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Polar localization of a rice silicon transporter requires
isoleucine at both C- and N-termini as well as positively
charged residues
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Abstract

Silicon (Si) is important for stable and high yields in rice (Oryza sativa), a typical Si hyperaccumulator. The high Si accumulation
is achieved by the cooperation of 2 Si transporters, LOW SILICON 1 (OsLsi1) and OsLsi2, which are polarly localized in cells of
the root exodermis and endodermis. However, the mechanism underlying their polar localization is unknown. Here, we iden-
tified amino acid residues critical for the polar localization of OsLsi1. Deletion of both N- and C-terminal regions resulted in the
loss of its polar localization. Furthermore, the deletion of the C-terminus inhibited its trafficking from the endoplasmic reticu-
lum to the plasma membrane. Detailed site-directed mutagenesis analysis showed that lle18 at the N-terminal region and
[le285 at the C-terminal region were essential for the polar localization of OsLsi1. Moreover, a cluster of positively charged re-
sidues at the C-terminal region is also required for polar localization. Phosphorylation and Lys modifications of OsLsi1 are un-
likely to be involved in its polar localization. Finally, we showed that the polar localization of OsLsi1 is required for the efficient
uptake of Si. Our study not only identified critical residues required for the polar localization of OsLsi1, but also provided ex-
perimental evidence for the importance of transporter polarity for efficient nutrient uptake.

Some mineral transporters show polar localization in dif-
ferent plant species (Gordon-Weeks et al. 2003; Ma et al.
2006, 2007; Takano et al. 2010; Kiba et al. 2012; Sasaki et al.
2012; Barberon et al. 2014; Ueno et al. 2015; Konishi and
Ma 2021; Guo et al. 2022; Huang et al. 2022). The polar local-
ization of these transporters has been proposed to play an
important role in the efficient and directional uptake of mineral
elements, but the mechanisms underlying the polar localization
are largely unknown. In Arabidopsis (Arabidopsis thaliana), the
transporters NOD26-LIKE INTRINSIC PROTEINSS5;1 (AtNIP5;1)
and BORON TRANSPORTER1 (AtBOR1) involved in boron
(B) uptake show polar localization. AtNIP5;1 is polarly localized

Introduction

Plants require 14 mineral nutrients for their growth and de-
velopment. Mineral nutrients from the soil solution must be
transported across several root cell layers to the central cylin-
der of the roots for translocation to the above-ground parts
of the plant (Barberon and Geldner 2014; Che et al. 2018;
Huang et al. 2020). Three different pathways have been pro-
posed for the uptake of mineral nutrients: the apoplastic
pathway, symplastic pathway, and transcellular pathway
(Barberon and Geldner 2014). Due to the presence of
Casparian strips (CS) acting as a physical barrier for an apo-
plastic route, the contribution of the apoplastic pathway to

mineral uptake is limited compared with the symplastic and
transcellular pathways, which require both influx and efflux
transporters for entering and exiting root cells (Barberon
and Geldner 2014).

at the distal side of root cells, while AtBORT1 is at the proximal
side (Takano et al. 2010).

Clathrin-mediated endocytosis (CME) is required for the po-
lar localization of these transporters (Alassimone et al. 2010;
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IN A NUTSHELL

Background: Silicon (Si) is a beneficial element for plants. Rice (Oryza sativa) can accumulate Si in shoots up to 10% of
dry weight; this accumulation helps alleviate various stresses and is essential for stable and high production of rice. The
high Si accumulation in rice is achieved by the cooperation of 2 Si transporters, LOW SILICON 1 and 2 (OsLsi1 and
OsLsi2) expressed in the roots. OsLsi1, a channel-type transporter, is present in the plasma membrane of the root
exodermis and endodermis and localizes to the outer side of the cell toward the soil (distally localized). OsLsi2, an
efflux-type transporter, is oppositely localized at the inner side (proximally localized) of the same cells. OsLsi1 and
OsLsi2 form an efficient pathway for Si uptake in rice roots.

Question: What is the mechanism underlying the polar localization of these transporters? How important is the polar
localization in efficient Si uptake?

Findings: With deletion and site-directed mutation approaches, we identified the critical amino acid residues required
for the polar localization of OsLsi1. They are lle18, lle285, and positively charged residues from the N- and C-terminal
cytosolic regions of OsLsi1. Interestingly, phosphorylation, ubiquitination, and clathrin-mediated endocytosis are not
involved in the polar localization. Furthermore, comparing Si uptake between plants carrying polar or nonpolar OsLsi1
variants showed that polar localization of OsLsi1 plays a significant role in efficient Si uptake.

Next steps: The factors that interact with OsLsi1 for its polar localization remain to be determined. Other mechan-
isms involved in the polar localization of mineral element transporters also need to be investigated, especially in crops

such as rice.

Yoshinari et al. 2016,2019; Wang et al. 2017). When CME is sup-
pressed by an inhibitor or dominant-negative expression of a
loss-of-function variant of DYNAMIN-RELATED PROTEINTA
(DRP1A), which requires cleaving of the clathrin-coated vesicle
from the plasma membrane, AtNIP5;1 and AtBORT lost their
polar localization (Alassimone et al. 2010; Yoshinari et al.
2016). Knockout mutants of mu or sigma subunit of the
ADAPTOR PROTEIN2 (AP2) complex, which is one of the com-
ponents in the CME pathways, also resulted in the loss of polar
localization of AtNIP5;1 and AtBOR1, indicating that
AP2-dependent CME is required for their polar localization
(Wangetal.2017; Yoshinari et al. 2019). Further studies showed
that the AP2 complex could directly bind with the C-terminus
of the AtBORT1 (Yoshinari et al. 2019), while the N-terminus of
AtNIP5;1 might interact with the AP2 complex through phos-
phorylated N-terminal TPG repeat, which is required for polar-
ity maintenance via constitutive endocytosis (Wang et al.
2017).

In contrast to transporters whose localization requires CME,
the polar localization of IRON REGULATED TRANSPORT1
(AtIRT1), a ferrous iron (Fe) transporter showing polar localiza-
tion at the distal side of the root epidermal cell, is maintained
when CME was inhibited through a dominant-negative expres-
sion of the clathrin hub (Barberon et al. 2014). Instead, its polar
localization is controlled by a PHOSPHATIDYLINOSITOL-
3-PHOSPHATE-BINDING PROTEIN RECRUITED TO LATE
ENDOSOMES through direct interaction with the cytosolic
loop of AtIRT1 (Barberon et al. 2014).

The mechanisms for polar localization of transporters in
rice (Oryza sativa) remain unclear, although several transpor-
ters have been reported to show polar localization. Two
transporters involved in silicon (Si) uptake, LOW SILICON 1

(OsLsi1) and OsLsi2, are polarly localized at the distal and
proximal side, respectively, of both root exodermis and endo-
dermis (Ma et al. 2006, 2007). Similarly, NATURAL
RESISTANCE-ASSOCAITED MACROPHAGES5 (OsNramp5)
and METAL TOLERANCE PROTEIN 9 (OsMTP9), involved in
manganese (Mn) uptake, and OsLsi1 and OsBOR1, involved
in B uptake, also show polar localization in rice roots (Sasaki
et al. 2012; Ueno et al. 2015; Shao et al. 2018; Huang et al.
2022). These transporters form a cooperative system for the ef-
ficient uptake of mineral elements through a pair of influx—ef-
flux transporters at the exodermis and endodermis (Ma and
Yamaji 2015; Che et al. 2018; Huang et al. 2020). Knockout of
either of them resulted in a significant reduction in uptake
(Ma et al. 2006, 2007; Sasaki et al. 2012; Ueno et al. 2015;
Shao et al. 2018; Huang et al. 2022). This distinct uptake system
in rice has been attributed to the unique root anatomy, which is
characterized by 2 CS at the exodermis and endodermis and the
formation of aerenchyma in the cortex (Enstone et al. 2002).

A recent study showed that, unlike in Arabidopsis, CME is
unlikely to be involved in the polar localization of OsLsiT,
OsLsi2, and OsBOR1 in Si and B uptake in rice (Huang
et al. 2022; Konishi et al. 2022). This is supported by the find-
ing that the polar localization of OsLsi1, OsLsi2, and OsBOR1
is unaffected by a dominant-negative induction of
loss-of-function OsDRP1A variant and by knockout of the
mu subunit of the AP2 complex (Huang et al. 2022;
Konishi et al. 2022). These observations suggest that the po-
lar localization of mineral element transporters is regulated
by different mechanisms in rice and Arabidopsis.

In this study, we investigated the mechanism underlying
the polar localization of OsLsi1 in rice. OsLsi1 is a channel-
type transporter of Si, which belongs to the aquaporin



2234 I THE PLANT CELL 2023: 35; 2232-2250

Nod26-like intrinsic protein (NIP) Il subfamily (Ma et al.
2006; Mitani et al. 2008). It is responsible for the influx trans-
port of Si in the form of silicic acid from soil solution to the
exodermis cells and further from the apoplastic space in the
aerenchyma to the endodermis cells (Ma et al. 2006).
Knockout of this gene significantly reduced Si uptake and ac-
cumulation, resulting in great loss of yield because high Si ac-
cumulation in the above-ground parts (leaves and husk) is
required for the healthy growth of rice by alleviating various
stresses (Ma et al. 2006). OsLsi1 also shows transport activity
for arsenite, boric acid, and selenite due to their similar
chemical properties to silicic acid (Ma et al. 2008; Zhao
et al. 2010; Mitani-Ueno et al. 2011; Shao et al. 2018).
Unlike other aquaporins, OsLsi1 shows distinctive transmem-
brane helical orientations, which is characterized by a unique,
widely opened, and hydrophilic selectivity filter composed of
5 residues (Saitoh et al. 2021). Its homologs have been iden-
tified in other plant species, including HvLsi1 in barley
(Hordeum vulgare, Chiba et al. 2009), Talsi1l in wheat
(Triticum aestivum, Montpetit et al. 2012), CsLsi1 in cucum-
ber (Cucumis sativus, Sun et al. 2017), ZmLsi1 in maize (Zea
mays, Mitani et al. 2009), CmLsi1 in pumpkin (Cucurbita
moschata, Mitani et al. 2011), VvLsi1 in grape (Vitis vinifera,
Noronha et al. 2020), and SILsi1 in tomato (Solanum lycoper-
sicum, Sun et al. 2020). Among them, HvLsi1 in barley, ZmLsi1
in maize, and CsLsi1 in cucumber show polar localization
(Chiba et al. 2009; Mitani et al. 2009; Sun et al. 2017), while
CmLsi1 in pumpkin and SILsi1 in tomato show nonpolar lo-
calization (Mitani et al. 2011; Sun et al. 2020). However, the
mechanisms responsible for the polar localization of OsLsi1
and its orthologs are unclear. In the present study, we iden-
tified critical amino acid residues required for trafficking and
the polar localization of OsLsi1 through deletion and site-
directed mutagenesis. We also demonstrated that the polar
localization of OsLsi1 is required for the efficient uptake of
Siin rice.

Results

Both N- and C-terminal regions of OsLsi1 are involved
in its polar localization

OsLsi1 has a large cytosolic region in the N- and C-terminus
according to its crystal structure (Saitoh et al. 2021; Fig. 1A).
To investigate whether N- or C-terminal region is required
for the polar localization, we generated transgenic rice plants
carrying Flag-tagged OsLsi1 (Flag-OsLsi1) with deletion of the
N- and C-terminal regions under the control of OsLsiT pro-
moter in the background of Isi7-3 mutant defective in Si up-
take (Chiba et al. 2009; Fig. 1A). Full-length Flag-OsLsi1 is
functional in Si uptake and shows polar localization at the
distal side of both exodermis and endodermis, as observed
in native OsLsi1 in wild-type rice (Huang et al. 2022;
Fig. 1B). Immunostaining using anti-Flag antibody showed
that deletion of the N-terminal from the position of 2 to
40 did not affect the polar localization at all (Fig. 1C), while
deletion of the C-terminal from 265 to 298 and deletion of
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both N- and C-terminal regions resulted in accumulation
of the signal in the intracellular organelles and surrounding
the cell (Fig. 1, D and E).

To confirm whether the polarity of OsLsi1 was lost in these
transgenic lines, we performed double immunostaining using
markers of the plasma membrane. The result showed that the
signal of Flag-OsLsi192°°"2%® was overlapped well with the sig-
nal of OsNramp5, an Mn/cadmium transporter localized at
the distal side of the plasma membrane (Sasaki et al. 2012), al-
though the intracellular signal did not overlap (Supplemental
Figs. STA and D). On the other hand, the signal did not overlap
with the OsBORT1 signal, a B transporter localized at the prox-
imal side of the plasma membrane (Huang et al. 2022;
Supplemental Fig. S1, B and E), indicating that the polar local-
ization of OsLsi1 without the C-terminal region was main-
tained on the plasma membrane. By contrast, the signal of
OsLsi1 without both N- and C-terminal regions overlapped
with both OsNramp5 and OsBOR1, indicating that its polarity
was lost (Supplemental Fig. S2, A-D). Taken together, these re-
sults suggest that either the N- or C-terminal region is suffi-
cient to generate polar localization of OsLsi1 in rice roots.

The C-terminal region of OsLsi1 contains a motif
required for trafficking from the endoplasmic
reticulum (ER) to plasma membrane

To identify the subcellular localization of intracellular signal
observed in the transgenic line carrying FIag—OsLsiT”'ZGS_298 to-
gether with the plasma membrane (Fig. 1D), we performed a
double immunostaining with an ER marker, HDEL (Napier
et al. 1992). The result showed that the intracellular signal
of Flag-OsLsi19%°°72%® overlapped with the HDEL signal
(Supplemental Figs. S1, C and F), indicating that part of
OsLsi1 was accumulated in the ER due to the C-terminal
deletion.

To narrow down the motif required for the trafficking of
OsLsi1, we generated transgenic rice lines with various dele-
tions of the C-terminal region (Supplemental Fig. S3A).
Deletion of amino acids 265 to 281 and 282 to 289 did not
affect the trafficking of OsLsi1, whereas deletion of amino
acids 282 to 298 and 290 to 298 impaired the trafficking
(Supplemental Fig. S3B-E). Taken together, our results
show that the region of 290 to 298 at the C-terminal region
is required for the trafficking of OsLsi1.

To confirm whether this narrowed region is sufficient for
OsLsi1 trafficking, this motif with 2 additional residues from
288 to 298 (DDVDEMENIQV) was fused to C-terminal deleted
Oslsi1, Flag-OsLsi1??>2®”  (Supplemental Fig.  S4A).
Flag-OsLsi19%°°"” showed clear polar localization at the plas-
ma membrane without any intracellular accumulations
(Supplemental Fig. S4B), indicating that this motif is sufficient
for OsLsi1 trafficking from the ER. When the N-terminal region
was also deleted together with the C-terminal region from 265
to 287, similar to the result from Flag-OsLsi192 " 426572% the
polar localization of Flag-OsLsi1%2™** 2657287 a5 impaired
(Supplemental Fig. S4C). These observations indicated that
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Figure 1. Role of N- and C-terminal regions in polar localization of OsLsi1. A) Scheme for OsLsi1 structure and deletion region of OsLsi1. The de-
letion regions at the N- and C-termini are indicated in orange lines. TMD indicates the transmembrane domain. B to E) Localization of OsLsi1 var-
iants in roots. Localization of Flag-OsLsi1 B), Flag-OsLsi1%2~*° C), Flag-OsLsi1%?*>"2%® D), and Flag-OsLsi19>~%* 9265-2 E) in roots of transgenic lines.
Cross-sections of the mature region (15 to 20 mm from the root tip) of the crown roots were used for immunostaining with an antibody against
Flag-tag. Exodermis (Ex) and endodermis (En) were enlarged in the middle or lower panel, respectively B) to E). Red color indicates the signal of
immunostained Flag-tagged proteins. Scale bars indicate 50 #m in the whole root picture or 10 um in the enlarged picture B) to E).

the region between 288 and 298 is required for OsLsi1 traffick- ~ The C-terminal region of OsLsi1 is sufficient for polar
ing but not for the polarity. In the subsequent experiments on localization of the nonpolar aquaporin, OsNIP1;1

the polar localization of OsLsi1, this motif from 288 to 298 was  To further confirm whether the C- or N-terminal region is
fused to all C-terminal deleted constructs. sufficient for generating polar localization, we prepared
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chimeric proteins between OsLsi1 and OsNIP1;1 by swapping
their C- and N-terminal regions (Fig. 2A; Supplemental Fig.
S5A). OsNIP1;1 also belongs to NIP-type aquaporin and is im-
plicated in As accumulation in rice (Sun et al. 2018). Different
from OsLsi1, it does not show polar localization in rice roots
(Sun et al. 2018). When Flag-tagged OsNIP1;1 was expressed
under the control of the OsLsi1 promoter in the Isi1-3 mutant
background, it showed nonpolar localization at both the exo-
dermis and endodermis (Fig. 2B). By contrast, when the
OsLsi1 C-terminus was fused to OsNIP1;1 without its own
C-terminus, a clear polar localization was observed in both
the endodermis and exodermis (Fig. 2C). However, a fusion
of OsLsi1 N-terminal region to OsNIP1;1 without its own
N-terminal region resulted in mislocalization of this chimera
protein in other organelles rather than the plasma mem-
brane (Supplemental Fig. S5B), suggesting that other un-
known processes were affected due to swapping of
N-terminal region. These findings further support that the
C-terminal region of OsLsi1 is sufficient to generate polar lo-
calization for NIP-type aquaporins.

Identification of polarity regulation region of the

C- and N-termini of OsLsi1

To narrow down the region required for the polar localization of
OsLsi1 at the C-terminus, we generated various transgenic lines
harboring different regions of the OsLsi1 C-terminus fused to
the C-terminus-deleted OsNIP1;1 (Fig. 2A). Furthermore, to
quantify the polar localization, we calculated the polarity index
based on the ratio of signal intensity at the distal and proximal
sides of the cells (Supplemental Figs. S6A and B). If a transporter
shows polar localization at the distal side, the index will be close
to 1, as seen in FIag—OsNIP1;1dC-OsLsi1C and Flag-OslLsi1
(Fig. 2G; Supplemental Fig. S6A). If a transporter shows nonpolar
localization, this value will be close to 0, as seen in Flag-OsNIP1;1
and Flag-OsLsi19274% 4265287 (Fig 2G; Supplemental Fig. S6B).
When the position of 288 to 298 at the C-terminus of OsLsi1
was fused to C-terminus-deleted OsNIP1;1, this chimeric pro-
tein (Flag-OsNIP1;1%-OsLsi1C***72%%) showed nonpolar local-
ization (Supplemental Fig. S2, D and G). By contrast, fusion
with the 282 to 298 region (Flag-OsNIP1;19-OsLsi1C?%72%)
gave clear polar localization to OsNIP1;1 at the endodermis,
whereas it only gave a partial polarity at the exodermis (Fig. 2,
E and G). However, a fusion of the 275 to 298 region
(Flag-OsNIPT;19-OsLsi1C*°>®) gave a clear polarity to
OsNIPT;1 at both the endodermis and exodermis (Fig. 2, F
and G). These results indicate that the position between 275
and 287 was crucial for polar localization at the C-terminus of
OsLsit.

To narrow down the N-terminus region responsible for the
polarity, we also generated transgenic lines carrying different
deletions in the N-terminus of the C-terminal deleted-OsLsi1
(OsLsi19%%°72%7) in the Isi1-3 mutant background (Fig. 3A).
Deletion of the 1 to 10 region at the N-terminus did not af-
fect the polar localization of OsLsi1 (Fig. 3, B and E), whereas
deletions of 1 to 20 and 1 to 30 regions resulted in decreased
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polarity in both the exodermis and endodermis with less ex-
tent (Fig. 3, C—E). These results indicate that the region be-
tween 11 and 20 is important for polar localization of
OsLsi1 at the N-terminus.

Phosphorylation and Lys modifications are not
involved in the polar localization of OsLsi1

In the narrowed-down region of both N- and C-termini, there
are potential phosphorylation sites, including Tyr14 and Ser15
at the N-terminal region and Ser281 and Ser284 at the
C-terminal region. To investigate whether phosphorylation of
these residues is involved in the polar localization, we performed
site-directed mutagenesis by substituting these residues with Ala
to mimic nonphosphorylation in FIag—OsNIP1;1dC-OsLsi1C or
Flag-OsLsi1%2°°%” (Fig. 4, A and C). However, these substitu-
tions at both C- and N-termini did not affect the polar localiza-
tion of the chimera protein and OsLsi1 (Fig. 4, D, H, and 1).
Furthermore, when Ser281 and Ser284 at the C-terminal region
were substituted with GIn or Glu to mimic nonphosphorylation
or phosphorylation (Fig. 4B), the polar localization of N-terminal
deleted OsLsi1 was also not affected (Fig. 4, F, G, and I). These
results indicate that phosphorylation is not involved in the polar
localization of OsLsi.

In addition, in the narrowed-down region of the
C-terminus, there is a Lys residue, Lys275, which has the po-
tential for modifications such as ubiquitination and sumoyla-
tion (Millar et al. 2019). To exclude the possibility that
neighborhood Lys become a redundant target for these mod-
ifications, the 2 Lys residues, Lys270 and Lys275, were substi-
tuted with Arg in OsNIP1;19“-OsLsi1C chimera protein
(Fig. 4A). However, these substitutions did not affect the po-
lar localization (Fig. 4, E and I). Taken together, it is unlikely
that phosphorylation and Lys modifications are involved in
the regulation of the polar localization of OsLsiT.

Identification of crucial amino acid residues at the
C-terminus required for the polar localization

To further identify the amino acid residues critical for the po-
lar localization of OsLsi1 at the C-terminus, we performed a
site-directed mutagenesis analysis. To do this, we generated
transgenic lines carrying different mutations in N-terminal
deleted OsLsi1. Based on the narrowed region shown above
(Fig. 2), we first substituted 8 amino acids except for Ser,
Lys, and Ala residues, at 276 to 280, 282 to 283, and 285
with Ala (Fig. 5A). As a result, the polarity index was de-
creased at both the exodermis and endodermis with less ex-
tent (Fig. 5, B and I). Substitution of amino acids at 276 to 280
partially decreased the polarity index at the exodermis but
not at the endodermis (Fig. 5, C and I). Substitution of 282
to 283 and 285 with Ala resulted in decreased polarity index
in the exodermis and endodermis with less extent (Fig. 5, D
and I). Substitutions of Leu276 and 279 or GIn282 and 283
with Ala did not affect the polarity index (Fig. 5, E, G,
and 1), while substitutions of Arg277, 278, and 280 decreased
the polarity index only at the exodermis but not at the
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Figure 2. Role of C-terminal region of OsLsi1 in generating polar localization. A) Scheme representation for generating chimera proteins between
OsLsi1 and OsNIP1;1. Magenta color shows OsLsi1, while green color shows OsNIP1;1. Orange lines on the right side show deleted region at the
C-terminus of OsLsi1. B to F) Localization of chimera proteins between OsLsi1 and OsNIP1;1 in rice roots. Localization of Flag-OsNIP1;1 B),
Flag-OsNIP1;19“-OsLsi1C C), Flag-OsNIP1;19%-OsLsi1C?%472%8 D), Flag-OsNIP1;19“-OsLsi1C**22® E), and Flag-OsNIP1;19“-OsLsi1C**">® F) in roots
of transgenic lines. Cross-sections of the mature region (15 to 20 mm from the root tip) of the crown roots were sampled for immunostaining. Red
color indicates the signal of immunostained Flag-tagged proteins. Exodermis (Ex) and endodermis (En) in B) to F) were enlarged in the left or right of
the lower half panel, respectively. Scale bars indicate 50 #m in the whole root picture or 10 um in the enlarged picture. G) Polarity index of various
Flag-OsNIP1;19“-OsLsi1C variants shown in B) to F) at exodermis and endodermis. Thirty independent cells from more than 5 independent root
slices were used for the quantification of the polarity index. Vertical bars indicate sp. Different letters indicate significant differences at P < 0.05 by
Tukey—Kramer’s test.

endodermis (Fig. 5, F and I). Furthermore, the substitution of ~ these results indicate that 1le285 and 3 Arg residues at 277,
lle285 with Ala decreased the polarity in the exodermis and 278, and 280 in the C-terminus of OsLsi1 are required for
endodermis with less extent (Fig. 5, H and I). Taken together, its polarity.
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Figure 3. Identification of critical region at the N-terminal for polar localization of OsLsi1. A) Scheme presentation for the N-terminal deletion re-
gions of Flag-OsLsi192%°72%7. Orange lines show deleted regions. B to D) Localization of Flag-OsLsi14~"% 9265-287 By Flag_OsLsi14172% 9265-287 €), and
Flag-OsLsi14173% 4265-287 p) i roots of transgenic lines. Cross-sections of the mature region (15 to 20 mm from the root tip) of the crown roots of
transgenic seedlings carrying deletion variants of Flag-OsLsi1%*>"2*” were sampled for immunostaining. Red color indicates the signal of immunos-
tained Flag-tagged proteins. Exodermis (Ex) and endodermis (En) in B) to D) were enlarged in the left or right of the lower half panel, respectively.
Scale bars indicate 50 um in the whole root picture or 10 um in the enlarged picture. E) Polarity index of N-terminal deleted variants of
FIag-OsLstZGS’287 shown in B) to D) at exodermis and endodermis. Thirty independent cells from more than 5 independent root slices were
used for the quantification of the polarity index. Vertical bars indicate so. Different letters indicate significant differences at P < 0.05 by Tukey-
Kramer’s test.

To further investigate which Arg residue is important to the  important for polar localization. Since Arg is positively
polarity, each Arg residue was substituted to Ala in N-terminal charged, to test whether this amino acid feature is required
deleted-OsLsi1 (Fig. 6A). All single substituted variants showed  for the polar localization, we substituted 3 Arg residues with
clear polar localization at both the exodermis and endodermis  Lys, which is also a positively charged residue (Fig. 6A).
(Fig. 6, B-D, H). This result suggests that a cluster of Arg is Unlike neutral charged-Ala substitution, these substitutions
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Figure 4. Possible involvement of phosphorylation and Lys modifications in polar localization of OsLsi1. A to C) Scheme presentation of substitution sites
of Flag-OsNIP1;19-OsLsi1C A), Flag-OsLsi 14>’ B), and Flag-OsLsi192°°” C). Orange letters show amino acids substituted. TMD indicates the transmem-
brane domain. D to H) Localization of Flag-OsNIP1 ;1dC-OsLsi1C5281‘ 284A D), and Flag-OsNIP1 ;1dC-OsLsi1CK27°' 275R E), FIag—OsLstz_w' $281.284Q F),
Flag-OsLsi19274> S281284€ Gy and Flag-OsLsi1'*~'5* 42657287 H) in roots of transgenic lines. Cross-sections of the mature region (15 to 20 mm from the
root tip) of the crown roots sampled from transgenic seedlings carrying different variants of OsNIP7;19“-OsLsi1C, and Flag-OsLsi1 were subjected to immu-
nostaining using anti-Flag antibody. Exodermis (Ex) and endodermis (En) in D) to H) were enlarged in the left or right of the lower half panel, respectively.
Scale bars indicate 50 zzm in the whole root picture or 10 um in the enlarged picture. I) Polarity index of various Flag-OsNIP1;19-OsLsi1C and Flag-OsLsi1
variants at the exodermis and endodermis. Thirty independent cells from more than 5 independent root slices were used for the quantification of the
polarity index. Vertical bars indicate sp. Different letters indicate significant differences at P < 0.05 by Tukey—Kramer’s test.

did not affect the polar localization (Fig. 6, E, F, and H). This To investigate whether other positively charged residues
observation indicates that positively charged amino acid resi-  at the C-terminus also have an influence on the polarity,
dues are crucial for the polar localization of OsLsi1. Lys264, Lys270, and Lys275 were substituted to Ala together
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Figure 5. Identification of critical amino acids at the C-terminal region for polar localization of OsLsi1. A) Scheme presentation for substitution sites of
the C-terminal region of Flag-OsLsi1%>~°. Orange letters show amino acids substituted. B to I) Localization of Flag-OsLsj192~4% 27672804, 282-283A, 285A
B), Flag_OSLSi1d2—40, 276-280A C), Flag_OSLSi1d2—40, 282-283A, 285A D), FIag-OsLsi1d2_4°’ L276, 279A E), FIag-OsLsi1dz_40’ R277, 278, 280A F), Flag_OSLsi1d2—40, Q282,
2834 G), and Flag-OsLsi1927%* 285 H) in roots of transgenic lines. Cross-sections of the mature region (15 to 20 mm from the root tip) of the crown
roots sampled from transgenic seedlings carrying different variants of Flag-OsLsi1%~* were subjected to immunostaining using anti-Flag antibody.
Exodermis (Ex) and endodermis (En) in B) to H) were enlarged in the left or right of the lower half panel, respectively. Scale bars indicate 50 um
in the whole root images or 10 um in the enlarged images. 1) Polarity index of Flag-OsLsi1 variants at the exodermis and endodermis. Thirty independ-
ent cells from more than 5 independent root slices were used for the quantification of the polarity index. Vertical bars indicate sp. Different letters
indicate significant differences at P < 0.05 by Tukey—Kramer’s test.

with Arg at 277, 278, and 280 in N-terminal deleted  (Fig. 6, G and H). This further support the importance of
OsLsi1l. The result showed that the substitution of these  a positive charge in generating the polar localization of
positively charged residues further decreased the polarity =~ OsLsi1 at the C-terminus.
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Figure 6. Role of positively charged amino acids at the C-terminus of OsLsi1 in the polar localization. A) Scheme presentation of substitution sites of
positively charged amino acids at the C-terminal region of Flag-OsLsi14>™°. Orange letters show amino acids substituted. B to G) Localization of
Flag—OSLSi‘Idz_l'O’ R277A B), Flag-OSLSi‘Idz_m' R278A C), and F|ag-OSLsi1d2_4O' R280A D), F|ag—LSi1d2_40' R277, 278, 280A E), Flag-OSLSi‘Idz_m' R277, 278, 280K F),
and Flag-OsLsj'4274% (264, 270, 275A, R277, 278, 280A Gy iy roots of transgenic lines. Cross-sections of the mature region (15 to 20 mm from the root tip) of
the crown roots sampled from transgenic seedlings carrying different variants of FIag-OsLsi1dZ’4O were subjected to immunostaining using anti-Flag
antibody. Exodermis (Ex) and endodermis (En) in B) to G) were enlarged in the left or right of the lower half panel, respectively. Scale bars indicate
50 um in the whole root images or 10 um in the enlarged images. H) Polarity index of Flag-OsLsi1 variants at the exodermis and endodermis. Thirty
independent cells from more than 5 independent root slices were used for the quantification of the polarity index. Vertical bars indicate sb. Different
letters indicate significant differences at P < 0.05 by Tukey—Kramer's test.
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Figure 7. Identification of amino acid residues at the N-terminus required for the polar localization. A) Scheme presentation of amino acid sub-
stitution sites at the N-terminus of Flag-OsLsi1°*>**’_ Orange letters show amino acids substituted. TMD indicates the transmembrane domain.
B—H) Loca|izati0n Of Flag_OSLSi111A, 13A, 16-20A, d265-287 B), Flag_OSLSi.]‘I‘I, 13A, d265-287 c)l Flag_OSLSi16—20A, d265-287 D), Flag_OSLSi116—17A, d265-287 E),
Flag-OsLsi1"'8* 42657287 F) Flag-QsLsi1™9* 4257287 G), and Flag-OsLsi1°2% 927257 H) in roots of transgenic lines. Cross-sections of the mature
region (15 to 20 mm from the root tip) of the crown roots sampled from transgenic seedlings carrying different variants of FIag—OsLsi1d265’287
were subjected to immunostaining using anti-Flag antibody. Exodermis (Ex) and endodermis (En) in B) to H) were enlarged in the left or right
of the lower half panel, respectively. Scale bars indicate 50 #m in the whole root images or 10 um in the enlarged images B) to H). I) Polarity index
of Flag-OsLsi1 variants at the exodermis and endodermis. Thirty independent cells from more than 5 independent root slices were used for the
quantification of the polarity index. Vertical bars indicate sp. Different letters indicate significant differences at P < 0.05 by Tukey—Kramer’s test.
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Figure 8. Identification of critical amino acids at the C- and N-terminal regions for polar localization of OsLsi1. A) Scheme presentation for substitution
sites at the N- and C-terminal of full-length OsLsi1. Orange letters show amino acids substituted. TMD indicates the transmembrane domain. B to E)
Localization of Flag-OsLsi1""®* B), Flag-OsLsi1?*** C), Flag-OsLsi1""® 25** D), and Flag-OsLsi1'"® 264 270 275 R277, 278, 280A Ey iy roots of transgenic lines.
Cross-sections of the mature region (15 to 20 mm from the root tip) of the crown roots sampled from transgenic seedlings carrying different variants of
Flag-OsLsi1 were subjected to immunostaining using anti-Flag antibody. Exodermis (Ex) and endodermis (En) in B) to E) were enlarged in the left or right
of the lower half panel, respectively. Scale bars indicate 50 zm in the whole root images or 10 um in the enlarged images B) to E). F) Polarity index of
Flag-OsLsi1 variants at the exodermis and endodermis. Thirty independent cells from more than 5 independent root slices were used for the quanti-
fication of the polarity index. Vertical bars indicate sp. Different letters indicate significant differences at P < 0.05 by Tukey—Kramer’s test.

Identification of the amino acid residue at the
N-terminus required the polar localization

To identify amino acid residues at the N-terminus critical for
the polar localization of OsLsi1l, we also performed site-
directed mutagenesis using C-terminal deleted OsLsi1
(OsLsi19%%°72%7) " (Fig. 7A). Substitutions of amino acid
residues at positions 11, 13, and 16 to 20 (OsLsi1' ' 134 16-204)

»

16-20 (OsLsi1'®72°), and 18 (OsLsi1''®*) only with Ala re-
sulted in a similar reduction of the polarity index at both
exodermis and endodermis (Fig. 7, B, D, F, and I). However,
substitutions of positions of 11 and 13 (OsLsi1'™ *), 16
to 17 (OsLsi1'®™"7%), 19 (OsLsi1""®?), and 20 (OsLsi1°2°*)
did not affect the polar localization (Fig. 7, C, E, and G-1).
Taken together, these findings indicate that Ile18 is a
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Figure 9. Role of OsLsi1 polarity in Si uptake and accumulation in rice.
A) Transport activity of Flag-OsLsi1 variants for Ge in oocytes. Oocytes
expressing Flag-OsLsi1, Flag-OsLsi1?**, or Flag-OsLsi1""® 5°* were ex-
posed to MBS with 1 mm GeO, for 30 min. The Ge concentration in
the oocytes was determined. Data are means +sp (n=4). B to D)

(continued)

Konishi et al.

crucial residue for the polar localization of OsLsi1 at the
N-terminus.

Confirmation of critical amino acid residues required
for the polar localization of OsLsi1

To identify amino acid residues required for the polar localiza-
tion, we used either N- or C-terminal truncated version of
OsLsi1 in the above experiments. To confirm the above results,
we further performed site-directed mutagenesis using full-
length of OsLsi1 (Fig. 8A). Substitution of either lle18 at the
N-terminus or 1le285 at the C-terminus did not affect the polar
localization of OsLsi1 (Fig. 8, B, C, and F). However, when both
lle18 and 1le285 were substituted, the polar localization of
OslLsi1 at the exodermis and endodermis was significantly de-
creased (Fig. 8, D and F), confirming that both the lle18 and
lle285 are crucial residues for OsLsi1 polar localization.
Furthermore, the substitution of lle18 and 6 positively charged
residues at 264, 270, 275, 277, 278, and 280 resulted in de-
creased polarity index to a similar level of lle18 and 1le285 sub-
stitutions (Fig. 8, E and F). These results indicate that a cluster
of positively charged amino acids at the C-terminus also plays
an important role in generating polar localization of OsLsi1.

Significance of polar localization in efficient Si uptake
To investigate the significance of polar localization of OsLsi1 in
Si uptake, we compared Si uptake among transgenic rice lines
harboring Flag-OsLsi1, Flag-OsLsi1”***, and Flag-OsLsi1'""® 2%°*
under the control of OsLsiT promoter in the /siT-3 mutant
background. Flag-OsLsi1 and Flag-OsLsi1?*** showed polar lo-
calization, whereas Flag-OsLsi1'"® 2#** showed nonpolar local-
ization (Fig. 8). We first compared the transport activity for Ge,
an analog of Si, by expressing different OsLsi1 variants in
Xenopus oocytes. All OsLsi1 variants showed similar transport
activity for Ge in oocytes (Fig. 9A), indicating that these sub-
stitutions did not affect the transport activity of OsLsi1 var-
iants for Si. The OsLsi1 expression level in the roots was also
similar among transgenic lines harboring different OsLsi1 var-
iants, except that the plants carrying Flag-OsLsi1'"***** showed
slightly higher expression than other lines (Fig. 9B). However,
the Si uptake (8 h) differed with OsLsi1 variants. The OsLsi1

Figure 9. (Continued)

Expression levels of OsLsi1 in the roots B), short-term Si uptake C), and
Si accumulation in the shoot D) of transgenic plants carrying
Flag-OsLsi1, Flag-OsLsi1”®* or Flag-OsLsi1"® ?*** encoding polar and
nonpolar OsLsi1, respectively. For the short-term Si uptake experiment
in C), transgenic seedlings (22-d-old), as well as wild-type (WT) rice and
Isi1-3 mutant, were exposed to a solution containing 0.5 mm Si for 8 h.
At the end of the experiment, the roots were harvested for mRNA ex-
traction and determination of OsLsi1 expression level B). For Si accu-
mulation comparison C), transgenic seedlings (16-d-old) were
exposed to a solution containing 1 mm Si. After 7 d, the shoots were
sampled for Si determination. Vertical bars represent the spo of 4
biological replicates. Different letters indicate significant differences
at P < 0.05 by Tukey—Kramer's test.
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variants showing polar localization, including Flag-OsLsi1 and
Flag-OsLsi1?®, completely complemented the Si uptake of
the Isi1-3 mutant, whereas the OsLsi1 variant
(Flag-OsLsi1""®?%°*) having the nonpolar localization only par-
tially complemented the Si uptake which was approximately
30% of the WT (Fig. 9C). Furthermore, we compared Si accu-
mulation in the shoots of different lines after exposure to
1 mm Si for 7 d. As a result, the shoot Si concentration was
40% to 55% lower in transgenic lines having nonpolar OsLsi1
compared with those having polar OsLsi1 (Fig. 9D). These re-
sults indicate that polar localization of OsLsi1 plays a crucial
role in efficient Si uptake in rice.

Discussion

Some transporters identified in plants have been reported to
show polar localization. For example, it is well known that
auxin efflux transporters PIN-FORMED (PIN) show polar lo-
calization at the apical and basal sides of a cell, and the me-
chanisms involved have been well investigated (Naramoto
2017; Marhava 2022; Ramalho et al. 2022). Different from
PINs, transporters for mineral nutrients show polar localiza-
tion at the distal and proximal sides of a cell (Yoshinari
and Takano 2017; Che et al. 2018; Huang et al. 2020), but
the mechanism underlying the polar localization is poorly
understood. In the present study, we identified crucial amino
acid residues for polar localization of OsLsi1 in rice, a key
transporter for Si uptake (Ma et al. 2006). Furthermore, we
showed experimental evidence for the significance of the
transporter polarity in efficient Si uptake.

Amino acid residues required for trafficking and polar
localization of OsLsi1

By taking advantage of immunostaining and transgenic lines
harboring various variants of Flag-OsLsi1, we were able to
identify amino acid residues required for trafficking and
the polar localization of OsLsi1. Trafficking of OsLsi1 from
ER to the plasma membrane is only controlled by one region
from 288 to 298 at the C-terminus (Supplemental Figs. S3
and S4). This region might be involved in quality control or
recognition by the COPII-mediated membrane trafficking
system in the ER (Marti et al. 2010; Strasser 2018).

On the other hand, the polar localization of OsLsi1 requires
different regions at both N- and C-termini (Supplemental Fig.
S1, S2, and S4). Further analysis with site-directed mutagenesis
revealed 2 critical amino acid residues for the polar localization;
lle18 at the N-terminus and 1le285 at the C-terminus (Figs. 5
and 7). This is supported by the finding that substitution of
both lle18 and 1le285 resulted in the loss of the polar localiza-
tion of OsLsi1, although a single substitution of either residue
still maintained the polar localization (Fig. 8). The exact role
of these 2 residues in polar localization remains to be
investigated in the future, but one possibility is that they are
involved in polar exocytosis, which is proposed to be one of
mechanism for the polar localization (Kleine-Vehn et al. 20171;
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tangowski et al. 2016). For example, knockout of
EXOCYST84b (AtEXO84b), one of the components of the exo-
cyst complex, a tethering complex mediating the initial en-
counter of arriving exocytic vesicles at the plasma membrane,
impaired the polar localization of PENETRATION3 (PEN3), an
ATP-binding cassette transporter involved in defense against
some fungal pathogens (Mao et al. 2016). However, it remains
to be investigated whether exocyst complex is required for the
polar localization of OsLsi.

Conservation of crucial amino acid residues for polar
localization of OsLsi1 in different plant species
Several orthologs of OsLsi1 have been identified in other plant
species. Some orthologs, such as HvLsi1, ZmLsi1, and CsLsi1,
show polar localization like OsLsi1, whereas others, such as
CmLsi1 and SlLsi1, show nonpolar localization (Chiba et al.
2009; Mitani et al. 2009, 2011; Sun et al. 2017, 2020). By com-
paring the residues identified in the present study, lle18 was
conserved in HvLsi1 and ZmLsi1 but not in CsLsi1, CmLsi1,
and SlLsi1 (Supplemental Fig. S7). 1le285 was only observed
in OsLsi1 but not in others (Supplemental Fig. S7). These ob-
servations suggest that the lle18-mediated polarity system is
conserved in Poaceae, whereas the lle285-mediated system
only occurs in rice. In contrast, part of positively charged re-
sidues, including Lys275, Arg277, and Arg278, are conserved
in all Lsi1 orthologs (Supplemental Fig. S7). Furthermore,
some other positively charged residues at the flanking pos-
ition of Lys264, Lys270, and Arg280 of OsLsi1 are also con-
served in all orthologs (Supplemental Fig. S7). The polar
localization of CsLsi1 might be generated through these posi-
tively charged residues. In contrast, pumpkin and tomato
might not have the polarity regulation system, although
some positively charged residues are conserved in CmLsi1
and SILsi1. In fact, CmLsi1 shows polar localization when it
is ectopically expressed in rice roots (Mitani et al. 2011).
Further studies are required for mechanisms of polar localiza-
tion in Lsi1 orthologues in different plant species.

On the other hand, there are 9 aquaporins belonging to
the NIP subgroup in the rice genome (Sakurai et al. 2005).
Among them, OsLsi1, OsLsi6 for Si transport, and OsNIP3;1
for B transport show polar localization, whereas OsNIP1;1
and OsNIP3;3 show nonpolar localization (Ma et al. 2006;
Yamaji et al. 2008; Shao et al. 2018; Sun et al. 2018).
Comparison of sequences indicated that lle18 and some posi-
tively charged residues, such as Lys270, Lys275, Arg277, and
Arg278, but not lle285 were conserved in OsLsi6
(Supplemental Fig. S8). In contrast, there were no such resi-
dues in OsNIP1;1 and OsNIP3;3 (Supplemental Fig. S8). This
difference is most likely the reason for the polar or nonpolar
localization of these proteins, which is also supported by the
finding that OsNIP1;1 fused with OsLsi1 C-terminus showed
polar localization (Fig. 2). On the other hand, OsNIP3;1 does
not have any residues identified in OsLsi1 (Supplemental
Fig. S8). Instead of these residues, OsNIP3;1 has TPG repeat
at the N-terminus, which is another polarity regulation
motif identified from AtNIP5;1, an ortholog of OsNIP3;1 in
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Arabidopsis (Wang et al. 2017). This TPG repeat-mediated
system might regulate the polar localization of OsNIP3;1 in-
dependent of residues identified in OsLsi1.

Distinct mechanism underlying polar localization of
OsLsi1 in rice
Endocytosis has been reported to be involved in the mainten-
ance of the polar localization of mineral transporters such as
AtNIP5;1 and AtBOR1 in Arabidopsis (Wang et al. 2017;
Yoshinari et al. 2019). The polarity is maintained by the phos-
phorylation of TPG repeat at the N-terminus through regula-
tion of AP2-dependent constitutive CME in AtNIP5;1 (Wang
et al. 2017). AP2-dependent constitutive CME is also required
to maintain the polarity of AtBOR1 (Yoshinari et al. 2019).
The latter half of the C-terminal cytosolic tail (Arg637-
Asn704) of AtBOR1 is recognized by the p subunit of the
AP2 complex (Yoshinari et al. 2019). Furthermore, 3 tyrosine-
based signal motifs, Yxx® (Y; tyrosine, x; any amino acid, ®;
any bulky hydrophobic residue), are also involved in the main-
tenance of the polar localization of AtBOR1 in the cytosolic
loop region (Takano et al. 2010). However, we found that
AP2-dependent CME (Konishi et al. 2022), phosphorylation,
and tyrosine-based signal motif are not required for the polar
localization of OsLsi1 (Figs. 4 and 8), suggesting a distinct
mechanism underlying the polar localization of OsLsi1 in rice.
Yxx® motifs in AtBOR1 are required for the interaction
with AP3 and AP4 complexes (Yoshinari et al. 2019), suggest-
ing potential regulation systems for its polar localization
through AP3- and AP4-dependent pathways. Although AP3
and AP4 are generally involved in the protein sorting to the
vacuole (Shimizu and Uemura 2022), these adaptor proteins
might be potential candidates for a regulator of the polar lo-
calization of OsLsi1, which needs to be examined in the future.
Furthermore, ubiquitination of Lys residues has been re-
ported in polar mineral transporters such as AtIRT1 and
AtBOR1 (Barberon et al. 2011; Kasai et al. 2011; Yoshinari
et al. 2021). The monoubiquitination of Lys154 and Lys179
is required for the constitutive internalization of AtIRT1
from the plasma membrane to the early endosome
(Barberon et al. 2011), and polyubiquitination of these Lys re-
sidues is necessary for degradation from the early endosome
to the vacuole under excess metal conditions (Dubeaux et al.
2018). Polyubiquitination of Lys590 is also necessary for high
B-induced degradation of AtBOR1 (Kasai et al. 2017;
Yoshinari et al. 2021). However, the Lys mutations at the
C-terminus of OsLsi1 did not affect the polar localization
(Fig. 4), suggesting that the Lys modifications are not neces-
sary for the polarity regulations of OsLsi1.

Mechanisms involved in polar localization of OsLsi1

may partially differ at the exodermis and endodermis
OsLsi1 is polarly localized at both the exodermis and endo-
dermis (Ma et al. 2006). Our results suggest that the mechan-
isms underlying OsLsi1 polarity somewhat differ between the
exodermis and endodermis. Although lle18 and Ile285 are
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important for the polar localization of OsLsi1 at both the
exodermis and endodermis (Fig. 8), 3 positively charged ami-
no acids have a different effect on the polar localization of
OsLsi1 at the exodermis and endodermis. Substitution of
Arg277, Arg278, and Arg280 by Ala significantly reduced
the polar localization of OsLsi1 at the exodermis, but had
less or no effect on the polar localization of OsLsi1 at the
endodermis (Figs. 5 and 6). This difference could be attribu-
ted to the different features of CS at the exodermis and endo-
dermis in rice. Different from Arabidopsis, rice roots have 2
CS at the exodermis and endodermis, where OsLsi1 is loca-
lized (Ma et al. 2006). Suberin deposition is required for CS
formation at the exodermis (Shiono et al. 2014), whereas lig-
nin accumulation is necessary for that of the endodermis
(Wang et al. 2019). CS localized at the root endodermis has
been reported to play an additional role in polarity mainten-
ance through the limitation of lateral diffusion of mineral
transporters in Arabidopsis (Alassimone et al. 2010;
Yoshinari et al. 2019). For example, AtNIP5;1 and AtBOR1
were fully divided by CS in the developed endodermis
(Alassimone et al. 2010). Similarly, OsLsi1 at the endodermis
is also clearly separated by CS (Konishi et al. 2022). However,
at the exodermis, part of OsLsi1 is over-crossed the CS
(Konishi et al. 2022). This observation suggests that different
from CS at the endodermis, the CS at the exodermis is not
involved in maintaining the lateral polarity by blocking the
lateral diffusion of transporters (Konishi et al. 2022).

Since the substitution of Arg277, Arg278, and Arg280 by
positively charged amino acid, Lys, did not affect the polar lo-
calization of OsLsi1 at the exodermis (Fig. 6), it seems that
electrostatic interaction with negatively charged compounds
might be involved in this regulation. Acidic phospholipids are
candidates for interaction with these positively charged resi-
dues because some acidic phospholipids are necessary for the
polar localization of the plasma membrane proteins. For ex-
ample, the phosphatidylinositol 4 phosphate and phosphati-
dylinositol 4, 5 bisphosphates showed polar localization in the
epidermis cell of Arabidopsis root (Tejos et al. 2014), and the
interaction between polarly localized phosphatidylinositol 4,
5 bisphosphates is required for donut-like polar localization of
PIN complex in protophloem sieve elements (Marhava et al.
2020). Furthermore, the electrostatic interaction between
phosphatidicacid and EXO70A is crucial for the polar localiza-
tion of the exocyst complex (Synek et al. 2021). It will be inter-
esting to investigate whether these compounds are also
involved in the polar localization of OsLsi1 in the future.

Significance of OsLsi1 polarity in efficient Si uptake

In rice, high Si uptake is achieved by a pair of Si transporters,
OsLsi1 and Oslsi2 (Ma and Yamaji 2015). OsLsi2 is a
proton-dependent efflux transporter for silicic acid, which
is also expressed at the exodermis and endodermis, but loca-
lized at the proximal side (Ma et al. 2007). Therefore, OsLsi1
and OsLsi2 form an efficient pathway for Si uptake; Si in soil
solution is first imported into the exodermis by OsLsi1 and
exported by OsLsi2 to the aerenchyma, followed by
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importing Si by OsLsi1 into the endodermis cells and export-
ing to the stele by OsLsi2 (Ma and Yamaji 2015).

A previous study with mathematical modeling simulated
that the polar localization of OsLsi1 is crucial for efficient
Si uptake in rice (Sakurai et al. 2015). In the present study,
we showed experimental evidence on the significance of
the polar localization of OsLsi1 in Si uptake by taking advan-
tage of transgenic plants with and without the polarity of
OsLsi1. The transgenic plants with nonpolar localization of
OsLsi1 showed significantly lower Si uptake and accumula-
tion compared with those with polar localization (Fig. 9).
Since the expression level and transport activity were com-
parable between polar and nonpolar OsLsi1 (Fig. 9), this sig-
nificant decrease is mainly attributed to the loss of polar
localization of OsLsi1. OsLsi1 is a bidirectional channel that
mediates concentration-dependent passive transport of Si;
therefore, its polar localization cooperated with OsLsi2 is im-
portant for forming an efficient directional transport system
for Si uptake (Fig. 9). The importance of transporter polarity
for efficient uptake of some mineral elements was also re-
ported in Arabidopsis. For example, loss of polarity of
AtNIP5;1 and AtBOR1 decreased B uptake in Arabidopsis
(Wang et al. 2017; Yoshinari et al. 2019). Nonpolar localiza-
tion of AtIRT1 reduced metal accumulations under Fe defi-
ciency (Barberon et al. 2014).

In conclusion, we identified amino acid residues required
for trafficking and polar localization of OsLsi1 in rice. We
also found that phosphorylation and Lys modifications are
not involved in the polar localization of OsLsi1, representing
a distinct mechanism for polar localization from B transpor-
ters in Arabidopsis. Furthermore, we provided experimental
evidence for the importance of transporter polarity in effi-
cient nutrient uptake.

Materials and methods

Plant materials and growth conditions

The wild-type rice (WT, O. sativa, cv. Nipponbare) and vari-
ous transgenic lines generated as described below were
used in this study. The seeds were soaked in water for 2 d
in the dark at 30 °C, and then transferred on a net floating
in a 0.5 mm CaCl, solution. Seedlings were then transferred
to the half-strength Kimura B solution (pH 5.6), which con-
tained the macronutrients (mm); 0.18 (NH,),SO, 0.27
MgSO,7H,0, 0.09 KNO;, 0.18 Ca(NOs),-4H,0, and 0.09
KH,PO,, and the micronutrients (um); 2 FeSOy, 3 H3BO5, 1
(NH4)sM0,0,4 0.5 MnCl,, 0.4 ZnSO,, and 0.2 CuSO,. The
pH of the solution was adjusted to 5.6 by TN NaOH. The nu-
trient solution was renewed every 2 d. Plants were grown in a
greenhouse at 25 to 30 °C under natural light. Replicates are
indicated in each figure legend.

Generation of transgenic lines harboring various
variants of Flag-OsLsi1 and Flag-OsNIP1;1

Coding sequence (CDS) of OsNIP1;1 was first amplified from
rice root cDNA by PCR, and Flag-tag was fused at the

THE PLANT CELL 2023: 35; 2232-2250 | 2247

N-terminal by overlapping PCR. To generate Flag-tagged
OsLsi1 deletion constructs, site-directed mutagenesis was
performed by overlapping PCR. To construct chimera be-
tween OsNIPT;1 and OsLsiT, the various OsLsi1 CDS regions
were fused to N- or C-terminal deleted OsNIP1;1 CDS by
overlapping PCR. Plasmids of Flag-OsNIP1;1, or Flag-OsLsi1,
as described previously (Huang et al. 2022), were used as a
template for these PCR reactions. To generate N- or
C-terminal substitution variants of OsLsi1, site-directed mu-
tagenesis was performed by overlapping PCR. Flag-OsLsi1%2~%
or Flag-OsLsi1%2°>™?%” was used as a template for these PCR
reactions. The resultant PCR products were cloned into a
pTA2 cloning vector (Toyobo). Variants of Flag-OsLsi1 and
Flag-OsNIP1;1 were subcloned behind the OsLsiT promoter
(2,000 bp) of pPZP2H-lac vector as described previously
(Huang et al. 2022) using Hindlll and Xbal restriction sites.
Nopaline synthase gene terminator was inserted behind the
CDS of variants using Sacl restriction site of pPZP2H-lac vec-
tor. Each construct was transformed into calluses of OsLsi1
loss-of-function mutant (Chiba et al. 2009; Isi1-3) by
Agrobacterium tumefaciens mediated transformation (Hiei
et al. 1994). All primers and templates used in the above
PCR experiments are listed in Supplemental Data Set 1.

Immunostaining analysis

To observe tissue and subcellular localization of OsLsi1 and
OsNIP1;1 variants generated above, root samples were taken
from the transgenic seedlings 6th to 7th leaf stage at TO or T1
generation. T1 generation of seeds was soaked in water at
30 °C in the dark for 2 d and then transferred to a net floating
on a 0.5 mm CaCl, solution. On Day 4, the seedlings (T1 gener-
ation or after regeneration at TO generation) were hydroponic-
ally cultivated in a half-strength Kimura B solution as described
above. Immunostaining was performed according to Ma et al.
(2006) and Konishi and Ma (2021). After the fixation, cross-
sections of mature crown root (15 to 20 mm from the tip)
and lateral root were prepared by MicroSlicer (LinearSlicer
PRO10, Dosaka EM, Co., Ltd). For detection of the Flag
signal, a rat monoclonal Flag (DYKDDDDK) epitope tag anti-
body (L5, 1/1,000, Novus Biologicals) was used as a primary anti-
body. In some experiments, double immunostaining with
antibodies against Flag and marker proteins, including rabbit
polyclonal antibody of OsNramp5 (Sasaki et al. 2012; 1/2,000),
OsBOR1 (Shao et al. 2021; 1/2,000), and monoclonal antibody
of HDEL (2E7, 1/500, Santa Cruz Biotechnology, Inc.), were
used as a primary antibody, respectively. The primary antibody
was labeled by Alexa Fluor 488 goat antirat IgG (Thermo Fisher
Scientific) for Flag-tag, Alexa Fluor 555 goat antirabbit 1gG
(Thermo Fisher Scientific) for OsNramp5 and OsBOR1, and
Alexa Fluor 555 goat antimouse IgG (Thermo Fisher
Scientific) for HDEL, respectively. After incubation with a sec-
ondary antibody, the nucleus was stained by 4’,6-diamidino-2-
phenylindole (DAPI). Signals were observed with a confocal la-
ser scanning microscope (TCS SP8X, Leica). HC PL APO CS2
x20/0.75 air objective lens or HC PL APO CS2 x63/1.4 oil immer-
sion objective lens was used for the whole root or enlarged
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image observation, respectively. Alexa Fluor 488 or Alexa Fluor
555 was excited by a 488 nm or a 555 nm laser, and their emis-
sion was collected at 510 to 525 nm or 563 to 580 nm, respect-
ively. The laser intensity was modulated depending on the
staining levels, while the gain was set to 100%.

The signal intensity was quantified using the line quantifi-
cation tool of LAS AF Lite software ver 4.0 (Leica
Microsystems). Thirty cells from more than 5 independent
slices were used for quantification. The polarity index was
calculated from the ratio of signal intensity between the dis-
tal and proximal sides in each cell of exodermis or endoder-
mis, respectively (Supplemental Fig. S6). Magnified images
were taken for high-resolution images in Supplemental
Figs. S1 and S2, and deconvolution was applied using the
Huygens Essentials software (Scientific Volume Imaging B.V.).

Si uptake and accumulation determination

Seedlings (22-d-old) of wild-type (WT), Isi1-3 mutant, 2 inde-
pendent  transgenic  plants  carrying  Flag-OsLsi1,
Flag-OsLsi1?%°*, or Flag-OsLsi1'"® ?#**, were used for Si uptake
experiments. The seedlings were prepared as described
above. The uptake solution contained 0.5 mm Si as silicic
acid in a 50 mL black bottle. Silicic acid was prepared by pas-
sing potassium silicate through cation-exchange resin
(Amberlite IR-120B, H* form, Organo, Tokyo; Ma et al.
2002). After 8 h, a 0.5 mL aliquot of uptake solution was ta-
ken for the determination of Si concentration by the colori-
metric molybdenum blue method (Ma et al. 2003).
Transpiration (water loss) was recorded at the end of the ex-
periment. Roots were harvested and stored in liquid nitrogen
for RNA extraction after recording root fresh weight. Four
biological replicates were used for this experiment.

To compare Si accumulation in the shoots, seedlings
(16-d-old) of the above lines were grown in a half-strength
Kimura B solution containing 1 mm Si. The solution was
changed every 2 d. After 7 d, the shoot parts were harvested
and dried in a 70 °C oven for 3 d. After recording the shoot
dry weight, each sample was digested in a mixture of 4 mL of
HNO; (62%), 4 mL of H,O, (30%), and 1 mL of hydrofluoric
acid (46%) in a microwave (Microwave Digestion System
START D, Millstone Co,, Ltd.). The digested solution was di-
luted to 50 mL with 4% (w/v) boric acid. The Si concentra-
tion in the digest solution was determined by the
colorimetric molybdenum blue method. Four biological re-
plicates were made for this experiment.

Ge transport assay in oocyte

Oocytes for transport activity assay were isolated from
Xenopus laevis. Procedures for deflocculation, culture condi-
tions, and selection were the same as described previously
(Ma et al. 2006). CDS of OsLsi1 variants, including
Flag-OsLsi1, Flag-OsLsi1?***, and Flag-OsLsi1""® ?5°*, were amp-
lified from plasmids generated above by PCR. These CDSs were
inserted into the Bglll site of a Xenopus oocyte expression vec-
tor, pXfG-evi. Capped RNA was synthesized by in vitro tran-
scription with a mMESSAGE mMACHINE High Yield
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Capped RNA Transcription Kit (Thermo Fisher Scientific). A
volume of 50 nL (1 ng nL™') cRNA or RNase-free water as a
negative control was injected into the oocyte. After 1 d of in-
cubation in Modified Barth’s Saline (MBS) at 18 °C, oocytes
were exposed to MBS with 1 mm GeO, for 30 min at 18 °C.
At the end of the uptake, the oocytes were washed in ice-cold
MBS and digested with HNO;. Ge concentration in the di-
gested solution was determined by inductively coupled
plasma-mass spectrometry (7700X; Agilent Technologies).
Four biological replicates were made for this experiment.

RNA extraction and quantitative Rt-PCR analysis

To investigate the expression level of OsLsi1 variants in trans-
genic lines, root samples were harvested with 4 replicates at
the end of the Si uptake experiment as described above (see
the section “Si uptake and accumulation determination”).
Total RNA was extracted by RNeasy PlantMini kit (Qiagen) fol-
lowing the manufacturer’s instruction. The cDNA was synthe-
sized by ReverTra Ace qPCR RT Master Mix with gDNA
Remover (Toyobo). The gene expression level of OsLsi7 was de-
termined using the KOD SYBR gPCR mix (Toyobo) on a
CFX384 system (Bio-Rad) using the specific primers described
previously (Ma et al. 2006). Histone H3 was used as an internal
control (Mitani et al. 2011). The relative expression level was
calculated using the comparative C; method.

Statistical analysis

ANOVA, followed by Tukey—Kramer’s test, was used for
comparison using the software BellCurve for Excel (Social
Survey Research Information Co., Ltd). Statistical data are
provided in Supplemental Data Set 2.

Accession numbers

The RAP-DB accession numbers for the genes examined in
this study are as follows: OsLsi1 (Os02g0745100), OsNIP1;1
(0s02g0232900).
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The following materials are available in the online version of
this article.

Supplemental Figure S1. Subcellular localization of
Flag-OsLsi19%°°72%% in rice roots.

Supplemental Figure S2. Subcellular localization of
FIag-OsLsi1d2_4°’ 2657298 i rice roots.

Supplemental Figure S3. Identification of region for mem-
brane trafficking of OsLsi1 in the C-terminal region.

Supplemental Figure S4. The localization of the deletion
variant of Flag-OsLsi1926°72%,

Supplemental Figure S5. Localization of chimera protein
between OsNIP1;1 and OsLsi1 in rice roots.

Supplemental Figure S6. Quantification of the polarity
index.

Supplemental Figure S7. Sequence comparison between
polar and nonpolar Lsi1 orthologs.
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plates for the construction of various variants of OsLsiT and
OsNIP1;1.
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