCys) was transported to the grain only through the phloem, while 
inorganic Se was transported from the stem to the grain by both xylem (29.1 ~ 48.7%) and phloem 
(51.3 ~ 70.9%).  
 Treatment with organic Se increased the Se content in rice grains more than that with inorganic 
Se (Table 1 and Fig. 1). This indicates that during the grain filling stage, the ability of the panicle to 
transport organic Se was higher. The present results suggest that Xiushui 48 is more efficient to 
transport Se-Met, SeMeSeCys and selenate significantly than S. Andrea. Se-Met composed the 
main Se in rice and accounted for 82.9% of total Se. SeMeSeCys composed 6.2% of total Se and 
SeCys 2.8 - 6.3% of the total Se (Sun et al. 2010). The difference of the two rice cultivars in 
transporting Se-Met by phloem during maturity was an important reason for the differences in grain 
Se content. 

Stem girdling significantly reduced selenate in stems and entering in the flag leaf, indicating 
that selenate was transported into the flag leaf through xylem and phloem. Stem girdling had no 
significant effect on the amount of selenite in the flag leaf, which indicated that selenite was 
transported into the flag leaf mainly through the xylem (Fig. 2). The absorption of Se through the 
flag leaf was similar to the absorption of Se through the excised panicle. The efficiency of organic 
Se transport to grains through the phloem was higher than that of inorganic Se. White et al. (2009) 
also reported that Se is mainly redistributed in plants through phloem. 

The flag leaf is the functional leaf in rice grain filling at maturity. During the rice grain filling 
period the flag leaf is the most active assimilative organ and an important “source” of grain filling 
(Wang et al. 1997). Flag leaf Se may be an important "sink" and "source" to grain Se. Results show 
that significant transfer of Se in Xiushui 48 from flag leaf benefits the Se accumulation in grains 
(Zhou et al. 2008). The ability of the rice flag leaf to transport Se to the grain was assessed by the 
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transfer factor (grain/flag leaf Se) as 17.0 - 20.8 times more than inorganic Se. The cultivar Xiushui 
48 was able to transport Se-Met and SeMeSeCys to grains significantly more than S. Andrea.  
 Rice had different uptake and transport mechanisms of selenite and selenate. The mechanism 
for selenite is unknown, though may be transported by sulfate-transporter proteins and respiratory 
inhibitors can only inhibit 20% selenite absorption. Selenate is transported by active 
sulfate-transporter proteins (Anderson 1993, Terry et al. 2000). During the grain maturation process, 
the activity of high-affinity sulfate-transporter proteins of Xiushui 48 stems and flag leaves was 
possibly higher than that of S. Andrea. LeDuc et al. (2006) demonstrated that the (ATP sulfurylase) 
APS × (SeCys methyltransferase) SMT double transgenics accumulated almost eight times more 
MetSeCys than wild type plants and nearly twice as much as the SMT transgenics (LeDuc et al. 
2006). However, the Se accumulation difference of the two rice cultivars included in present study 
is related to the activity of ATP sulfurylase and SeCys methyltransferase needs further research. To 
describe the precise molecular mechanism underlying the observed differences in these cultivars, 
further investigations using molecular techniques are needed. 
 Organic Se can transfer into rice grains through the phloem, and inorganic Se is mainly 
transferred to the grain through the xylem. The more Se content in the cultivar Xiushui 48 was 
partly due to its ability to transport SeMeSeCys, Se-Met and selenate to the grain more efficiently 
than the cultivar S. Andrea. The two rice cultivars transported significantly more organic Se than 
inorganic Se from the flag leaf to the grain, yet Xiushui 48 was able to transport more Se than         
S. Andrea, thus Xiushui 48 had a higher final Se content in the rice grain. 
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