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Abstract

Silicon (Si) is known to alleviate manganese (Mn) toxicity in a number of plant species; however, the mechanisms 
responsible for this effect are poorly understood. Here, we investigated the interaction between Si and Mn in rice 
(Oryza sativa) by using a mutant defective in Si uptake. Silicon alleviated Mn toxicity in the wild-type (WT) rice, but 
not in the mutant exposed to high Mn. The Mn concentration in the shoots was decreased, but that in the roots 
was increased by Si in the WT. In contrast, the Mn concentration in the roots and shoots was unaffected by Si in 
the mutant. Furthermore, Si supply resulted in an increased Mn in the root cell sap, decreased Mn in the xylem sap 
in the WT, but these effects of Si were not observed in the mutant. A short-term labelling experiment with 54Mn 
showed that the uptake of Mn was similar between plants with and without Si and between WT and the mutant. 
However, Si decreased root-to-shoot translocation of Mn in the WT, but not in the mutant. The expression of a 
Mn transporter gene for uptake, OsNramp5, was unaffected by a short exposure (<1 d) to Si, but down-regulated 
by relatively long-term exposure to Si in WT. In contrast, the expression of OsNramp5 was unaffected by Si in the 
mutant. These results indicated that Si-decreased Mn accumulation results from both Si-decreased root-to-shoot 
translocation of Mn, probably by the formation of Mn-Si complex in root cells, and uptake by down-regulating Mn 
transporter gene.

Key words:  54Mn, Mn-Si complex, Mn toxicity, Mn transporter, root-to-shoot translocation, silicon.

Introduction

Silicon (Si) is a beneficial element for plant growth and devel-
opment (Ma and Yamaji, 2015). The beneficial effects of Si 
are characterized by enhancing the tolerance of plants to var-
ious abiotic and biotic stresses (Epstein, 1999; Ma, 2004; Ma 
and Yamaji, 2006). One of them is the alleviation of Mn tox-
icity, which is one of the major factors limiting plant growth 

in acid soils and insufficiently drained soils (Marschner, 1995; 
Pontigo et  al., 2015). The mechanisms for the Si-decreased 
Mn toxicity seem to differ with plant species. In rice, a typical 
Si-accumulating plant, Si alleviated Mn toxicity by decreas-
ing Mn accumulation in the shoots (Okuda and Takahashi, 
1962a; Horiguchi, 1988; Li et  al., 2012). A  previous study 
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showed that this might be attributed to the decreased Mn 
uptake by Si (Okuda and Takahashi, 1962a). Silicon pro-
moted Mn oxidizing capacity of the roots in rice, resulting in 
oxidation of plant-available Mn2+ on the root surface, thereby 
suppressing uptake of Mn. Horiguchi (1988) reported that 
in addition to Si-decreased Mn uptake, Si also enhanced the 
internal tolerance to high Mn concentration. This is based 
on the finding that the concentration of Mn showing toxicity 
symptoms (brown spots on the leaves) was lower in the plants 
without Si than those with Si. Recently, Li et al. (2012) found 
that although Si enhanced Mn tolerance in both Mn-sensitive 
and -tolerant rice cultivars, the effect of Si on Mn accumula-
tion differed between cultivars. In a Mn-sensitive rice culti-
var, Si increased Mn in the roots, but did not affect Mn in 
the shoots. By contrast, Si decreased Mn of both the roots 
and shoots in a Mn-tolerant rice cultivar (Li et  al., 2012). 
Therefore, the exact mechanisms for the Si-increased Mn tol-
erance in rice remain unknown.

However in some other plant species – including barley 
(Hordeum vulgare), common bean (Phaseolus vulgaris), cow-
pea (Vigna unguiculata), cucumber (Cucumis sativas) and 
pumpkin (Curcurbita pepo) – the Si-increased Mn tolerance is 
not caused by reducing Mn accumulation but by alteration of 
the internal distribution of Mn. In barley and common bean, 
Si application resulted in a homogenous distribution of Mn in 
the leaves (Williams and Vlamis, 1957; Horst and Marschner, 
1978; Horiguchi and Morita, 1987). By constrast, Si caused a 
localized accumulation of Mn together with Si in a metaboli-
cally inactive form at the base of trichomes of the leaf surface 
in pumpkin (Iwasaki and Matsumura, 1999). In cowpea and 
cucumber, it seems that Si affected the oxidative process of 
excess Mn mediated by peroxidase (POD) through the inter-
action with phenolic substances in the solution phase of the 
apoplast (Iwasaki et al., 2002a, b; Dragisic Maksimovic et al., 
2007; Fuehrs et al., 2009). In cucumber, Si increased the bind-
ing capacity of the cell wall to Mn, thereby lowering Mn con-
centration within the symplast (Rogalla and Romheld, 2002) 
and decreasing the free leaf apoplastic Mn2+ as a catalyst for 
the Fenton reaction (Dragisic Maksimovic et al., 2012).

 In the present study, we further investigated the interaction 
between Si and Mn in rice by using a mutant (lsi1) defective in 
Si uptake (Ma et al., 2002). This mutant has a mutation in the 
influx transporter (Lsi1) of Si (Ma et al., 2006). Comparison 
between the mutant and its wild-type rice revealed that 
Si-enhanced Mn tolerance results from both decreased Mn 
uptake, by down-regulating the Mn transporter gene, and 
reduced root-to-shoot translocation, probably due to the 
interaction of Si-Mn in root cells.

Materials and methods

Plant material and growth conditions
A rice (Oryza sativa) mutant (lsi1) and its wild type (cv. Oochikara, 
WT) were used in this study. The lsi1 mutant was isolated and char-
acterized previously (Ma et al., 2002). Seeds were soaked in water 
overnight at 30°C in the dark and then transferred on to a net 
floating on a 0.5 mM CaCl2 solution. After 7 d, the seedlings were 
transferred to a 3.5-l plastic pot containing half-strength Kimura 

B solution (pH 5.6) (Ma et  al., 2002). This solution was renewed 
every 2 d. The plants were grown in a greenhouse at 25–30°C under 
natural light. All experiments were conducted with three to four bio-
logical replicates.

Effect of Si and Mn on the growth of rice
Seedlings (18-d-old) of both WT and lsi1 mutant were grown in a 
nutrient solution containing 0.5 μM (low) and 200 μM (high) Mn 
without or with 1 mM silicic acid. Silicic acid was prepared by pass-
ing potassium silicate through a cation-exchange resin (Amberlite 
IR-120B, H+ form) as described previously (Ma et al., 2002). After 2 
weeks, the roots and shoots were separately collected, the roots were 
washed with 5 mM CaCl2 three times and separated from the shoots. 
The samples were dried at 70°C for 3 d and their dry weight was 
recorded. These samples were subjected to mineral determination as 
described below.

Distribution of Mn in different leaves
Seedlings (18-d-old) of the rice lsi1 mutant and its WT were cultured 
in a nutrient solution containing 200 μM Mn without or with 1 mM 
silicic acid. After 10 d, an individual leaf from each of the leaf posi-
tions 2–8 was sampled for Mn determination.

Mn concentration in root cell sap and xylem sap
Seedlings (28-d-old) of  both the WT and lsi1 mutant were exposed 
to a nutrient solution containing 5 μM Mn without or with 1 mM 
Si as silicic acid. After 24 h, the xylem sap and root cell sap were 
collected. For collection of  xylem sap, the shoot (2 cm above the 
root) was excised with a razor, and then the xylem sap was col-
lected with a micropipette for 1 h after decapitation of  the shoot. 
For collection of  root cell sap, the excised roots were placed on 
a filter in a tube and frozen at −80°C overnight. After thawing 
at room temperature, the cell sap was collected by centrifugation 
at 20 600 ×g for 10 min. The residue (cell wall) was washed three 
times (5 min for each washing) with 70% ethanol, then dried at 
70°C for 3 d. A time-dependent change of  Mn in the root cell sap 
was also investigated by exposing the WT and lsi1 mutant (28-d-
old) to a solution containing 5 μM Mn with/without 1 mM Si as 
silicic acid. At 3, 6, 9, 12 and 24 h after the exposure, the root cell 
sap was collected as described above.

Mn and Si concentration determination
For determination of Mn concentration, the dried samples were 
digested with concentrated HNO3 (60%) at a temperature of up to 
140°C. The Mn concentration in the digest solution, xylem sap and 
root cell sap, and the Si concentration in the root cell sap were deter-
mined by inductively coupled plasma-mass spectrometer (7700X; 
Aglient Technologies) after appropriate dilution.

Short-term uptake with radioisotope-labelled Mn
Seedlings (30-d-old) of  WT and lsi1 mutant were pretreated with 
5 μM Mn for 3 d. Four plants each were exposed to a 50-ml nutri-
ent solution containing 54Mn (80 MBq µmol-1) with 5 μM cold Mn 
without/with 1 mM Si. At 5, 10, 30, 60 and 180 min after the expo-
sure, the roots were washed with half-strength Kimura B solution 
(without 54Mn) three times and separated from the shoots. The 
sampled roots and shoots were subjected to radioactivity meas-
urement. Radioactivity of  each part was measured immediately 
using the auto-well gamma system ARC-360 (Aloka). To inves-
tigate the effect of  Si pretreatment on Mn uptake and accumula-
tion, WT seedlings (27-d-old) were first exposed to 1 mM Si in the 
nutrient solution for 3 d and then subjected to the uptake experi-
ment as described above.
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Expression of the OsNramp5 gene
To investigate the effect of Si on expression of OsNramp5, seed-
lings of the WT and lsi1 mutant (18-d-old) were exposed to 0.5 and 
200 μM Mn without/with 1 mM Si for up to 3 d. The roots were 
sampled for RNA extraction at different times (1 and 3 d). Total 
RNA was extracted using an RNeasy Plant Mini Kit (Qiagen) 
and converted to cDNA using ReverTra Ace qPCR RT Master 
Mix with gDNA remover (TOYOBO) following the protocol sup-
plied by the manufacturer. Specific cDNAs were amplified by 
SsoFast EvaGreen Supermix (Bio-Rad) and quantitative real-time 
PCR was performed on CFX384 (Bio-Rad). Primer sequences 
for OsNramp5 were 5′-CAGCAGCAGTAAGAGCAAGATG-3′ 
(forward) and 5′-GTGCTCAGGAAGTACATGTTGAT-3′ 
(reverse). HistoneH3 was used as an internal standard with primer 
pairs 5′-AGTTTGGTCGCTCTCGATTTCG-3′ (forward) and 
5′-TCAACAAGTTGACCACGTCACG-3′ (reverse). The relative 
expression was normalized by the ΔΔCt method using the CFX 
Manager software (Bio-Rad).

Statistical analysis
Significance of differences between means was analyzed by Duncan’s 
test and Student’s t-test.

Results

Si alleviated Mn toxicity in wild-type rice, but not in 
the mutant

We first compared the growth between the rice lsi1 mutant 
and its WT at low (0.5 μM) and high (200 μM) concentration 
of Mn in the presence or absence of Si (1 mM). At low Mn 
concentration, there was no difference in the growth of the 
roots and shoots between plants supplied with and without Si 
in both WT and lsi1 mutant after 2 weeks’ growth (Fig. 1A). 
However, at high Mn, the shoot dry weight of both the WT 
and lsi1 mutant was inhibited by 21.8% and 22.8%, respec-
tively, in the absence of Si (Fig. 1A). The symptoms of Mn 
toxicity (brown spots) appeared in the old leaves (Fig. 1C). 
The effect of high Mn on root growth was hardly observed 
(Fig. 1B). However, Si addition improved the shoot growth in 
the WT, but not in the mutant (Fig. 1A). The toxicity symp-
toms disappeared in the WT leaves, but not in the mutant in 
the presence of Si at high Mn (Fig. 1C).

Fig. 1.  Effect of Si on Mn toxicity in rice. (A) Shoot and (B) root dry weight. (C) Mn toxicity symptoms of the old leaf (leaf 3). Seedlings (18-d-old) of 
mutant lsi1 and its wild type (WT, cv. Oochikara) were cultured in a nutrient solution containing 0.5 (low) and 200 (high) μM Mn without or with 1 mM silicic 
acid for 2 weeks. Data represent the mean ±SD (n=3). Different letters indicate a significant difference (P<0.05) using Duncan’s test.
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Si decreased Mn accumulation in the shoots, but 
increased Mn accumulation in the roots of WT

At low Mn, shoot Mn concentration was decreased by Si sup-
ply in the WT, but not in the mutant (Fig. 2A). There was no 
effect of Si on the root Mn concentration in both WT and the 
mutant (Fig. 2C). By contrast, at high Mn, Si decreased Mn 
concentration in the shoots and increased Mn concentration 
in the roots in the WT (Fig. 2B, D). However, the Mn concen-
tration of both the roots and shoots were unaffected by Si in 
the mutant (Fig. 2B, D).

The total content of  Mn was decreased by Si in the 
WT by 66.3 and 43.6%, respectively, at low and high Mn 
(Fig.  3A, B). However, the Mn content was not affected 
by Si in the mutant at both low and high Mn supply. The 
root-to-shoot translocation of  Mn was 92.6% in WT with-
out Si, but decreased to 82.4% by Si at high Mn (Fig. 3C). 
Silicon did not affect the root-to-shoot translocation in the 
mutant, which was ~95% at both low and high Mn supply 
(Fig. 3C).

Si did not alter Mn distribution in different leaves

To examine the effect of Si on the distribution of Mn in dif-
ferent leaves, both the WT and mutant were grown in 200 µM 
Mn for 10 d in the presence and absence of Si. In all leaves, Si 
decreased Mn concentration in the WT, but not in the mutant 
(Fig. 4A). Mn concentration in the old leaves (leaves 2–6) was 
higher in the mutant than in the WT, but was similar in the new 
leaves (leaves 7–8) in the absence of Si (Fig. 4A). However, the 
presence of Si did not alter the Mn ratio between the leaves, 
either in WT or the mutant (Fig. 4B).

Short-term uptake experiment with radioisotope 54Mn

A short-term (up to 180 min) uptake experiment of Mn was 
conducted using radioisotope 54Mn. In both the WT and the 
mutant, short-term Mn uptake increased with exposure time 
(Fig. 5A) and coexistence of Si with Mn in the solution did 
not affect the short-term uptake of Mn (Fig. 5A). However, 
coexistence of Si increased ∆Mn (net increase of Mn) accu-
mulation in the roots, but decreased ∆Mn accumulation in 
the shoots of the WT (Fig. 5B, C), resulting in a decreased 
root-to-shoot translocation of ∆Mn (Fig. 5D). By contrast, 
neither the ∆Mn accumulation in the roots nor in the shoots 
was affected by Si in the mutant (Fig. 5).

 Furthermore, to investigate the effect of pretreatment 
with Si on Mn accumulation, WT pretreated with/without Si 
for 3 d were subjected to the short-term 54Mn experiment as 
described above. Pretreatment with Si significantly decreased 
short-term Mn uptake, ∆Mn accumulation in the roots and 
shoots, and root-to-shoot translocation, irrespectively of 
coexistence of Si (Fig. 6). Coexistence of Si in the external 
solution during uptake period did not affect the uptake, accu-
mulation in the roots and shoots and translocation of Mn 
(Fig. 6). This may be attributed to the Si remaining in the root 
cells during pretreatment.

Si increased Mn in the root cell sap, but decreased Mn 
in the xylem sap

Mn concentration in the root cell sap and xylem sap was com-
pared between plants supplied with and without Si in both 
WT and the lsi1 mutant. After 24-h exposure to Si, the Mn 
concentration in the root cell sap was increased 2.0-fold by Si 

Fig. 2.  Effect of Si on Mn concentration in shoot and root of WT and lsi1 mutant. Seedlings (18-d-old) of lsi1 mutant and its wild type (WT, cv. Oochikara) 
were cultured in a nutrient solution containing 0.5 (low) and 200 (high) μM Mn without or with 1 mM silicic acid for 2 weeks, and the shoots (A, B) and 
roots (C, D) were subjected to Mn determination. Data represent the mean ±SD (n=3). Different letters indicate a significant difference (P<0.05) using 
Duncan’s test.
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in the WT (Fig. 7A), but did not change in the mutant. The 
Si concentration in the root cell sap was much higher in WT 
than in the mutant (Fig. 7B). However, the Si:Mn stoichio-
metric ratio was about 25 in both WT and the lsi1 mutant. 
In the root cell wall there was no difference in Mn accumula-
tion between WT and the mutant (Fig. 7C) and here the pres-
ence of Si had no effect. The share of Mn in the root cell sap 
was ~32% in both WT and lsi1 mutant in the absence of Si. 
However, in the presence of Si, the share of Mn in the root 
cell sap was increased to ~38% in WT, but was unchanged 
in the mutant. The Mn concentration in the xylem sap was 
decreased by Si in WT (Fig. 7D), but was not affected in 
the mutant. A time-course experiment further showed that 
Si-increased Mn in the root cell sap occurred as early as 3 h 
after exposure to Si in the WT (Fig. 7E). Again the effect of 
Si on Mn in the root cell sap was not observed in the mutant 
(Fig. 7E).

Si down-regulated the expression of Mn transporter, 
OsNramp5

Mn uptake in rice is mediated by a transporter belonging to the 
Nramp family, OsNramp5 (Sasaki et  al., 2012). We compared 
the expression level of OsNramp5 in plants exposed to Si or not, 
in both the WT and lsi1 mutant. At day one after exposure, the 
expression level of OsNramp5 was similar in plants with and with-
out Si in the WT and lsi1 mutant (Fig. 8). There was also no dif-
ference in the expression level between plants exposed to different 
Mn concentrations (0.5 μM vs. 200 μM). However, at day three, 
the expression level of OsNramp5 was down-regulated by Si at 
both Mn concentrations in the WT, but not in the mutant (Fig. 8).

Discussion

A number of studies have consistently shown that Si is able 
to alleviate Mn toxicity in rice (Fig. 1; Okuda and Takahashi, 

Fig. 3.  Effect of Si on uptake and translocation of Mn. (A, B) Mn content of WT and lsi1 mutant at both low and high Mn supply. (C) Root-to-shoot 
translocation of Mn in WT and lsi1 mutant at both low and high Mn supply. Seedlings (18-d-old) of lsi1 mutant and its wild type (WT, cv. Oochikara) were 
cultured in a nutrient solution containing 0.5 (low) and 200 (high) μM Mn without or with 1 mM silicic acid for 2 weeks. Data represent the mean ± SD 
(n=3). Different letters indicate a significant difference (P<0.05) using Duncan’s test.



1540  |  Che et al.

1962a; Horiguchi, 1988; Li et al., 2012), but the exact pro-
cesses underlying this Si effect are still unknown. Several 
possible mechanisms have been proposed including the pre-
cipitation of Mn on the root surface due to Si-increased 
oxidation (Okuda and Takahashi, 1962a), enhanced inter-
nal tolerance to Mn (Horiguchi, 1988) and inhibited root-
to-shoot translocation of Mn (Li et al., 2012). However, the 
evidence supporting these possible mechanisms is not con-
vincing enough. In the present study, we took the advantage 
of using a rice mutant (lsi1) defective in Si uptake to study 
the interaction between Si and Mn in rice. This mutant has 
a mutation in Si influx transporter Lsi1, which is localized 
at the distal side of both the exodermis and endodermis of 
the roots (Ma et al., 2006). Lsi1 is responsible for the trans-
port of Si from the external solution to the root cells, there-
fore, knockout of this transporter gene resulted in loss of Si 
uptake (Ma et  al., 2006). We found that, in contrast to its 
effect on the WT, Si supply did not alleviate Mn toxicity in the 

lsi1 mutant (Fig. 1C). The Mn concentration in the shoot was 
decreased by Si in the WT, but not in the mutant (Fig. 2A, B), 
which is consistent with the observed Mn toxicity symptoms. 
These results suggest that Si uptake by the roots is important 
for the alleviation of Mn toxicity. By comparing this mutant 
with its wild-type rice, we found that the Si-decreased Mn 
toxicity results from both reduced uptake and root-to-shoot 
translocation of Mn.

Si reduced Mn uptake by down-regulating the Mn 
transporter, OsNramp5

Silicon decreased Mn uptake in the WT, but not in the lsi1 
mutant (Fig.  3A, B). This result in the WT is consistent 
with previous studies (e.g. Okuda and Takahashi, 1962a; 
Horiguchi, 1988; Li et  al., 2012). Okuda and Takahashi 
(1962a) speculated that this Si-decreased Mn uptake was due 
to Si-enhanced oxidizing capacity of rice roots, resulting in 

Fig. 4.  Effect of Si on Mn distribution in different leaves. Seedlings (18-d-old) of lsi1 mutant and its wild type (WT, cv. Oochikara) were cultured in a 
nutrient solution containing 200 μM Mn without or with 1 mM silicic acid for 10 d. (A) Mn concentration in different leaves; (B) distribution of Mn in different 
leaves. Percentage of Mn accumulation in each leaf/total Mn accumulation in the shoots is shown. Data represent the mean ±SD (n=4). Different letters 
indicate a significant difference (P<0.05) using Duncan’s test.
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Mn2+ oxidation on the root surface, thereby suppressing its 
uptake. However, our results did not support this speculation. 
Rice is able to accumulate Mn at a high concentration in the 
shoots and >90% of total Mn taken up was translocated to 
the shoots (Fig. 3). The shoots accumulated much higher Mn 

than the roots in both the WT and mutant in the absence and 
presence of Si (Fig. 3A, B). Therefore, retention of Mn in the 
roots due to oxidation did not account for the large decrease 
of Mn accumulation in the shoots. This is different from Fe, 
whose toxicity could be also alleviated by Si (Okuda and 

Fig. 5.  Short-term Mn uptake and translocation. Seedlings (30-d-old) of the WT and lsi1 mutant were exposed to a nutrient solution containing 5 µM 
Mn labelled with 54Mn in the absence (-Si) or presence of 1 mM (+Si) silicic acid for up to 180 min. (A) Short-term Mn uptake; (B) ∆Mn accumulation in 
the shoots; (C) ∆Mn accumulation in the roots; (D) translocation rate of ∆Mn to the shoots. Data represent the mean ±SD (n=4). Asterisks indicate a 
significant difference (P<0.01) between WT -Si and WT +Si at a given time using Student’s t-test.

Fig. 6.  Effect of Si pretreatment on short-term Mn uptake and translocation. Seedlings (27-d-old) of the WT were grown in a nutrient solution with (+Si) or 
without (-Si) 1 mM Si. After 3 d, the seedlings were exposed to a nutrient solution containing 5 µM Mn labelled with 54Mn and 0 (--, +-Si) or 1 mM (-+, ++) 
of silicic acid for up to 180 min. (A) Short-term Mn uptake; (B) ∆Mn accumulation in the shoots; (C) ∆Mn accumulation in the roots; (D) translocation rate 
of ∆Mn to the shoots. Data represent the mean ±SD (n=4). Asterisks indicate a significant difference (P<0.01) between WT --Si and WT +-Si at individual 
time using Student’s t-test. No significant difference (P<0.05) was found between WT ++Si and WT +-Si at any given time using Student’s t-test. For 
comparison, data without pretreatment from Fig. 5 are also shown.
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Takahashi, 1962b). Most Fe is retained in the roots due to 
Si-enhanced oxidation of ferrous Fe to ferric Fe, suppressing 
its uptake to the root cells. In fact, a short-term experiment 
clearly shows that the total Mn uptake was unaffected by the 
coexistence of Si (Fig. 5A).

Our results indicate that Si-decreased Mn uptake over the 
relative long-term is attributed to the down-regulation of 
OsNramp5 expression (Fig. 8). OsNramp5 is a major trans-
porter for Mn uptake in rice (Sasaki et al., 2012). Similar to 
Lsi1 (Ma et al., 2006), OsNramp5 is polarly localized at the 
distal side of both exodermis and endodermis of the roots 
(Sasaki et al., 2012), which is responsible for transport of Mn 
from the external solution to the root cells. The expression of 
OsNramp5 was not affected by short exposure to Si (1 d), but 
was down-regulated by longer exposure (3 d) (Fig. 8). This 
regulation pattern of OsNramp5 is quite similar to that of 
Lsi1 and Lsi2 to Si (Ma et al., 2006, 2007). Furthermore, this 
result is also consistent with that of Mn uptake; Mn uptake 
was not affected by short-term exposure to Si (Fig.  5), but 
decreased with relatively long-term exposure to Si (Fig.  3). 
This is also supported by the fact that pretreatment with Si 
decreased Mn uptake (Fig. 6). Interestingly, both the expres-
sion of OsNramp5 and Mn uptake did not respond to Si in the 
lsi1 mutant (Fig. 8). These results indicate that Si-decreased 

Mn uptake during the longer-term treatment with Si is due 
to suppressed expression of OsNramp5. The expression of 
OsNramp5 did not respond to Mn concentrations (Sasaki 
et  al., 2012). In this study, the expression level at both 0.5 
and 200 µM Mn supply was also similar (Fig. 8). This sug-
gests that the down-regulation of OsNramp5 is not caused by 
Si-induced Mn change, but by Si accumulation in the tissues; 
although the exact mechanisms for this remains to be exam-
ined in future.

Silicon reduced root-to-shoot translocation of Mn 
probably due to formation of Si-Mn complex

Silicon did not alter Mn accumulation in the cell wall (Fig. 7C), 
but decreased the root-to-shoot translocation rate of Mn in 
the WT (Fig.  3C). This is consistent with Si-increased Mn 
in the root cell sap and Si-decreased Mn in the xylem sap in 
the WT (Fig. 7A, D). A short-term uptake experiment also 
revealed that the translocation of ∆Mn was rapidly reduced 
by the coexistence of Si in the WT (Fig. 5). Since similar phe-
nomena were not observed in the lsi1 mutant, an interaction 
of Si-Mn within the root cells may be responsible for this Si 
effect. Mn taken up by OsNramp5 at the distal side of the 
exodermis and endodermis must be released from the cells 

Fig. 7.  Effect of Si on Mn concentration in root cell sap and xylem sap. (A) Mn concentration in root cell sap; (B) Si concentration in root cell sap; (C) Mn 
concentration in the root cell wall; (D) Mn concentration in xylem sap. WT and lsi1 seedlings (28-d-old) were exposed to a nutrient solution containing 
5 μM Mn without or with 1 mM Si for 24 h. (E) Time-dependent change of Mn in the root cell sap. WT and lsi1 seedlings (28-d-old) were exposed to 
a nutrient solution containing 5 μM Mn without or with or 1 mM Si for up to 24 h. Data represent the mean ±SD (n=3). Asterisks indicate significant 
difference (P<0.05) between -Si and +Si by Student’s t-test.
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toward the stele for subsequent xylem loading. This pro-
cess requires an efflux transporter as seen in the Si transport 
system (Ma et  al., 2007; Ma and Yamaji, 2015). Recently, 
an efflux transporter (OsMTP9) for Mn has been identified 
(Ueno et al., 2015); there is a possibility that this transporter 
is also down-regulated by Si directly or indirectly. This is 
supported by the fact that in the lsi1 mutant with a very low 
internal Si concentration, the root-to-shoot translocation of 
Mn was not affected by Si (Fig. 3C).

Another explanation for the Mn-Si interaction is the for-
mation of a Mn-Si complex. Although information on a 
Mn-Si complex is not available, formation of a Zn-silicate 
complex has been suggested to be responsible for the ame-
lioration of the Zn toxicity in Cardaminopsis (Neumann and 
Zurnieden, 2001). In addition, formation of Al-Si and Cd-Si 
complexes has also been reported to be involved in the detoxi-
fication of Al and Cd (Wang et  al., 2004; Liu et  al., 2013; 
Ma et al., 2015). Since OsMTP9 transports ionic Mn (Ueno 
et al., 2015), the Si-Mn complex will not be transported to 
the stele for subsequent root-to-shoot translocation, result-
ing in Si remaining in the root cells. This is supported by the 
observation that the Si:Mn stoichiometric ratio in the root 
cell sap was similar in both the WT and lsi1 mutant. The Si 
concentration in the root cell sap of the mutant was higher 
than the accumulation of Si in the shoots (Fig. 7B; Ma et al., 
2002). This may be attributed to another Si transporter, 
Lsi6, which is expressed in the root tips (Yamaji et al., 2008). 
But this transporter did not contribute to the root-to-shoot 

translocation of Si. Therefore, the Si concentration of the cell 
sap in the mature root region would be much lower in the lsi1 
mutant. In addition, it seems that the formation of a Mn-Si 
complex is very rapid because Mn concentration in the root 
cell sap was increased after only 3 h exposure to Si (Fig. 7E), 
a property that requires future examination.

In conclusion, our results indicate that the Si-decreased 
Mn accumulation in rice is a consequence of both reduced 
root-to-shoot translocation of Mn, probably by formation of 
Mn-Si complex in the root cytosol, and decreased Mn uptake 
due to down-regulation of OsNramp5 gene in rice.

Acknowledgments
This work was supported by the National Key Basic Research Program of 
China (No. 2014CB441000), the Natural Science Foundation of China (No. 
41025005), Ohara Foundation for Agriculture Research and Joint Research 
Program implemented at the Institute of Plant Science and Resources, 
Okayama University.

References
Dragisic Maksimovic J, Bogdanovic J, Maksimovic V, Nikolic 
M. 2007. Silicon modulates the metabolism and utilization of phenolic 
compounds in cucumber (Cucumis sativus L.) grown at excess 
manganese. Journal of Plant Nutrition and Soil Science 170, 739–744.

Dragisic Maksimovic J, Mojovic M, Maksimovic V, Romheld V, 
Nikolic M. 2012. Silicon ameliorates manganese toxicity in cucumber by 
decreasing hydroxyl radical accumulation in the leaf apoplast. Journal of 
Experimental Botany 63, 2411–2420.

Fig. 8.  Effect of Si on expression of OsNramp5 in the roots. Seedlings of WT (A) and lsi1 mutant (B) were exposed to 0.5 or 200 μM Mn without or 
with 1 mM silicic acid for up to 3 d. The expression of OsNramp5 in the roots was determined by quantitative real-time PCR. Histone H3 was used as 
the internal standard. Expression relative to WT (0.5 μM Mn -Si) is shown. Data are means ±SD of three biological replicates. Different letters indicate a 
significant difference (P<0.05) using Duncan’s test.



1544  |  Che et al.

Epstein E. 1999. Silicon. Annual Review of Plant Biology 50, 641–664.

Fuehrs H, Goetze S, Specht A, Erban A, Gallien S, Heintz D, Van 
Dorsselaer A, Kopka J, Braun H-P, Horst WJ. 2009. Characterization 
of leaf apoplastic peroxidases and metabolites in Vigna unguiculata in 
response to toxic manganese supply and silicon. Journal of Experimental 
Botany 60, 1663–1678.

Horiguchi T. 1988. Mechanism of manganese toxicity and tolerance of 
plants: IV. Effects of silicon on alleviation of manganese toxicity of rice 
plants. Soil Science and Plant Nutrition 34, 65–73.

Horiguchi T, Morita S. 1987. Mechanism of manganese toxicity and 
tolerance of plants VI. Effect of silicon on alleviation of manganese toxicity 
of barley. Journal of Plant Nutrition 10, 2299–2310.

Horst WJ, Marschner H. 1978. Effect of silicon on manganese tolerance 
of bean plants (Phaseolus vulgaris L.). Plant and Soil 50, 287–303.

Iwasaki K, Maier P, Fecht M, Horst WJ. 2002a. Effects of silicon supply 
on apoplastic manganese concentrations in leaves and their relation to 
manganese tolerance in cowpea (Vigna unguiculata (L.) Walp.). Plant and 
Soil 238, 281–288.

Iwasaki K, Maier P, Fecht M, Horst WJ. 2002b. Leaf apoplastic silicon 
enhances manganese tolerance of cowpea (Vigna unguiculata). Journal of 
Plant Physiology 159, 167–173.

Iwasaki K, Matsumura A. 1999. Effect of silicon on alleviation of 
manganese toxicity in pumpkin (Cucurbita moschata Duch cv. Shintosa). 
Soil Science and Plant Nutrition 45, 909–920.

Li P, Song A, Li Z, Fan F, Liang Y. 2012. Silicon ameliorates manganese 
toxicity by regulating manganese transport and antioxidant reactions in rice 
(Oryza sativa L.). Plant and Soil 354, 407–419.

Liu J, Ma J, He C, Li X, Zhang W, Xu F, Lin Y, Wang L. 2013. Inhibition 
of cadmium ion uptake in rice (Oryza sativa) cells by a wall-bound form of 
silicon. New Phytologist 200, 691–699.

Ma J, Cai H, He C, Zhang W, Wang L. 2015. A hemicellulose-bound 
form of silicon inhibits cadmium ion uptake in rice (Oryza sativa) cells. New 
Phytologist 206, 1063–1074.

Ma JF. 2004. Role of silicon in enhancing the resistance of plants to biotic 
and abiotic stresses. Soil Science and Plant Nutrition 50, 11–18.

Ma JF, Tamai K, Ichii M. Wu K. 2002. A rice mutant defective in active Si 
uptake. Plant Physiology 130, 2111–2117.

Ma JF, Tamai K, Yamaji N, Mitani N, Konishi S, Katsuhara M, 
Ishiguro M, Murata Y, Yano M. 2006. A silicon transporter in rice. Nature 
440, 688–691.

Ma JF, Yamaji N. 2006. Silicon uptake and accumulation in higher plants. 
Trends in Plant Science 11, 392–397.

Ma JF, Yamaji N. 2015. A cooperative system of silicon transport in 
plants. Trends in Plant Science 20, 435–442.

Ma JF, Yamaji N, Mitani N, Tamai K, Konishi S, Fujiwara T, 
Katsuhara M, Yano M. 2007. An efflux transporter of silicon in rice. 
Nature 448, 209–212.

Marschner H. 1995. Mangnese. In: Mineral Nutrition of Higher Plants . 
London: Academic Press, 324–332.

Neumann D, Zurnieden U. 2001. Silicon and heavy metal tolerance of 
higher plants. Phytochemistry 56, 685–692.

Okuda A, Takahashi E. 1962a. Studies on the physiological role of 
silicon in crop plants. Part 5 Effect of silicon supply on the injuries of barley 
and rice plant due to excessive amount of FeⅡ, MnⅡ, CuⅡ, AsⅢ, AlⅢ, CoⅡ. 
Journal of the Science of Soil and Manure 33, 1–8.

Okuda A, Takahashi E. 1962b. Studies on the physiological role of silicon 
in crop plants. Part 6 Effect of silicon on iron uptake by rice plant and 
oxidation power of root. Journal of the Science of Soil and Manure 33, 
59–64.

Pontigo S, Ribera A, Gianfreda L, de la Luz Mora M, Nikolic M, 
Cartes P. 2015. Silicon in vascular plants: uptake, transport and its 
influence on mineral stress under acidic conditions. Planta 242, 23–37.

Rogalla H, Romheld V. 2002. Role of leaf apoplast in silicon-mediated 
manganese tolerance of Cucumis sativus L. Plant, Cell & Environment 25, 
549–555.

Sasaki A, Yamaji N, Yokosho K, Ma JF. 2012. Nramp5 is a major 
transporter responsible for manganese and cadmium uptake in rice. Plant 
Cell 24, 2155–2167.

Ueno D, Sasaki A, Yamaji N, Miyaji T, Fujii Y, Takemoto Y, Moriyama 
S, Che J, Moriyama Y, Iwasaki K, Ma JF. 2015. A polarly localized 
transporter for efficient manganese uptake in rice. Nature Plants, 
doi:10.1038/nplants.2015.170.

Wang YX, Stass A, Horst WJ. 2004. Apoplastic binding of aluminum is 
involved in silicon-induced amelioration of aluminum toxicity in maize. Plant 
Physiology 136, 3762–3770.

Williams DE, Vlamis J. 1957. The effect of silicon on yield and 
manganese-54 uptake and distribution in the leaves of barley plants grown 
in culture solutions. Plant Physiology 32, 404–409.

Yamaji N, Mitatni N, Ma JF. 2008. A Transporter regulating silicon 
distribution in rice shoots. Plant Cell 20, 1381–1389.


