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Abstract
Low silicon (Si) rice 1 (OsLsi1) is a key transporter mediating Si uptake in rice (Oryza sativa). It is polarly localized at the distal side of the 
root exodermis and endodermis. Although OsLsi1 is also permeable to other metalloids, such as boron (B), germanium (Ge), arsenic (As), 
antimony (Sb), and selenium (Se), the role of its polar localization in the uptake of these metalloids remains unclear. In this study, we 
investigated the role of OsLsi1 polar localization in metalloid uptake by examining transgenic rice plants expressing polarly or 
nonpolarly localized OsLsi1 variants. Loss of OsLsi1 polar localization resulted in decreased accumulation of Ge, B, and As in shoots 
but increased Sb accumulation, while Se accumulation remained unaffected under normal conditions. Experiments with varying B 
concentrations revealed that B uptake is significantly lower at low B concentrations (0.3 to 3 μM) but higher at high B concentrations 
(300 μM) in plants expressing nonpolarly localized OsLsi1, despite the similar B permeability of both OsLsi1 variants in Xenopus oocytes 
and their comparable protein abundance in roots. Additionally, the loss of OsLsi1 polarity did not affect the abundance, localization, 
or high B-induced degradation of the borate transporter 1 (OsBOR1), an efflux transporter that cooperates with OsLsi1 for B uptake. 
Taken together, our findings demonstrate that the polar localization of OsLsi1 plays a critical role in regulating metalloid uptake, 
depending on the presence or absence of efflux transporters cooperating with OsLsi1.

Introduction
Uptake of mineral nutrients by plant roots from the soil solution 

relies on various transporters (Che et al. 2018; Huang et al. 2020, 

2024a; Rengel et al. 2022). So far, a number of transporters for dif

ferent elements have been identified in different plant species, 

and some of them have been reported to show polar localization 

(Gordon-Weeks et al. 2003; Ma et al. 2006, 2007; Ueno et al. 2009, 

2015; Takano et al. 2010; Kiba et al. 2012; Sasaki et al. 2012; 

Barberon et al. 2014; Konishi and Ma 2021; Guo et al. 2022; 

Huang et al. 2022). For example, 2 transporters for boron (B) up

take in Arabidopsis, Nodulin 26-like Intrinsic Protein (NIP) 5;1 

(AtNIP5;1) and borate transporter 1 (AtBOR1), show polar localiza

tion in the roots. AtNIP5;1 is localized at the distal side of the epi

dermis and endodermis, while AtBOR1 is localized at the proximal 

side of the epidermis and endodermis (Yoshinari et al. 2016; Wang 

et al. 2017). A NITRATE TRANSPORTER2.4 (Kiba et al. 2012) and an 

iron transporter IRON-REGULATED TRANSPORTER 1 (AtIRT1) 

(Barberon et al. 2014) in Arabidopsis are also reported to show po

lar localization at the distal side in the root epidermal cells. In ad

dition, phosphate transporters (PTs), including StPT2 in potatoes 

(Gordon-Weeks et al. 2003) and GmPT4 in soybean (Guo et al. 

2022), and a transporter YELLOW STRIPE 1 (ZmYS1) for ferric–mu

gineic acid complex in maize (Ueno et al. 2009) were also reported 

to be localized at the distal side of root epidermal cells.
In rice, several transporters for the uptake of mineral elements 

show polar localization. Low silicon (Si) rice 1 (OsLsi1) and OsLsi2 

required for Si uptake are polarly localized at the distal and 
proximal sides, respectively, of both exodermis and endodermis 
in the root mature region (Ma et al. 2006, 2007). Similarly, 
OsBOR1 responsible for B uptake and 2 transporters, NATURAL 
RESISTANCE-ASSOCIATED MACROPHAGE PROTEIN 5 (OsNramp5) 
and METAL TOLERANCE PROTEIN 9 (OsMTP9), required for man
ganese (Mn) uptake, are also polarly localized at the distal 
(OsNramp5) and proximal (OsBOR1 and OsMTP9) sides of the 
same cell layers (Sasaki et al. 2012; Ueno et al. 2015; Huang et al. 
2022). In addition, 3 ammonium transporters (OsAMT1;1, 1;2, 
and 1;3) also show polar localization at the distal side of exodermis 
(Konishi and Ma 2021). Since rice roots have aerenchyma in the 
cortex and 2 Casparian strips (CSs) located at the exodermis and 
endodermis in its mature region (Enstone et al. 2002), both influx 
and efflux transporters located at both the exodermis and endo
dermis are required for the radial transport of mineral elements 
from soil solution to the root stele (Che et al. 2018; Huang et al. 
2024a). For example, Si, as silicic acid, is first imported into the 
symplast of the exodermal cell by OsLsi1 localized at the distal 
side of the plasma membrane and then exported by OsLsi2 at 
the proximal side to the aerenchyma (Ma and Yamaji 2015; 
Huang and Ma 2024). Si is further imported into the symplast of 
the endodermis by OsLsi1 localized at the distal side and is ex
ported to the stele by OsLsi2 localized at the proximal side (Ma 
and Yamaji 2015).

It has been proposed that the polar localization of transporters 
is important for the directional and efficient uptake of mineral 
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elements (Ma and Yamaji 2015; Yoshinari and Takano 2017; Robe 
and Barberon 2023). In fact, it was reported that loss of polarity of 
Nodulin 26-like Intrinsic Protein (NIP) 5;1 (AtNIP5;1), AtBOR1, and 
AtIRT1 in Arabidopsis caused a significant decrease in the uptake 
of B and metal ions, respectively (Barberon et al. 2014; Wang et al. 
2017; Yoshinari et al. 2019). Recently, it was also found that loss of 
the polar localization of OsLsi1 resulted in decreased Si uptake in 
rice (Konishi et al. 2023). However, it is still poorly understood on 
the role of polar localization of transporters in the uptake of differ
ent mineral elements. In the present study, we investigated the 
role of OsLsi1 polar localization in metalloid uptake in rice. 
OsLsi1 belongs to the NIP subfamily of aquaporin and was initially 
identified as a transporter for Si as silicic acid and germanium 
(Ge), an analog of Si, in rice (Ma et al. 2006). Subsequent studies 
show that OsLsi1 is also permeable to other metalloids, including 
B as boric acid (Mitani et al. 2008; Mitani-Ueno et al. 2011; Shao 
et al. 2018), arsenic (As) as arsenite (Ma et al. 2008), selenium 
(Se) as selenite (Zhao et al. 2010), and antimony (Sb) as antimonite 
(Huang et al. 2024b). This is because these metalloids are present 
in the form of noncharged molecules similar to silicic acid under a 
pH below 9.0 (Yamaji and Ma 2021). Knockout of OsLsi1 resulted in 
decreased accumulation of these metalloids in the shoots (Ma 
et al. 2008; Zhao et al. 2010; Shao et al. 2018; Huang et al. 
2024b); however, the role of OsLsi1 polar localization in the uptake 
of these metalloids is still unknown. Recently, it was reported that 
the polar localization of OsLsi1 requires Ile18 at the N-terminus, 
Ile285, and the positively charged cluster at the C-terminus 
(Konishi et al. 2023). When Ile18 and Ile285 were substituted 
with Ala, the generated OsLsi1I18A, I285A showed nonpolar localiza
tion without any reduction of Si/Ge permeability in Xenopus oocyte 
(Konishi et al. 2023). These findings make it possible to investigate 
the role of OsLsi1 polarity in the uptake of metalloids by compar
ing plants expressing polar and nonpolar OsLsi1 variants. 
Through various functional analyses, including gene expression, 
protein abundance and localization, and phenotypic analysis, 
we found that the role of polar localization of OsLsi1 in metalloid 
uptake depends on their species and external concentrations in 
rice.

Results
Role of OsLsi1 polar localization in metalloid 
accumulation
We first compared metalloid accumulation in the shoots using 
transgenic lines harboring polar (Flag-OsLsi1) and nonpolar 
OsLsi1 (Flag-OsLsi1I18, I285A). Introduction of polar OsLsi1 into the 
lsi1-3 loss-of-function mutant completely complemented the ac
cumulation of all metalloids tested (Fig. 1, A to E). However, loss 
of polar localization of OsLsi1 resulted in decreased accumulation 
of B, As, and Ge in the shoots (Fig. 1, A to C), but increased Sb ac
cumulation at realistic concentrations (2 to 3 μM) (Fig. 1D). The Se 
accumulation in the shoots was similar between plants with polar 
and nonpolar OsLsi1 (Fig. 1E).

Role of OsLsi1 polar localization in B uptake at 
different B concentrations
We further investigated the role of OsLsi1 polar localization in B 
uptake at different B concentrations. After cultivated for 21 d at 
low B concentrations (0.3 and 3 μM), the B concentration in the 
shoots and roots was lower in plants with nonpolar localization 
than those with polar localization (Fig. 2, A and B). At 30 μM B sup
ply, B concentration in both the roots and shoots showed similar 

levels in plants with polar and nonpolar localization of OsLsi1 
(Fig. 2, A and B). However, at the high B condition (300 μM), the B 
concentration was increased 2 to 4 times in the shoots of plants 
with nonpolar localization compared with those with polar local
ization, whereas it was similar in the roots of plants with polar lo
calization as those with nonpolar localization (Fig. 2, A and B). The 
B uptake calculated showed a similar trend as shoot B concentra
tion (Fig. 2, A and C). The biomass of the roots and shoots did not 
differ among different lines at all B concentrations tested 
(Supplementary Fig. S1, A and B), but the B toxicity symptom (ne
crosis) was observed in the old leaf (Leaf 4) of plants harboring 
nonpolar OsLsi1, but not in other lines (Supplementary Fig. S1C). 
This result is consistent with increased B concentration in the 
shoots of plants harboring nonpolar OsLsi1 (Fig. 2A).

Figure 1. Comparison of shoot metalloid accumulation in plants 
harboring polar and nonpolar OsLsi1. A to E) Concentrations of B A), As 
B), Ge C), Sb D), and Se E) in shoots of plants harboring polar and 
nonpolar OsLsi1. Seedlings (6-d-old) of WT (WT rice), lsi1-3, 2 
independent Flag-OsLsi1 transgenic lines, and 3 independent 
Flag-OsLsi1I18A, I285A were grown in a hydroponic solution containing 
3 μM B for 15 d A, B) or 12 d C to E). Before harvest, the plants were 
exposed to a solution containing 2 μM of Ge, As, Se, or Sb in the presence 
of 3 μM B for 24 h. Concentration of metalloids was determined by 
ICP-MS. Data are means ± SD (n = 3 to 4). Different letters indicate 
significant differences at P < 0.05 by Tukey–Kramer’s test. DW, dry 
weight.
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Short-term labeling experiment with 10B
To confirm above results (Fig. 2), we performed a short-term la
beling experiment with 10B. To do this, plants were precultured 
with 11B at 0.3, 3, and 300 μM for 33 d, followed by exposure to a 
solution containing different concentrations of 10B for 24 h. 
Similar to the results in Fig. 2, 10B concentration in the shoots 
was lower in the plants carrying nonpolar OsLsi1 than those 
carrying polar OsLsi1 at 0.3 and 3 μM 

10B (Fig. 3A). However, at 
300 μM 

10B supply, the shoot 10B concentration was 1.7 to 3 times 
higher in plants harboring nonpolar OsLsi1 compared with 

those harboring polar OsLsi1 (Fig. 3A). The roots showed much 
lower 10B concentration than the shoots, and no difference 
was found among different lines (Fig. 3B). The calculated 10B 
uptake showed a similar trend as shoot 10B concentration 
(Fig. 3, A and C).

Figure 3. Effect of OsLsi1 polar localization on short-term 10B uptake at 
different 10B concentrations. A, B) 10B concentration in the shoots A) and 
roots B) and 10B uptake C). Seedlings (6-d-old) of WT (WT rice), lsi1-3, 2 
independent Flag-OsLsi1 transgenic lines, and 3 independent 
Flag-OsLsi1I18A, I285A lines were precultured in solutions containing 0.3, 
3, or 300 μM 

11B for 33 d. Before harvest, the plants were exposed to a 
solution containing 0.3, 3, or 300 μM 

10B for 24 h. Concentration of 10B in 
the roots and shoots was determined by ICP-MS using an isotope model. 
10B uptake was calculated by (shoot 10B content + root 10B content)/root 
dry weight. Data are means ± SD (n = 4). Different letters indicate 
significant differences at P < 0.05 by Tukey–Kramer’s test. DW, dry 
weight.

Figure 2. Effect of OsLsi1 polar localization on B uptake at different B 
concentrations. A to C) B concentration in the shoots A) and roots B) and 
B uptake C). Seedlings (6-d-old) of WT (WT rice), lsi1-3, 2 independent 
Flag-OsLsi1 transgenic lines, and 3 independent Flag-OsLsi1I18A, I285A 

lines were grown in solutions containing 0.3, 3, 30, or 300 μM B for 21 d. 
Concentration of B in the roots and shoots was determined by ICP-MS. 
Uptake was calculated by (shoot B content + root B content)/root dry 
weight. Data are means ± SD (n = 4). Different letters indicate a 
significant difference at P < 0.05 by Tukey–Kramer’s test. DW, dry 
weight.
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Transport activity of polar and nonpolar OsLsi1 
for boric acid in Xenopus oocyte
To understand the mechanism underlying nonpolar OsLsi1- 
mediated alteration of B uptake (Figs. 2 and 3), we first compared 
the transport activity of polar (Flag-OsLsi1) and nonpolar OsLsi1 
(Flag-OsLsi1I18A, I285A) for B, as boric acid, in Xenopus oocytes. 
The result showed that both OsLsi1 variants with polar and non
polar localization showed B transport activity (Supplementary 
Fig. S2). Furthermore, the transport activity for boric acid was sim
ilar between 2 variants of OsLsi1. This observation indicates that 
Ala substitutions at Ile18 and Ile285 do not affect the transport ac
tivity of OsLsi1 for boric acid.

Effect of polar localization of OsLsi1  
on the expression of the transporter genes 
involved in B uptake
Because uptake of B is mediated by OsLsi1 and OsBOR1 in rice 
roots, we then compared the expression level of these 2 transport
er genes between plants harboring polar and nonpolar OsLsi1 at 
low (0.3 μM) and high (300 μM) B conditions. The expression level 
of OsLsi1 was variable among different transgenic lines, but over
all, the expression level was comparable between plants with 
polar and nonpolar OsLsi1, which was not affected by B concen
trations (Fig. 4A). By contrast, the expression level of OsBOR1 
was similar among all lines (Fig. 4B). These results indicate that 
the altered B uptake in plants with nonpolar localization is not 
caused by differential gene expression of transporters for B 
uptake.

Effect of polar localization of OsLsi1 on the B 
transporters at the protein level under various B 
concentrations
Since root OsBOR1 protein is degraded in response to high B 
(Huang et al. 2022), we therefore investigated whether the polar 
localization of OsLsi1 affects the protein response of OsLsi1 and 
OsBOR1 to external B concentrations. We selected 2 transgenic 
lines, Flag-OsLsi1-67 and Flag-OsLsi1I18A, 1285A-8, showing similar 
expression levels (Fig. 4A), and compared the protein abundance 
of OsLsi1 and OsBOR1 at different B concentrations. The results 
showed that the abundance of OsLsi1 variants was similar in 
plants with polar and nonpolar OsLsi1 at all B concentrations 
tested (Fig. 5A), indicating that both polar and nonpolar OsLsi1 
did not respond to high B. By contrast, the protein abundance of 
OsBOR1 was gradually decreased with increasing B concentra
tions (Fig. 5B). At 300 μM B, OsBOR1 protein disappeared in both 
lines (Fig. 5B). However, there was no difference in the protein 
abundance and response of OsBOR1 to different B concentrations 
between plants harboring polar and nonpolar OsLsi1 (Fig. 5B). The 
abundance of H+-ATPase, as loading control, was comparable in 
all samples (Fig. 5C).

Effect of polar localization of OsLsi1 on the cellular 
and subcellular localization of B transporters at 
different B concentrations
We further performed a double immunostaining of Flag-OsLsi1 
and OsBOR1 in transgenic lines at different B concentrations. In 
the roots of both plants with polar and nonpolar OsLsi1, a Flag sig
nal was observed at root exodermis and endodermis, irrespec
tively of B concentrations (Fig. 6, A to C). Furthermore, polar 
localization at the distal side of both cell layers was observed in 
the roots of plants harboring Flag-OsLsi1, but not in plants harbor
ing the Flag-OsLsi1I18, I285 (Fig. 6, D to I), confirming our previous 

results (Konishi et al. 2023). On the other hand, OsBOR1 signal 
was mainly observed at the exodermis and endodermis at 0.3 
and 3 μM B in the roots of both plants carrying polar and nonpolar 
OsLsi1, but this signal was gradually decreased in response to high 
B concentrations (Fig. 6, A to C). The polar localization of OsBOR1 
at the proximal side was observed in both plants harboring polar 
and nonpolar OsLsi1 at 0.3 and 3 μM B (Fig. 6, D to I), indicating that 
loss of polar localization of OsLsi1 did not affect the polar localiza
tion of OsBOR1.

Quantitative analysis of signal intensity showed that there was 
no difference in the signal intensity of Flag-OsLsi1 and OsBOR1 be
tween the plants with polar and nonpolar OsLsi1 at the same B 
concentration (Fig. 6, J and K). However, in contrast to OsLsi1, 
which did not respond to B concentrations, the intensity of 
OsBOR1 decreased with increasing B concentrations in the 
external solution in both plants with polar and nonpolar OsLsi1 
(Fig. 6, J and K).

Figure 4. Comparison of expression level of OsLsi1 and OsBOR1 in roots 
of plants expressing polar and nonpolar OsLsi1 at low and high B 
concentrations. A, B) Expression level of OsLsi1 A) and OsBOR1 B) in the 
roots. Seedlings (18-d-old) of WT (WT rice), lsi1-3, 2 independent 
Flag-OsLsi1 transgenic lines, and 3 independent Flag-OsLsi1I18A, I285A 

lines were grown in solutions containing 0.3 or 300 μM B. After 3 d, the 
roots were sampled for RNA extraction. Expression of OsLsi1 and 
OsBOR1 was determined by reverse transcription quantitative PCR. 
HistoneH3 and Ubiquitin genes were used as internal controls. 
Expressions relative to WT at 0.3 μM B are shown. Data are means ± SD  

(n = 4). Different letters indicate significant differences at P < 0.05 by 
Tukey–Kramer’s test.
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Discussion
In the present study, by taking advantage of using transgenic 
plants harboring polar and nonpolar localization of OsLsi1, we 
were able to investigate the role of its polar localization in the up
take of metalloids. Through various functional analyses, we re
vealed that the role of polar localization of OsLsi1 in metalloid 
uptake differs with metalloid species and their concentrations in 
the external solution.

Metalloid-dependent role of polar localization 
of OsLsi1 in their uptake
OsLsi1, polarly localized at the distal side of both root exodermis 
and endodermis, is involved in the uptake of several metalloids, 
including Ge as germanic acid, B as boric acid, As as arsenite, Sb 
as antimonite, and Se as selenite, in addition to Si as silicic acid, 
which are all present in the form of noncharged molecules at a 
pH below 9 (Yamaji and Ma 2021; Huang et al. 2024b). However, 
the loss of polar localization of OsLsi1 resulted in decreased (Ge, 
As, and B), increased (Sb), and unchanged (Se) uptake (Fig. 1). 
These differences could be attributed to the presence or absence 
of efflux transporter for these metalloids in the roots. In rice roots, 
the uptake of mineral elements generally requires both influx and 
efflux transporters polarly localized at the distal and proximal 

sides, respectively, of exodermis and endodermis (Che et al. 
2018; Huang et al. 2024a; Huang and Ma 2024). Among metalloids 
tested, similar to Si, the uptake of Ge and As is mediated by OsLsi1 
and OsLsi2 (Ma et al. 2006, 2007, 2008), while that of B is mediated 
by OsLsi1 and OsBOR1 (Nakagawa et al. 2007; Shao et al. 2018; 
Huang et al. 2022). These polarly localized influx–efflux transport
ers at the same cells form a directional transport pathway for Si, 
Ge, As, and B from soil solution to the stele for subsequent trans
location to the shoots (Fig. 7A). When polar localization of OsLsi1 
is lost, these metalloids effluxed by OsLsi2 or OsBOR1 to the inner 
apoplastic space will be retaken up by OsLsi1 localized at the 
proximal side of the exodermis and endodermis because OsLsi1 
is bidirectional channel, which transports metalloids following 
concentration gradient (Mitani et al. 2008) (Fig. 7B). As a result, 
the efficiency of the uptake for these metalloids is decreased 
(Fig. 7, A and B).

In contrast to Si, As, and B, the shoot Sb accumulation was in
creased due to loss of polar localization of OsLsi1 (Fig. 1). In the 
case of Sb, most Sb taken up by OsLsi1 is retained at the exodermis 
due to lack of efflux transporter (Fig. 7C; Huang et al. 2024b). 
However, when polar localization of OsLsi1 is lost, Sb could be ef
fluxed from exodermis to aerenchyma through OsLsi1 localized at 
the proximal side and further to the stele, resulting in increased 
Sb accumulation in the shoots (Fig. 7D). On the other hand, loss 
of polar localization of OsLsi1 does not affect Se accumulation 
in the shoots (Fig. 1). This is because different from other metal
loids, Se taken up by OsLsi1 is readily converted to other organic 
forms, such as selenomethionine, selenocysteine, and methylse
lenocysteine in the roots, which are subsequently transported to 
the shoots by different type of transporters (Zhang et al. 2019).

B concentration-dependent role of polar 
localization of OsLsi1 in B uptake
Although B functions as an essential element for plants, its range 
between B deficiency and toxicity is narrower than any other 
element (Eaton 1944). Therefore, in response to external B 
fluctuations, plants have developed a fine-tuned system for main
taining optimal internal B levels through the regulation of trans
porters involved in uptake, root-to-shoot translocation, and 
distribution (Takano et al. 2010; Kasai et al. 2011; Tanaka et al. 
2011, 2016; Yoshinari et al. 2016, 2018, 2021; Aibara et al. 2018; 
Shao et al. 2018; 2021; Huang et al. 2022). In rice, 2 transporters in
volved in B uptake show different responses to B fluctuations; 
OsLsi1 does not respond to external B changes at both transcrip
tional and translational levels, whereas OsBOR1 is downregulated 
upon high B concentrations (Figs. 4 and 5; Huang et al. 2022). In the 
present study, we found that the polar localization of OsLsi1 plays 
different roles at low and high B concentrations. Under low B con
centrations, B uptake was decreased by the loss of OsLsi1 polar lo
calization, whereas at high B concentrations, it was increased in 
plants with nonpolar OsLsi1 (Figs. 2 and 3). Since there were no dif
ferences in B transport activity, localization, protein abundance, 
and B-dependent response of B transporters between plants 
harboring polar and nonpolar OsLsi1 variants (Figs. 4 to 6; 
Supplementary Fig. S2), the B concentration-dependent roles of 
OsLsi1 polar localization in B uptake seems to be attributed to 
the presence or absence of OsBOR1. When both OsLsi1 and 
OsBOR1 are present at low B concentrations, loss of OsLsi1 polar 
localization decreases the efficiency of B uptake due to the disrup
tion of directional B transport, discussed above (Fig. 7, A and B). 
However, at high B concentrations, due to the absence of 
OsBOR1 in both plants with polar and nonpolar OsLsi1 (Fig. 6), 

Figure 5. Response of OsLsi1 and OsBOR1 proteins in the roots of plants 
expressing polar and nonpolar OsLsi1 to different B concentrations. A to 
C) Western blotting of Flag-OsLsi1 variants A), OsBOR1 B), and 
H+-ATPase C). Seedlings (22-d-old) of transgenic plants carrying 
Flag-OsLsi1 (line67) and Flag-OsLsi1I18A, I285A (line8) were exposed to a 
solution containing 0.3, 3, 30, and 300 μM B for 3 d. The knockout mutant 
of OsBOR1 (bor1-1) treated with 0.3 μM B for 3 d was used as a negative 
control of Flag and OsBOR1 antibodies. The same amount of protein (7 
μg) of microsome fraction was analyzed by SDS-PAGE and visualized by 
western blot with antibodies against Flag, OsBOR1, and H+-ATPase (as 
an internal standard). MM indicates molecular marker.
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Figure 6. Cellular and subcellular localization of OsLsi1 variants and OsBOR1 at different B concentrations in roots of plants harboring polar and 
nonpolar OsLsi1. A to C) Double immunostaining of Flag-OsLsi1 variants (green color, upper panel) and OsBOR1 (magenta color, lower panel) in 
transgenic plants harboring polar OsLsi1 A), nonpolar OsLsi1 B), and knockout mutant of OsBOR1 (bor1-1) C), as a negative control, at different B 
concentrations from 0.3 to 300 μM B. D to I) Enlarged images of Flag-OsLsi1 variants (green color, upper panel) and OsBOR1 (magenta color, lower panel) 
at exodermis D to F) and endodermis G to I) of the roots. Seedlings (28-d-old) of transgenic lines carrying Flag-OsLsi1 (line67) and Flag-OsLsi1I18A, I285A 

(line8) were exposed to a solution containing 0.3, 3, 30, and 300 μM B for 3 d. The bor1-1 treated with 0.3 μM B for 3 d was used as a negative control of Flag 
and OsBOR1 antibodies. Cross-sections of the mature region (10 to 20 mm from the root tip) of the crown root were prepared for immunostaining with 
Flag and OsBOR1 antibodies, which signals were merged with autofluorescence of the cell wall, indicated by blue color A to C). Bars indicate 50 A to C) or 
10 μm D to J). Whole root and enlarged images were taken under the same conditions for comparison, respectively. J, K) Quantified signal intensity of 
polar and nonpolar OsLsi1 variants J) and OsBOR1 K). Signal intensities from Flag and OsBOR1 antibodies of the root images were quantified by LAS AF 
Lite software J, K). The signal of bor1-1 was subtracted as a background, and signal intensity relative to 0.3 μM B condition was shown J, K). Data are 
means ± SD from 10 independent slices. Different letters indicate significant differences at P < 0.05 by Tukey–Kramer’s test.
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nonpolar OsLsi1 at the proximal side facilitates B permeation 
through exodermis to the aerenchyma and endodermis to the 
stele as the case of Sb as discussed above (Fig. 7, C and D). In 
Arabidopsis, loss of polar localization of AtNIP5;1 also resulted 
in decreased B uptake at low B concentration (Wang et al. 2017), 
indicating a common role of polar localization in efficient and di
rectional uptake of B. However, different from OsLsi1 in rice, 
AtNIP5;1 was downregulated by high B to avoid B toxicity 
(Tanaka et al. 2011, 2016). Therefore, there is no similar role of po
lar localization of AtNIP5;1 as observed in rice at high B concentra
tions (Fig. 7, C and D).

In conclusion, we found that the polar localization of OsLsi1 
has different roles in the accumulation of metalloids in the shoots 
depending on the presence or absence of efflux transporters coop
erating with OsLsi1 for each metalloid uptake. Furthermore, we 
found that its polar localization is not only required for efficient 
and directional uptake of B at low B concentrations but also re
quired for preventing excess B uptake at high B concentrations 
in rice roots.

Materials and methods
Plant materials and growth conditions
In the present study, wild-type (WT) rice (Oryza sativa. cv. 
Nipponbare), a loss-of-function mutant of OsLsi1 (lsi1-3; Chiba 
et al. 2009), a knockout mutant of OsBOR1 (bor1-1; Nakagawa 
et al. 2007), and transgenic lines carrying Flag-OsLsi1 with polar lo
calization (2 independent lines) and Flag-OsLsi1I18A, I285A without 
polar localization (3 independent lines) in lsi1-3 background 
were used. The transgenic lines were generated in our previous 
studies (Huang et al. 2022; Konishi et al. 2023). Seeds of these lines 

were soaked in water in the dark at 30°C for 2 d, followed by trans
ferring onto a plastic net floating on a 0.5 mM CaCl2 solution in a 
1.2-L plastic pot. After 4 d, the seedlings were transferred to a half- 
strength Kimura B solution (Ma et al. 2002), containing various B 
concentrations. The plants were grown in a controlled greenhouse 
at 25°C to 30°C with natural light. The nutrient solution was 
changed every 2 d. All experiments were performed with 3 to 4 bi
ological replicates.

Comparison of metalloid accumulation in plants 
harboring polar and nonpolar OsLsi1
To investigate the role of polar localization of OsLsi1 in uptake of 
metalloid (B, As, Ge, Sb, and Se), the seedlings (6-d-old) 
of WT, lsi1-3, transgenic plants carrying Flag-OsLsi1, and 
Flag-OsLsi1I18A, I285A were grown in a half-strength Kimura B solu
tion containing 3 μM boric acid (H3BO3) for 15 or 12 d. Before har
vest, the seedlings were exposed to a half-strength Kimura B 
solution, including 3 μM B, containing 2 μM of germanic acid 
(GeO2), arsenite (NaAsO2), antimonite (C8H4K2O12Sb2·3H2O), or 
selenite (Na2SeO3). After 24 h, the roots were washed with ice-cold 
5 mM CaCl2 solution 3 times and separated from the shoots.

To investigate the role of polar localization of OsLsi1 in B up
take at various B concentrations, the seedlings (6-d-old) of WT, 
lsi1-3, transgenic lines were grown in a nutrient solution contain
ing 0.3, 3, 30, or 300 μM B. After growth for 21 d, the roots and 
shoots were harvested as described above.

Short-term labeling experiment with 10B
We also performed a short-term (24 h) labeling experiment with 
10B. To do this, the seedlings (6-d-old) of WT, lsi1-3, and transgenic 

Figure 7. Schematic presentation on the role of OsLsi1 polar localization in metalloid uptake in rice. A, B) Role of polar localization of OsLsi1 in 
metalloid uptake in the presence of efflux transporters. When OsLsi1 is polarly localized at the distal side of the exodermis and endodermis A), it forms 
a directional transport pathway with efflux transporters (OsBOR1 or OsLsi2), facilitating the uptake of metalloids, including B, Si, Ge, and As. However, 
when OsLsi1 loses its polar localization B), these metalloids effluxed by the efflux transporters to the apoplastic space are retaken up by OsLsi1 localized 
at the proximal side, decreasing the efficiency of the uptake. C, D) Role of polar localization of OsLsi1 in metalloid uptake in the absence of efflux 
transporters. Due to lack of efflux transporter (Sb) or downregulation of OsBOR1 (B at high concentrations), these metalloids taken up by polar OsLsi1 
are retained in the exodermal cells, resulting in less root-to-shoot translocation of these metalloids C). However, nonpolar OsLsi1 at the proximal side 
facilitates the flow of Sb and B toward the stele side D), resulting in increased uptake of these metalloids. Green indicates OsLsi1 localization, while 
magenta indicates localization of efflux transporters, OsBOR1 and OsBOR2. Blue arrows indicate the flow of metalloids from the soil to the steel, while 
orange arrows indicate the reuptake of metalloid. CS indicates Casparian strips.

Role of OsLsi1 polarity in metalloid uptake | 7



lines were grown in a nutrient solution containing 0.3, 3, or 300 μM 
11B. After growth for 33 d, the plants were washed with a nutrient 
solution without B for 10 min, followed by exposure to a nutrient 
solution containing 0.3, 3, or 300 μM 

10B, respectively. After 24 h, 
the roots were washed and separated from the shoots as described 
above.

Determination of metalloid concentration
All samples harvested in above experiments were dried at 70°C for 
at least 3 d. Digestion of samples was conducted with HNO3 (60%) 
and H2O2 (30%) mixture (HNO3:H2O2 = 1:1) at a temperature of up 
to 110°C in 15-mL plastic tubes (Shao et al. 2018). The concentra
tion of metalloids in the digestion solution was determined 
by inductively coupled plasma MS (ICP-MS 7700X; Agilent 
Technologies, Santa Clara, CA, USA). The concentration of 10B 
and 11B was determined by ICP-MS (8900; Agilent Technologies, 
Santa Clara, CA, USA) with isotope mode after dilution. B uptake 
was calculated by (shoot B content + root B content)/root dry 
weight.

RNA extraction and reverse transcription 
quantitative PCR analysis
To extract RNA, the roots were sampled from the seedlings (18-d-old) 
of WT, lsi1-3, transgenic plants, which have been exposed to 0.3 and 
300 μM B for 3 d. Total RNA was extracted by RNeasy Plus Mini kit 
(Qiagen) following the manufacturer’s instruction. The cDNA was 
synthesized by ReverTra Ace qPCR RT Master Mix with gDNA 
Remover (Toyobo). The gene expression level of OsLsi1 variants and 
OsBOR1 in the roots was determined using the KOD SYBR qPCR mix 
(Toyobo) on a CFX96 system (Bio-Rad) amplified by following primers: 
5′-CGGTGGATGTGATCGGAACCA-3′ (forward) and 5′-CGTCGAACT 
TGTTGCTCGCCA-3′ (reverse) for OsLsi1 and 5′-CACTAGAAGCCGTGG 
TGAAA-3′ (forward) and 5′-CAGGTAGTTGCATAGCTCAT-3′ (reverse) 
for OsBOR1. HistoneH3 and Ubiquitin were used as internal standards 
amplified by following primers 5′-AGTTTGGTCGCTCTCGATTTCG-3′ 
(forward) and 50-TCAACAAGTTGACCACGTCACG-3′ (reverse) for 
HistoneH3 and 5′-GCTCCGTGGCGGTATCAT-3′ (forward) and 
5′-CGGCAGTTGACAGCCCTAG-3′ (reverse) for Ubiquitin. The relative 
expression level was calculated using the comparative Ct method.

Western blotting of OsLsi1 variants and OsBOR1
To investigate the protein abundance of B transporters, including 
OsLsi1 and OsBOR1 in the roots, seedlings (22-d-old) of 
bor1-1, transgenic plants harboring Flag-OsLsi1 (line67), and 
Flag-OsLsi1I18A, I285A (line8) were exposed to a solution containing 
0.3, 3, 30, and 300 μM B. After 3-d exposure, the roots were har
vested in ice-cold tubes containing protein extraction buffer 
(10% glycerol, 5 mM polyvinyl polypyrrolidone, 100 mM Tris-HCl 
[pH8.0], 5 mM EDTA, 150 mM NaCl, 3.3 mM DTT, and 1 mM 

phenylmethylsulfonyl fluoride), followed by homogenizing using 
a Multi-beads shocker (3,000 rpm, 45 s, twice; Yasui Kikai 
Corporation). Microsome fraction was pelleted by ultracentrifuga
tion according to a previous study (Mitani et al. 2009) and resus
pended by resuspension buffer (10% glycerol, 50 mM Tris-HCl 
[pH8.0], 100 mM sodium phosphate buffer [pH8.0], 5 mM EDTA, 
150 mM NaCl, 1% Triton-X100, 3.3 mM DTT, 1 mM phenylmethyl
sulfonyl fluoride, and 1× protein inhibitor cocktail [Sigma]). The 
same amounts (7 µg) of microsome protein were subjected to 
SDS-PAGE using 5% to 20% gradient polyacrylamide gels 
(e-PAGEL, ATTO, http://www.atto.co.jp) and subsequently to im
munoblotting. The membrane was treated with horseradish per
oxidase (HRP)-conjugated mouse monoclonal Flag antibody (M2, 

1/2,500, Sigma), rabbit polyclonal OsBOR1 antibody (1:1,000 dilu
tions; Shao et al. 2021), and rabbit polyclonal H+-ATPase antibody 
as a control (AS07 260, 1/5,000, Agrisera), respectively. Anti-Rabbit 
IgG (H + L) HRP Conjugate (1:50,000; Promega, http://www. 
promega.com) was used as a secondary antibody for OsBOR1 
and H+-ATPase. The ECL Prime Western Blotting Detection 
Reagent (Cytiva, https://www.cytivalifesciences.co.jp/) was used 
for detection via chemiluminescence. The signal was captured 
by a ChemiDoc imager (Bio-Rad).

Double immunostaining of OsLsi1 variants and 
OsBOR1
Double immunostaining with antibodies against OsBOR1 and Flag 
for OsLsi1 was performed according to Huang et al. (2022). 
Cross-sections of crown roots (10 to 20 mm from the tip) were pre
pared by MicroSlicer (DTK-3000W, Dosaka EM, Co., Ltd.) from 
seedlings (28-d-old) of transgenic plants carrying Flag-OsLsi1 
(line67) and Flag-OsLsi1I18A, I285A (line8), which have been exposed 
to a solution containing 0.3, 3, 30, and 300 μM B for 3 d. Rat mono
clonal Flag (DYKDDDDK) epitope tag antibody (L5, 1/1,000, Novus 
Biologicals) and the rabbit polyclonal anti-OsBOR1 antibody (1/ 
2,000, Shao et al. 2021) were used, respectively, as a primary anti
body. The primary antibody was labeled with Alexa Fluor 488 goat 
anti-rat IgG for Flag-OsLsi1 variants, while Alexa Fluor 555 goat 
anti-rabbit IgG for OsBOR1 (Thermo Fisher Scientific). Signals 
were observed with a confocal laser scanning microscope (TCS 
SP8X, Leica) with excitation at 555 nm (white light laser) and emis
sion in the range 563 to 580 nm for Alexa Fluor 555, and with ex
citation at 488 nm (white-light laser) and emission in the range 
510 to 560 nm for Alexa Fluor 488. HC PL APO CS2 ×20 dry lens 
or HC PL APO CS2 ×63 oil immersion lens was used for observa
tions of whole root or enlarged images, respectively. Whole root 
images and enlarged images were taken under the same condi
tions, respectively. The signal intensity was quantified by LAS 
AF Lite software version 4.0 (Leica Microsystems) using 10 inde
pendent images. The signal was subtracted from that of bor1-1 
as a background, and signal intensity relative to 0.3 μM B condition 
was shown.

B transport activity assay in oocytes
Oocytes for transport activity assay were isolated from Xenopus 
laevis. Procedures for deflocculation, culture conditions, and se
lection were the same as described previously (Mitani et al. 
2008). Flag-OsLsi1 and Flag-OsLsi1I18, 285A were inserted into the 
Xenopus oocyte expression vector, pXβG-ev1 (Konishi et al. 2023). 
Capped RNA was synthesized by in vitro transcription with a 
mMESSAGE mMACHINE High Yield Capped RNA Transcription 
Kit (Thermo Fisher Scientific). A volume of 50 nL (1 ng nl−1) 
cRNA or RNase-free water as a negative control was injected 
into the oocyte. After cRNA injection and incubated in an MBS 
for 2 d, the oocytes were transferred to an isotonic solution con
taining one-fifth diluted MBS supplemented with 175 mM boric 
acid to adjust the osmolarity. Changes in the oocyte volume 
were monitored every 20 s up to 180 s. Permeability of boric acid 
was presented as oocyte volume change [(V V0

−1)].

Statistical analysis
ANOVA, followed by Tukey–Kramer’s test, was used for compari
son using the software BellCurve for Excel (Social Survey Research 
Information Co., Ltd.).
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