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OsPIP2;4 aquaporin water
channel primarily expressed in
roots of rice mediates both water
and nonselective Na* and K*
conductance

Sen Thi Huong Tran3, Maki Katsuhara?, Yunosuke Mito?, Aya Onishi?, Ayaka Higa?,
Shuntaro Ono?, Newton Chandra Paul**, Rie Horie?, Yoshihiko Harada? & Tomoaki Horie?"**

Aquaporin (AQP)-dependent water transport across membranes is indispensable in plants. Recent
evidence shows that several AQPs, including plasma membrane intrinsic proteins (PIPs), facilitate

the electrogenic transport of ions as well as water transport and are referred to as ion-conducting
aquaporins (icAQPs). The present study attempted to identify icAQPs that exhibit cation transport
activity among PIPs from rice. Electrophysiological experiments on 11 OsPIPs using Xenopus laevis
oocytes revealed that OsPIP2;4 mediated the electrogenic transport of alkali monovalent cations with
the selectivity sequence of Na* = K* > Rb* > Cs* > Li*, suggesting non-selective cation conductance for
Na* and K*. Transcripts of OsPIP2;4 were abundant in the elongation and mature zones of roots with
similar expression levels between the root stelar and remaining outer parts in the cultivar Nipponbare.
Immunostaining using sections of the crown roots of Nipponbare plants revealed the expression of
OsPIP2;4 in the exodermis and sclerenchyma of the surface region and in the endodermis and pericycle
of the stelar region. The present results provide novel insights into OsPIP2;4-dependent non-selective
Na* and K* transport and its physiological roles in rice.
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Plant aquaporins (AQPs) form a tetrameric membrane channel that facilitates the passive transport of substrates,
including water'2. In higher plants, AQPs are divided into 5 subfamilies: plasma membrane intrinsic proteins
(PIPs), tonoplast intrinsic proteins (TIPs), nodulin-26-like intrinsic proteins (NIPs), small basic intrinsic
proteins (SIPs), and X intrinsic proteins®. Water uptake from soil and its distribution to all tissues/organs in
plants, mediated by AQPs, are vital in plants, and, thus, AQP-dependent water transport plays a key role in
controlling essential physiological processes, including cell expansion and stomatal movement?. Some AQPs
only mediate water transport, while others also mediate the transport of metalloids®”, gases®!2, and reactive
oxygen species'>!%, The identification of these novel substrates has broadened the physiological roles of plant
AQPs.

In addition to water and neutral solutes, some plant AQPs have been suggested to mediate the transport of
ions'®. In humans, 3 of the 13 AQPs, AQP0, AQP1, and AQP6, have been recognized as dual water and ion
channels!”. More recently, AtPIP2;1 and AtPIP2;2 aquaporins from Arabidopsis plants, both of which exhibit
robust water transport activity, have been shown to mediate non-selective cation conductance in Xenopus
laevis oocytes, which are deduced to be mainly associated with Na* 181 Furthermore, HvPIP2;8 from barley
plants was electrophysiologically characterized as a non-selective cation channel that preferably mediated the
transport of Na* and K* when expressed in X. laevis oocytes?’. Thirty-three AQP genes have been identified
in rice (Oryza sativa L. cv. Nipponbare), including 11 PIPs, 10 TIPs, 10 NIPs, and 2 SIPs?!. Six additional
AQPs were subsequently found in rice based on the rice genomic sequence??. One of the PIP isoforms in rice,
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OsPIP1;3, which was shown to be up-regulated in roots under drought stress, was recently reported to mediate
the transport of nitrate anions when expressed in mammalian HEK293 cells, and contributed to water transport
when co-expressed with OsPIP2;2 in X. laevis oocytes?’. AQPs that facilitate the electrogenic transport of cations
and anions have been referred to as “ion-conducting AQPs (icAQPs)”*.

In the present study, OsPIPs in rice (OsPIP1;1 to OsPIP1;3 and OsPIP2;1 to OsPIP2;8) were subjected to
an electrophysiological survey to search for icAQPs conducting cations, such as Na* and K*, in two-electrode
voltage clamp (TEVC) experiments using X. laevis oocytes. The results obtained herein provide clear evidence
to show that OsPIP2;4, an abundantly expressed aquaporin in roots, elicited robust cation conductance and is
one of the icAQPs in rice. The present results on the cation selectivity of OsPIP2;4, the investigation of possible
hetero-tetramer formation with OsPIPls, and tissue-specific localization using an anti-OsPIP2;4 peptide
antibody provide novel insights into the cation transport function of OsPIP2;4 and its physiological roles as an
icAQP under different ionic conditions.

Materials and methods

Plant material and growth conditions

Rice seeds (O. sativa L. cv. Nipponbare) were sterilized and germinated as previously described?. Seedlings
were hydroponically cultured using a half-strength Kimura B nutrient solution and grown in a growth chamber
(LPH-241PFD; NK System, Osaka, Japan) with the settings of a light/dark cycle of 16/8 h and a temperature
regimen of 28/25°C.

Preparation of OsPIP cRNAs and expression in X. laevis oocytes

The coding region of each OsPIP cDNA (from cv. Nipponbare) was cloned into the vector pXpG-ev1%. Each
construct was linearized and cRNAs were synthesized using the mMESSAGE mMACHINE T3 kit (Thermo
Fisher Scientific, MA, USA) with a final concentration of 1 ug/pL.

X. laevis frog oocytes were prepared using modified Barth's solution as previously described®. Following the
injection of 10 ng of each OsPIP2 cRNA, 40 ng of each OsPIP1 cRNA, or water (negative control) into oocytes,
they were incubated in MBS at 18 °C for 1 day. Experiments using frog oocytes were approved by the Animal
Care and Use Committee, Okayama University (approval number OKU-2017271), which follows the related
international and domestic regulations.

Two-electrode voltage clamp (TEVC) experiments using X. laevis oocytes
TEVC experiments were performed as previously described?®?°. The basic components of bath solutions
included 1.8 mM MgClz, 1.8 mM Mannitol, 1.8 mM CaClz, and 10 mM HEPES, pH 7.5 with Tris (for high Ca)
or 1.8 mM MgCl,, 1.8 mM EGTA (ethylene glycol-bis (- aminoethyl ether)-N, N, N’ N’-tetraacetic acid), 1.8
mM CaCl,, and 10 mM HEPES, pH 7.5 with Tris (for low Ca: free Ca?* was calculated as 30 uM using https://
somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/ CaMgATPEGTA-NIST-Plot.htm). The following
monovalent cation chloride salts: NaCl, KCl, RbCl, CsCl, or LiCl, were added to the basic solutions for each
experiment unless otherwise stated. The osmolality of the bath solutions was adjusted to 200 mosmol Kg~! with
supplemental mannitol. TEVC recordings were performed with an Axoclamp 900 A amplifier and Clampex 9.0
software (Molecular Devices, CA, USA) at room temperature (22-25 °C).

Ion permeability ratios were calculated from the reversal potential shift according to the modified Goldman
equation in which the permeability of Cl~ was ignored, and only monovalent cations X* (K*, Rb*, Cs*, or Li*)
and Na* were considered:

Erew =

RT Px[X*],, + Pna[Na'],,
—
F Px[X*],.. + Pna[Nat]

out out

where E__is the reversal potential (mV); R is the gas constant (8.31 J/K); T is the absolute temperature (Kelvin);
F is the Faraday constant (9.654 x 104 C/mol); Px is the permeability for the ion X*; P, is the permeability for
Na*; [X*]_, is the extracellular concentration of X*; [X*], is the intracellular concentration of X*; [Na*]  is the
extracellular concentration of Na*; [Na*], is the intracellular concentration of Na*; RT/F is approximately 25 to
26 mV at the experimental temperature (20 °C).

The intracellular concentrations of ions were not expected to change within a few minutes of the measurements.

Therefore, the Goldman equation was modified as follows:
Ina = PX / P Na,

Constant
A\
[X+]out + [Na’—‘r}out) (m )

FErew = —58log <
«

Two reversal potentials, E and E_ ., were measured using two different external solutions with the

rev(l) rev(2)
concentrations of X* and Na* as follows: External solution (1); [X*] n and [Na*]out(l) for Ema » External
solution (2); [X] out(2) and [Na*]outa) for By According to E,, described above,
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Water swelling assays using X. laevis oocytes

Water channel activity was evaluated using frog oocytes as previously described?”. In brief, oocytes injected with
OsPIP2;4 cRNA and/or each OsPIP1 cRNA or water were transferred from MBS (200 mOsm) to MBS diluted
2-fold (100 mOsm). Osmotic water permeability (P;) values were calculated based on changes in the cell volume
of each oocyte.

Real-time quantitative PCR (q-PCR) analysis

Shoot and root samples of Nipponbare plants grown in hydroponic cultures were collected. To investigate the
spatial expression of OsPIP2;4 in subdivided roots, different segments of roots (0-5, 5-15, and 15-35 mm from
the root tips, stelar parts, and remaining outer parts) were collected. These samples were powdered by a mortar
and pestle and total RNA was extracted with an RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). cDNA was
synthesized using a Rever Tra Ace kit (Toyobo, Osaka, Japan). Primers used to detect transcripts of the OsPIP2;4
gene were as follows: forward, 5’-ACCTCTCTCAAGCAGCTTAG-3 and reverse, 5- GACTCGATTGGTTTGC
AAGAA -3] which targeted the 5-UTR region and provided DNA fragments of approximately 50 bp by PCR.
The same primer sets were used to detect transcripts of the OsHKT1;5 and OsSMT3 genes (internal control) as
those in a previous study?®. QPCR was performed as previously described?® and the relative expression of the
target genes were calculated.

Immunostaining of OsPIP2;4

Crown root samples (3 cm from the root tip) of 14-day-old plants were fixed in a 10% (w/v) formaldehyde
buffer solution pH 6.9-7.1 (Nacalai, Kyoto, Japan) supplemented with 60 mM sucrose at room temperature for
2 h. Fixed samples were washed 3 times with phosphate-buffered saline (PBS; 140 mM NaCl, 2.7 mM KCl, 1.5
mM KH,PO,, and 8.1 mM Na,HPO, (Nippongene, Tokyo, Japan)) and then embedded in 5% agarose (Takara,
Shiga, Japan) with PBS at 4°C overnight. Micro-sliced samples with a thickness of 100 um were prepared with
MicroSlicer (Dosaka EM, Kyoto, Japan) and then treated with 0.1% (w/v) pectolyase Y-23 (Kyowa Chemical,
Saitama, Japan) in PBS-T (PBS supplemented with 0.3% Tween 20 (Nacalai)) at 30°C for 2 h in a moisture
chamber. After washing with PBS 3 times and blocking with 5% bovine serum albumin (Sigma, USA) in PBS at
30°C for 10 min, an anti-OsPIP2;4 rabbit antibody (generated against the synthetic peptide VDVSTLEAGGAR,
Eurofins, Kyoto, Japan) was applied to samples (Supplementary Fig. 1). Non-immune rabbit serum was applied
as a negative control. Primary antibodies or non-immune sera were reacted at 30°C overnight. After washing
with PBS 5 times, secondary antibodies (an anti-rabbit IgG goat antibody conjugated with Alexa 546 (Thermo
Fisher Scientific, MA, USA)) were reacted at 30°C for another 2 h. After washing with PBS 5 times, samples were
analyzed with a confocal laser microscope (FV1000-D, OLYMPUS, Japan).

Data and statistical analyses

Michaelis-Menten curve fitting was performed using Sigma plot 15 software (Hulinks, Tokyo, Japan). A one-way
analysis of variance (ANOVA) followed by the least significant difference (LSD) test at the 0.05 level or a one-way
ANOVA followed by Duncan’s multiple comparisons test was performed. The Students’ ¢-test was also used to
investigate whether the means of two populations showed a significant difference.

Results

Survey of icAQPs among the PIP subfamily in cultivated rice by TEVC experiments

To conduct an electrophysiological survey of the ion channel activity of each OsPIP aquaporin in the presence
of large amounts of Na* and K*, 3 OsPIP1s and 8 OsPIP2s were expressed in X. laevis oocytes. TEVC recordings
under a low Ca?* condition (approximately 30 uM) revealed that only OsPIP2:4 among all OsPIPs tested elicited
large inward and outward currents in oocytes in the range of imposed membrane potentials of -120 mV to +30
mV (Fig. 1a, b). Comparisons of ionic conductance also supported that OsPIP2;4 exhibited the icAQP activity
(Fig. 1c). Given that other plant icAQPs such as AtPIP2;1 and HvPIP2;8 exhibited strong sensitivity to the
external Ca?* 1820, the effect of an increase in the external Ca?* concentration on the icAQP activity of OsPIP2;4
was assessed. As a result, no significant difference was found in the OsPIP2;4-dependent ionic conductance
between low (30 uM) and high (1.8 mM) Ca** conditions although high Ca?* tended to slightly reduce the
ionic conductance of OsPIP2;4 (P=0.146, one-way ANOVA followed by Tukey HSD post-test; Supplementary
Fig. 2). Based on these observations, we decided to adopt 30 uM as the default Ca** condition in the bath for the
electrophysiological characterization of OsPIP2;4 unless otherwise stated.
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Fig. 1. Electrophysiological survey of the ion-conducting aquaporin (icAQP) on the subfamily of plasma
membrane intrinsic proteins in rice (OsPIPs). Two electrode voltage clamp (TEVC) experiments using X.
laevis oocytes were conducted. (a) Current (I)-voltage (V) relationships obtained from oocytes expressing the
indicated OsPIP2 proteins or mock water-injected oocytes (1 =10-21). Three independent batches of oocytes
were used to obtain these data sets. (b) I-V relationships obtained from oocytes expressing the indicated
OsPIP1 proteins or mock water-injected oocytes (n=5-8). OsPIP2;4-mediated currents were also recorded
as a positive control (n=9). TEVC recordings were performed in the presence of 86.4 mM NaCl and 9.6 mM
KCl with 30 uM Ca?* (for more details, see the Materials and Methods section). A step pulse protocol of -120
mV to +30 mV with a 15-mV increment was applied on every oocyte. Data are presented as means * SE. (c)
The ionic conductance calculated from the recordings shown in a and b (V = -90 mV to -120 mV). Significant
differences (P <0.05) are analyzed using one-way ANOVA followed by Tukey HSD post-test and indicated by
different alphabets.
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Characteristics of OsPIP2;4 as an ion channel

We investigated the cation and CI~ dependency of OsPIP2;4-mediated currents in X. laevis oocytes. TEVC
recordings were conducted using three different bath solutions: 96 mM NaCl, 96 mM Na-gluconate, and 96 mM
Choline-Cl. The results obtained clearly showed that Na*, but not CI~ elicited currents in oocytes expressing
OsPIP2;4 (Supplementary Fig. 3). Selectivity for alkali cations was subsequently examined. Large inward and
outward currents were recorded when OsPIP2;4-expressing oocytes were immersed in a bath solution including
96 mM KCl or 96 mM NaCl (Fig. 2a). The same amount of RbCl and CsCl also elicited OsPIP2;4-mediated
currents in a similar manner; however, current amplitudes at the membrane potentials tested were markedly
lower than those in NaCl and KCl solutions (Fig. 2a, c). In addition, the presence of 96 mM LiCl evoked weaker
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Fig. 2. Monovalent alkaline cation selectivity of OsPIP2;4. TEVC experiments were performed using X. laevis
oocytes. (a) I-V relationships obtained from OsPIP2;4-expressing oocytes (n=6-8) or water-injected oocytes
(n=>5: inset) bathed in the solution of a 96 mM monovalent cation chloride salt (K, Na, Rb, Cs, or Li) with

30 uM Ca?". (b) Effects of the co-presence of a monovalent cation salt with NaCl on OsPIP2;4-mediated ion
channel activity. I-V relationships obtained from OsPIP2;4-expressing oocytes (1 =>5-6) or water-injected
oocytes (n=>5: inset) bathed in the solution including 48 mM NaCl, a 48 mM monovalent cation chloride salt,
and 30 uM Ca?*. A step pulse protocol of -120 mV to +30 mV with a 15-mV increment was applied on every
oocyte. Data are presented as means + SE. (¢, d) The ionic conductance calculated from the recordings shown
in a and b, respectively (V = -90 mV to -120 mV). Significant differences (P <0.05) are analyzed using one-way
ANOVA followed by Tukey HSD post-test and indicated by different alphabets.

Scientific Reports |

(2025) 15:12857 | https://doi.org/10.1038/s41598-025-96259-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

inward and outward currents although the statistical analysis on the ionic conductance did not show a significant
difference between OsPIP2;4-expressing oocytes and mock water-injected oocytes under the condition (Fig. 2a,
).

Furthermore, OsPIP2;4-mediated currents were recorded in the co-presence of two different monovalent
cations: 48 mM Na* and 48 mM X* (where X represents K, Na, Rb, Cs, or Li), added as chloride salts. Smaller
currents were observed than those in a 48 mM Na* solution when 48 mM Rb*, Cs*, or Li* was co-presented
(Fig. 2b). In contrast, the addition of 48 mM NaCl or 48 mM KCl to the basic NaCl bath solution markedly
enhanced both inward and outward currents, with these increases being dependent on OsPIP2;4 (Fig. 2b, d). In
these cases, positive shifts were noted in the reversal potentials (Fig. 2b), indicating that OsPIP2;4 was highly
selective for K* and mediated K* transport in the presence of a large amount of Na*. These results suggest that
among the alkali cations tested, OsPIP2;4 exhibited a preference for the transport of K* and Na*.

The reversal potential of OsPIP2;4-expressing oocytes in a 96 mM NaCl (48 mM NaCl +48 mM NaCl: Fig. 2b)
solution was approximately — 13 mV. In solutions containing 48 mM NaCl and either 48 mM KClI, CsCl, RbCl, or
LiCl, the reversal potentials of OsPIP2;4-expressing oocytes were — 12, — 16, —15, or —30 mV, respectively. Based
on these numbers, the ion permeability ratios of OsPIP2;4 were roughly estimated using the modified Goldman
equation as shown in Table 1. The highest P, /P, ratio was obtained when K*-derived data were applied, and
was approximately 1.08, while the lowest ratio was observed for Li* (Table 1).

The features of OsPIP2;4 as a K*/Na* channel were further characterized in TEVC experiments. When the
amount of KCl in the bath solution was reduced from 96 mM to 12 mM, negative shifts in reversal potentials
were observed in OsPIP2;4-expressing oocytes, which again demonstrated that OsPIP2;4 transported K* as
a substrate (Fig. 3a). Ionic conductance (puS) at membrane potentials of -75 to -120 mV was calculated at all
concentrations tested, and Michaelis-Menten curve fitting was then performed (Fig. 3b). Km and Vmax were
38.5+17.7 mM and 20.6+£4.3 pS, respectively. Similar experiments were also conducted for Na*. When the
concentration of NaCl was reduced from 96 mM to 12 mM, similar negative shifts in reversal potentials as
those with changes in the concentration of KCI were observed in OsPIP2;4-expressing oocytes (Fig. 3c). These
results provide strong support for OsPIP2;4 mediating the transport of Na*. Subsequent calculations of ionic
conductance (uS) and Michaelis-Menten curve fitting resulted in Km and Vmax of 28.0+17.2 mM and 18.8 +4.4
uS, respectively (Fig. 3d).

Effects of the co-expression of OsPIP2:4 with each OsPIP1 on water and ion transport
activities

Some PIP1 and PIP2 channels in plants have been reported to form a heterotetramer, which enhanced the
activity of PIP2-mediated water transport27'29. Therefore, we investigated whether the co-expression of OsPIP2;4
and each of the three OsPIP1s showed any significant effects in the transport of water and ions. Water swelling
assays using X. laevis oocytes revealed that co-expression of OsPIP2;4 and each OsPIP1 did not show notable
difference in the P, when compared to that in oocytes solely expressing OsPIP2;4 (Fig. 4a), suggesting that an
OsPIP1-stimulated increase in the water transport activity of OsPIP2;4 was unlikely to occur in rice. Consistent
with previous findings, OsPIP1s did not exhibit apparent water channel activity when expressed alone in oocytes
(Fig. 4a). The effects of the co-expression of OsPIP1 on the ion channel activity of OsPIP2;4 was then examined
by TEVC experiments. When OsPIP2;4 was expressed alone in oocytes, large currents were recorded in the
presence of 86.4 mM NaCl and 9.6 mM KCI with membrane potentials ranging from —120 mV to +30 mV
(Fig. 4b). On the other hand, all three combinations of the co-expression of OsPIP2;4 with each OsPIP1 resulted
in larger inward and outward currents than those in water-injected oocytes; however, the magnitude of these
currents was approximately 50% that of OsPIP2;4-expressing oocytes (Fig. 4b). These results indicate that the
co-expression of OsPIP1s reduced the icAQP activity of OsPIP2;4.

Expression patterns of the OsPIP2:4 gene inrice

qPCR analyses were performed to investigate OsPIP2;4 mRNA levels in rice tissues/organs. Roots and shoots
were sampled from approximately 3-week-old plants, prepared by hydroponic culture, for total RNA extraction
and first-strand DNA synthesis. The results of the qPCR analysis of OsPIP2;4 indicated that OsPIP2;4 was
predominantly expressed in the roots of rice (Fig. 5a). We then sectioned the roots of approximately 2-week-old
rice into 3 parts: 0-5 mm (dividing zone), 5-15 mm (elongation zone), and 15-35 mm (mature zone) from the
root tip. qPCR analyses of first-strand DNA derived from these samples revealed the low expression of OsPIP2;4
in the root tip region and higher expression in the elongation and mature zones (Fig. 5b). We also attempted
to separate the roots of approximately 3-week-old rice plants into two longitudinal sections: the root stele and
remaining outer regions. The qPCR analysis of these samples showed similar expression levels of OsPIP2;4 in
both regions (Fig. 5¢). To confirm the quality of the longitudinal root sections, we also performed a qPCR
analysis using specific primers designated for the detection of OsHKT1;5, which encodes a Na* channel that

Ion Na* | K* |Rb* | Cs™ |L*
p /PNM 1.08 | 0.85 | 0.78 | 0.03

—

ion

Table 1. Ion permeability ratios of OsPIP2;4 expressed in X. laevis oocytes. Ratios were calculated based on
the reversal potential shifts recorded in the solution of 48 mM NaCl + 48 mM XCI (where X represents K, Na,
Rb, Cs, or Li) and the modified Goldman equation, in which the permeability of CI~ was ignored (for more
details, see the materials and methods section).
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Fig. 3. Characterization of the icAQP activity of OsPIP2;4 in the presence of various concentrations of K* and
Na*. TEVC experiments were performed using X. laevis oocytes. (a, ¢) Calculated reversal potentials of oocytes
expressing OsPIP2;4 in the presence of 12, 24, 48, or 96 mM KCl (a) or NaCl (c) with 30 uM Ca?* (n=10-12).
A step pulse protocol of -120 mV to +30 mV with a 15-mV increment was applied on every oocyte. (b, d) An
enzyme kinetic analysis of conductance data (uS) at membrane potentials of -75 to -120 mV, obtained from the
experiments mentioned in a or ¢, respectively. Michaelis-Menten curve fitting was performed using Sigma plot
software. Two independent batches of oocytes were used for a and b.

has been proven to localize in the vicinity of root xylem?®. As shown in Fig. 5d, OsHKTI;5 was predominantly
expressed in the root stele region.

We then investigated the tissue-specific expression of OsPIP2;4 in the roots of rice. Cross-sections of the
roots were prepared from approximately 2-week-old rice plants grown by hydroponic culture. These sections
were subsequently used for immunostaining with the anti-OsPIP2;4 peptide antibody. A microscopic analysis of
sections visualized with the fluorescent Alexa 546-conjugated anti-rabbit IgG goat antibody led to the detection
of major OsPIP2;4-dependent fluorescent signals in the exodermis and sclerenchyma in the outer region of the
root and in the endodermis and pericycle of the root stele (Fig. 6d-f). Similar root sectioned samples treated
with non-immune rabbit serum did not show apparent fluorescent signals (Fig. 6a—c).

Discussion
Some plant AQPs have been shown to facilitate the transport of ions, in addition to water and/or neutral solutes,
and, thus, are called icAQPs?. Based on heterologous expression analyses, icAQP activities were detected or
suggested to occur in some plant AQPs derived from wheat!®, soybean!®, grapevine®®, Arabidopsis'®', rice?,
and barley®.

In rice, OsPIP1;3 was found to be permeable to NO,~, but not HCO,™/CO,?" by a patch-clamping analysis
when expressed in mammalian HEK293 cells?®. In the present study, we focused on a survey of icAQPs permeable
to monovalent alkali cations (particularly Na* and K*) among OsPIP subfamilies. Electrophysiological TEVC
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Fig. 4. Effects of OsPIP2;4 co-expression with each OsPIP1 on the transport of water and ions in X. laevis
oocytes. (a) Water swelling assays using oocytes injected with water, 40 ng of each OsPIPI cRNA, 10 ng of
OsPIP2;4 cRNA, or 40 ng of each OsPIPI cRNA + 10 ng of OsPIP2;4 cRNA (co-injection) were performed by
immersing each oocyte in a hypotonic solution. Significant differences (P <0.05) are indicated by different
letters as a result of a one-way ANOVA with Duncan’s multiple comparisons test. Data are means+ SE
(n=7-10). P represents the water permeability coefficient. (b) TEVC analyses using oocytes injected with
water, 10 ng of OsPIP2;4 cRNA, or 40 ng of each OsPIP1 cRNA + 10 ng of OsPIP2;4 cRNA (co-injection) were
performed. A step pulse protocol of -120 mV to +30 mV with a 15-mV increment was applied on every oocyte
in the presence of 86.4 mM NaCl and 9.6 mM KCI with 30 uM Ca?*. Data are presented as means +SE (n=5
for water- and OsPIP2;4 cRNA-injected oocytes, and n=10-11 for co-injected oocytes).

experiments using X. laevis oocytes clearly demonstrated that among the 11 OsPIPs tested, only the OsPIP2;4
protein met the criterion to search for alkali cation permeability (Figs. 1 and 2). OsPIP2;4 exhibited cation
channel activity for Na*, K*, Rb*, Cs*, and Li* in the membrane of X. laevis oocytes (Fig. 2). An analysis of ion
permeability ratios further suggested the selectivity sequence of OsPIP2;4 of K* =~ Na* > Rb* > Cs* (Table 1).
However, the co-presence of an equal concentration of either Rb*, Cs*, or Li* with Na* slightly reduced
OsPIP2;4-mediated currents (Fig. 2b), presumably due to competitive inhibition between the substrates. In
contrast, the addition of the same amount of K* increased OsPIP2;4-mediated currents with positive shifts
in reversal potentials, similar to the addition of Na* (Fig. 2b). These results strongly suggest that OsPIP2;4
preferably transported Na* and K* without the competitive substrate inhibition observed in Na* versus Rb*,
Cs*, or Li*, indicating the non-selective cation channel activity of OsPIP2;4 for Na* and K*. Together with the
ability as a robust water channel (Fig. 4a), these results demonstrated that OsPIP2;4 is an icAQP that mediates
dual water and cation transport.

The structural basis enabling the icAQPs to transport both water and ions remains to be elucidated. The study
of AtPIP2;1 in Arabidopsis thaliana led to a mutually exclusive gating hypothesis for water and ion transport, in
which the central pore of the channel tetramer is considered to act as an ion-conducting pore?*. The hypothesis
is supported by the findings that the phosphorylation status in the C-terminal domain of AtPIP2;1 (S280 and
$283) has a significant influence on cation transport capacity’!. A phosphorylation mimic mutant of HvPIP2;8
(S285D), an icAQP in barley, was shown to facilitate cation transport, which suggested that a similar gating
model could be applied to HvPIP2;8 as AtPIP2;1%. The analysis of similar phosphorylation mimic mutants of
OsPIP2;4 might gain an insight into the mechanism of dual water and ion transport by icAQPs.

Previous studies reported Ca%*-sensitive non-selective ionic conductance when AtPIP2;1 and AtPIP2;2 were
examined in the presence of a large amount of NaCl (96 mM or 100 mM, respectively) with 2 mM KCl in
X. laevis oocytes'®®. AtPIP2-mediated ionic conductance, which was presumed to be mainly associated with
Na*, was also sensitive to external divalent cations, such as Mg?*, Ba?*, and Cd?*'°. In addition, a recent study
demonstrated that one of the PIP2 channels in barley, HvPIP2;8, exhibited similar icAQP activity when expressed
in X. laevis oocytes at an external Ca?* concentration of 30 uM?°. HvPIP2;8 also showed strong divalent cation
sensitivities to Ca2*, Ba?*, and Cd?* and lower sensitivity to Mg?*2°. The calculated IC,, of the HVPIP2;8 channel
was approximately 401 uM of free Ca?*, which was similar to 321 pM of free Ca®* for AtPIP2;1'820, In the
present study, it was indicated that an increase in the external concentration of Ca?* (from 30 uM to 1.8 mM)
did not lead to a significant difference in the OsPIP2;4-mediated ionic conductance (Supplementary Fig. 2).
These results suggest that OsPIP2;4-mediated ionic transport is relatively Ca?*-insensitive and the feature of
Ca?*-sensitive ionic conductance might be distinct among plant cation-conducting AQPs. On the other hand, a
similar trait for ion channels between OsPIP2;4 and HvPIP2;8 was that both icAQPs exhibited a preference for
Na*and K* transport independent of C1-?° (Fig. 2, Supplementary Fig. 3). In contrast, AtPIP2;1-mediated cation
transport was previously shown to be dependent on CI~18,

Some plant PIPIs affected water transport activity mediated by PIP2 proteins via the formation of
heterotetramers®’. We investigated whether the co-expression of OsPIP2;4 and each OsPIP1 leads to a significant
alteration in the transport of water and cations. Water swelling assays indicated no increase in P; with the co-
expression of OsPIP2;4 with each OsPIP1 (Fig. 4a). However, the same co-expression combinations in TEVC
experiments resulted in approximately 60% reductions in ionic conductance from that with the sole expression
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Fig. 5. Real-time PCR analyses of the expression of the OsPIP2;4 gene in the japonica rice cultivar
Nipponbare. (a) Root and shoot samples were collected from 3-week-old plants, prepared by hydroponic
culture. The relative expression of OsPIP2;4 is shown with its expression in shoots to 1 (n=6+SD). (b) Roots
of 2-week-old rice plants prepared by hydroponic culture were sectioned into 3 parts: approximately 0-5 mm,
5-15 mm, and 15-35 mm from the top of the root. The relative expression of OsPIP2;4 is shown with its
expression in the section 0-5 mm to 1 (n=6+SD). (c) The root stele and remaining outer parts were separated
from rice roots, grown by hydroponic culture for 3 weeks. The relative expression of OsPIP2;4 is shown with
its expression in the root stele to 1 (n=10-11+SD). (d) The same root-derived samples as in (c) were used
for this experiment. The relative expression of OsHKT1;5 is shown with its expression in the root stele to 1
(n=10+SD). The level of target gene expression was normalized by the expression of the OsSMT3 gene. The
Student’s t-test was performed: *P<0.01.

of OsPIP2;4 in the presence of 86.4 mM NaCl and 9.6 mM KCl (Fig. 4b). Previous studies reported a similar
negative impact on PIP2-mediated cation transport by co-expression with a PIP1 channel in AtPIP2;1 and
HvPIP2;8 1820, Further studies are needed to clarify whether this reduction may be attributable to the formation
of heteromers and if these phenomena routinely occur in plant cells.

OsPIP2;4 transcripts were mainly detected in the roots of rice, particularly in the elongation and mature
zones during the vegetative growth stage (Fig. 5a, b). Moreover, the transcripts accumulated in both the root
stele and remaining outer regions in contrast to the root stelar expression of OsHKT1;5 encoding a Na* channel®
(Fig. 5¢, d). The results of immunostaining using the anti-OsPIP2;4 antibody were consistent with those of qPCR
analyses, which showed strong OsPIP2;4-derived signals in the exodermis and sclerenchyma of the outer part
and in the endodermis and pericycle of the stelar part of the rice roots (Fig. 6). Collectively, these results suggest
that OsPIP2;4 contributes to the acquisition of not only water, but also cations from the soil environment to inner
cells over the barrier of the Casparian strips in both the exodermis and endodermis of the root*2. In terms of plant
nutrition, OsPIP2;4 as a non-selective cation channel appears to play a role in the absorbance and distribution
of the essential macronutrient K*. Although plants have multiple K* transporters>>34, the participation of K*-
conducting OsPIP2;4 may provide additional benefits for rice plants for the acquisition of this essential element.
However, its putative physiological role needs to be carefully investigated, and more direct evidence is needed.
The estimated Km value for K*, based on the data obtained from TEVC experiments, was 38.5+17.7 mM
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Fig. 6. Tissue-specific localization of OsPIP2;4 in rice crown roots. Cross-sections approximately 30 mm

from the root tip were prepared from 2-week-old plants for immunostaining using the anti-OsPIP2;4 peptide
antibody. Sections were treated with non-immune rabbit serum (a-c) or hybridized with the anti-OsPIP2;4
rabbit IgG antibody (d-f). Sections were then visualized with a fluorescent Alexa 546-conjugated anti-rabbit
IgG goat antibody, and images were obtained with a confocal laser microscope (FV1000-D). Bright field
images (a, d), fluorescence images (b, e), and overplayed images (c, f) are shown. Abbreviations in (e, f) were as
follows: EX, exodermis; SC, sclerenchyma; EN, endodermis, and PC, pericycle. The bar represents 50 pum.

(Fig. 3a, b). The concentration of available K* in soil is generally not high and, thus, high-affinity K* transport
systems are vital for plant nutrition and growth. Regarding the role of OsPIP2;4, it is important to carefully
evaluate the contribution of such a low affinity K* channel to actual K* nutrition in addition to many other K*-
selective transporters in rice plants. On the other hand, the impact of the Na*-conducting nature of OsPIP2;4
needs to be carefully assessed. The estimated Km value for Na* was 28.0+17.2 mM (Fig. 3¢, d). If OsPIP2;4
functions as a low affinity Na* channel in the surface region of the root (Fig. 6), it may be one of the entries for
massive Na* influx into plants from saline soil. Furthermore, OsPIP2;4 may facilitate the transport of Na* ions
over Casparian strips in the exodermis and endodermis, which may have a negative impact on the growth of
rice plants under salt stress (Fig. 6). However, OsPIP2;4 may also play a role in Na* exclusion from leaves by
absorbing Na* into cells in the endodermis and pericycle, similar to OsHKT1;5 in rice stelar cells®, providing
a positive impact for rice salt tolerance. AtPIP2;1 is one of the most highly expressed aquaporins in the roots of
Arabidopsis plants®. The Ca?*- and pH-sensitive characteristics of AtPIP2;1-dependent cation transport activity
in X. laevis oocytes were pointed out to be closely associated with the features of non-selective cation channels
in the protoplasts of Arabidopsis roots, which have been proposed to facilitate Na* influx into Arabidopsis roots
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during salt stress'®%. Further investigations on several types of OsPIP2;4 rice mutants, including null, loss-of-
ion channel function, and loss-of-water channel function, under various ionic conditions will be crucial for
elucidating whether OsPIP2;4 acts as a dual water and non-selective cation channel in rice plants and clarifying
the physiological roles of icAQPs.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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