Check for
updates

NIP1;2 is a plasma membrane-localized transporter
mediating aluminum uptake, translocation, and

tolerance in Arabidopsis

Yuqi Wang?, Ruihong Li*?, Demou Li*<, Xiaomin Jia?, Dangwei Zhou®¢, Jianyong Li*¢, Sangbom M. Lyi?, Siyu Hou®",

Yulan Huang®9, Leon V. Kochian®", and Jiping Liu®'

“Robert W. Holley Center for Agriculture and Health, US Department of Agriculture, Agricultural Research Service, Ithaca, NY 14853; bSouth China Botanical
Garden, Chinese Academy of Sciences, Guangzhou 510650, China; “Biotechnology Research Center, Southwest University, Chongging 400715, China; “Key
Laboratory of Adaptation and Evolution of Plateau Biota, Northwest Institute of Plateau Biology, Chinese Academy of Sciences, Xining 810008, China;

°Boyce Thompson Institute for Plant Research, Ithaca, NY 14853; fschool of Agriculture, Shanxi Agricultural University, Jinzhong 030801, China; 9College of
Agriculture, Guangxi University, Nanning 530004, China; and hGlobal Institute for Food Security, University of Saskatchewan, Saskatoon, Canada S7N 4J8

Edited by Maarten J. Chrispeels, University of California San Diego, La Jolla, CA, and approved April 5, 2017 (received for review November 30, 2016)

Members of the aquaporin (AQP) family have been suggested to
transport aluminum (Al) in plants; however, the Al form transported
by AQPs and the roles of AQPs in Al tolerance remain elusive. Here
we report that NIP1;2, a plasma membrane-localized member of the
Arabidopsis nodulin 26-like intrinsic protein (NIP) subfamily of the
AQP family, facilitates Al-malate transport from the root cell wall into
the root symplasm, with subsequent Al xylem loading and root-to-
shoot translocation, which are critical steps in an internal Al tolerance
mechanism in Arabidopsis. We found that NIP1;2 transcripts are
expressed mainly in the root tips, and that this expression is en-
hanced by Al but not by other metal stresses. Mutations in NIP1,;2
lead to hyperaccumulation of toxic A** in the root cell wall, inhibition
of root-to-shoot Al translocation, and a significant reduction in Al
tolerance. NIP1;2 facilitates the transport of Al-malate, but not AP+
ions, in both yeast and Arabidopsis. We demonstrate that the forma-
tion of the Al-malate complex in the root tip apoplast is a prerequisite
for NIP1;2-mediated Al removal from the root cell wall, and that this
requires a functional root malate exudation system mediated by the
Al-activated malate transporter, ALMT1. Taken together, these find-
ings reveal a critical linkage between the previously identified Al
exclusion mechanism based on root malate release and an internal
Al tolerance mechanism identified here through the coordinated
function of NIP1;2 and ALMT1, which is required for Al removal from
the root cell wall, root-to-shoot Al translocation, and overall Al toler-
ance in Arabidopsis.
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luminum (Al) toxicity is a major constraint for crop yields

on acid soils worldwide (1-4). To cope with Al stress, plants
have adopted several resistance mechanisms, including (i) an Al
exclusion mechanism in which plants release organic acids (OAs)
from the root apex into the rhizosphere to chelate toxic AI** ions
and prevent them from entering into root cells, and (ii) an in-
ternal Al tolerance mechanism by which Al is sequestered in the
vacuole of the root cell and/or translocated to the shoot for se-
questration in leaf cell vacuoles (1, 2, 5).

Al exclusion from root tips via Al-activated root OA exudation
is the best-characterized mechanism used by many plant species,
including wheat (6, 7), sorghum (8), barley (9), Arabidopsis (10,
11), and maize (12). Malate and citrate are the most commonly
used OAs, transported by two families of plasma membrane
(PM)-localized transporters: the Al-activated malate transporter
(ALMT) family of anion channels (13) and the multidrug and
toxic compound extrusion (MATE) family of OA/H" antiporters
(8, 9), respectively. In Arabidopsis, ALMT1 is responsible for a
larger Al-activated malate release from the root tip (10), whereas
MATE facilitates a smaller citrate exudation in root regions
behind the root tip (11, 14).

www.pnas.org/cgi/doi/10.1073/pnas.1618557114

The mechanism underlying internal Al tolerance has been less
well characterized. In rice, Al uptake from the root cell wall into
the root cytosol is facilitated by a PM-localized Al transporter,
Nratl (Nramp aluminum transporter 1) (15), which is involved in
lowering the concentration of toxic APt in the root cell wall,
which could be a key aspect of Al tolerance in rice (15, 16).

Recently, two members of the hydrangea (Hydrangea macro-
phylla) aquaporin (AQP) family, the H. macrophylla plasma mem-
brane aluminum transporter (HmPALT1) and vacuolar aluminum
transporter (HmVALT), have been suggested to facilitate Al
transport across the PM into the cytosol and across the vacuolar
membrane (VM) into the vacuoles of sepal (flower) cells, respec-
tively (17, 18). The Al form transported by these transporters and
the roles of the transporters in Hydrangea Al tolerance remain
elusive, however. When heterologously expressed in Arabidopsis,
only HmVALT enhances Al tolerance, suggesting that Al may enter
the Arabidopsis root cytosol via an unidentified native PM trans-
porter (17). Thus, in the present study, we investigated the role of
the Arabidopsis nodulin 26-like intrinsic protein (NIP) subfamily,
the closest homologs of HmPALTI, in Al transport (SI Appendix,
Fig. S1). We report that NIP1;2 functions as a root PM-localized Al-
malate (Al-Mal) transporter involved in a unique Al tolerance
mechanism based on lowering root cell wall Al concentrations and
facilitating root-to-shoot Al translocation. We demonstrate that
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these NIP1;2-mediated processes rely on a functional ALMTI1-
mediated malate release system. Therefore, the coordinated func-
tioning of the external and internal Al detoxification mechanisms
plays a critical role in Al tolerance in Arabidopsis.

Results

nip1;2 Mutants Are Sensitive Specifically to Aluminum Stress. The
Arabidopsis NIP subfamily comprises nine members (19). T-DNA
insertion lines of the nine NIP members (SI Appendix, Table S1)
were acquired from the Arabidopsis Biological Resource Center
(ABRC) and tested for Al sensitivity. Three independent NIPI;2
T-DNA lines, nipl;2-1 (SALK_126593), nip1;2-2 (SALK_147353)
and nipl;2-3 (SALK_076128), with T-DNA insertions in the exon,
intron, and promoter, respectively, showed hypersensitivity to a
range of Al concentrations (Fig. 1 A-C), suggesting that NIPI,2 is
involved in Al tolerance in Arabidopsis. Compared with nipl;2
mutants, an almt! T-DNA knockout (KO) mutant (SALK_009629)
was more sensitive to Al stress in a range of Al concentrations
(0-50 pM) at pH 4.2 (SI Appendix, Fig. S2).

Real-time quantitative RT-PCR (qRT-PCR) analysis indicated
that NIPI;2 expression in roots was barely detected in the nipl;2
mutants (Fig. 1D), indicating that they are loss-of-function mu-
tants. In Arabidopsis, STOP1 encodes a master transcription factor
that controls the expression of a set of key Al tolerance genes (20),
including, but not limited to, ALMT1I (21), MATE (11), and ALS3
(21). NIPI1;2 expression was not affected by the loss-of-function
stopl mutation, indicating that STOP1 does not control NIPI;2
gene expression (Fig. 1D). The nipl;2 mutants were hypersensitive
specifically to Al stress, but not to other toxic metal ions, including
Cd**, La®*, Zn*" and Cu** (SI Appendix, Fig. S3).

NIP1;2 Expression in Roots Is Rapidly and Specifically Enhanced by Al
Stress. qRT-PCR analyses found NIPI;2 expressed mainly in the
root and barely in the shoot (SI Appendix, Fig. S4). Time-course
qRT-PCR analyses indicated that NIPI;2 expression was en-
hanced exponentially within the first 2 h and peaked with a 3.5-
fold increase after 4 h of Al treatment (Fig. 24). In addition,
NIPI;2 expression was enhanced specifically by AI** but not by
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Fig. 1. NIP1,2 mutations sensitize mutant Arabidopsis plants to Al stress.
(A) Al sensitivity of WT and three nip7;,2 mutant lines. Seedlings were
treated with 0 or 30 uM AICl5 (pH 4.2) for 7 d. (B) Gene structure of NIP1,2.
Box, exon; horizontal line, intron; closed box, coding sequence; triangle,
T-DNA insertion; bar underneath the 3’ UTR, qRT-PCR amplification.
(C) Relative root growth (RRG%) of WT and nip1,;2 mutants under Al stress.
(D) qRT-PCR analyses of root NIP1,2 expression in WT as well as nip1,2 and
stop1 mutants. Data in C and D are mean =+ SD of three biological replicates.
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Fig. 2. NIP1;2 expression patterns. (A) Time course gRT-PCR analysis of
NIP1;2 gene expression in WT roots treated with 20 pM AICI; at pH 4.2.
(B) gRT-PCR analysis of NIP1,2 expression in WT roots in response to different
metal ions and pH changes. Here 7-d-old WT plants were treated with
20 pM AICl3, 10 pM CdCl,, 5 pM LaClz, 10 pM ZnSOy, or 5 pM CuSO, at pH
4.2 for 6 h. The —Al experiment was conducted at pH 4.2 or pH 5.6 for 6 h.
Asterisks indicate significant differences between 0 and 20 pM Al treatments
(**P < 0.01). (C-@) Tissue-specific expression of NIP1;2. GUS activity driven by
the NIP1;2 promoter in the whole plant (C) or root tips without (D) or with
(E) 50 uM Al treatment for 8 h. Red arrows in D and E point to the positions
of the cross-sections for - (F) or + (G) Al treatment, respectively. (Scale bars:
1 mm in C, 150 pm in D and E, and 10 um in F and G.) (H and /) NIP1;2 is
localized to the PM. (H) Confocal laser scanning microscopy of tobacco
epidermal cells expressing 355,,,:NIP1,;2::GFP. The nucleus (blue) was stained
with DAPI. (/) Coexpression of NIP1;2-GFP (green) and the PM marker PIP1;2::
RFP (red) in a tobacco epidermal cell. (Scale bar: 10 um.) BR, brightfield; MG,
merged.

other cation metals, including Cd**, La**, Zn?*, and Cu**, or by
pH changes (Fig. 2B).

Tissue Specificity of NIP1;2 Expression. Tissue specificity of NIPI;2
expression was examined via NIPI;2 promoter p-glucuronidase
(GUS) analysis in transgenic Arabidopsis plants. GUS activity was
observed consistently in roots but not in shoots (Fig. 2C). In the
primary and lateral roots, GUS activity was localized mainly to the
root tip region (Fig. 2C). Under control conditions (—Al), GUS
staining was observed between ~300 pm and ~1 mm from the root
tip (Fig. 2D), a region encompassing the root distal transition zone
(RDTZ) and the root elongation zone (REZ), a demonstrated
target for Al toxicity (22). GUS staining was also observed in the
stele in more mature root regions where root hairs had emerged
(Fig. 2D). Al treatment not only significantly enhanced GUS
staining intensity in these regions (Fig. 2E), but also caused ex-
panded GUS staining to the nearby tissues/cells that were not
stained under the —Al condition (Fig. 2E). For example, in a root
cross-section above the RDTZ (indicated by the red arrows in
Fig. 2 D and E), GUS staining was observed only in the stele
under —Al (Fig. 2F), but was expanded throughout the entire root
cross-section under Al treatment (Fig. 2G).

NIP1;2 Is Localized to the Plasma Membrane in Planta. A NIPI;2-green
fluorescence protein (GFP) fusion construct was transiently
expressed in epidermal cells of tobacco (Nicotiana benthamiana)
leaves driven by a 35S promoter. NIP1;2-GFP fusion protein was
localized to the extreme cell periphery of epidermal cells (Fig. 2H)
and was colocalized with the red fluorescence protein (RFP)-
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PIP2;1, a known PM marker (Fig. 2I) (23). The localization of the
DAPI-stained nucleus to the cytoplasmic side of the NIP1;2-GFP
fluorescence excludes the possibility of a VM localization for
NIP1;2 (Fig. 2H). Examination of the root cells of T3 Arabidopsis
plants stably transformed with 35S::NIPI;2-GFP also indicated
that the NIP1;2-GFP fusion protein was localized to the PM (S
Appendix, Fig. S5). Taken together, these results indicate that
NIP1;2 is a PM-localized protein.

NIP1;2 Is Involved in Root Al Uptake in Arabidopsis. Hematoxylin was
used to stain and approximate Al accumulation in the root cell
walls of the wild type (WT), nipI;2-1, and nip1;2-2 seedlings (S
Appendix, Fig. S6) (24). After Al treatment, hematoxylin staining
was observed mainly in the RDTZ and REZ. Compared with the
staining in WT, the staining was much stronger and expanded in
the root tip region of the nipl;2 mutant plants (SI Appendix, Fig.
S6), suggesting that the nipI;2 mutants hyperaccumulated Al in
the root cell walls in the root tip region.

Quantitative measurements of the short-term (0-8 h) root Al
uptake by inductively coupled plasma mass spectrometry (ICP-
MS) indicated that compared with concentrations in WT, Al
concentrations in the root cell wall were significantly higher and
Al concentrations in the root cell sap (symplasm) were signifi-
cantly lower in the nipI;2 mutants after 8§ h of Al treatment (Fig.
3 A and B). These results indicate that NIP1;2 is involved in root
Al uptake/removal from the root cell wall into the root cytosol.

NIP1;2 Is Involved in Root-to-Shoot Al Translocation. Along with its
expression in the root apical region, NIPI;2 was also expressed in
the root stele just distal to the root tip (Fig. 2 D and F), suggesting
that it also might be involved in long-distance Al transport. Com-
pared with WT, the nipI;2 mutants exhibited significantly higher Al
concentrations in the root but lower Al concentrations in the shoot
(Fig. 3C). Furthermore, Al concentrations in the root xylem sap
were also significantly lower in the nipl;2 mutants, whereas K
concentrations in the root xylem sap were comparable in WT and
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Fig. 3. NIP1;2-mediated Al uptake and distribution. (A and B) Al uptake by
NIP1;2 in Arabidopsis roots. WT, nip1,2-1, and nip1,2-2 plants (7-d-old) were
exposed to 30 pM AICI; (pH 4.2) for the indicated times. Al concentrations in
the root cell wall (A) and the root cell sap (B) were determined by ICP-MS.
Data are mean + SD of three biological replicates from three magenta
boxes. (C) Root and shoot Al concentrations of WT and nip7,;2 mutants
treated with 30 pM AICI; for 8 h. (D) Al and K concentrations in xylem sap.
Here 6-wk-old WT and nip1,2 mutant plants were treated with 30 pM AICl3
(pH 4.2) for 8 h. Xylem sap samples were collected from five plants, and Al or
K concentrations were measured using ICP-MS. Data are mean + SD of three
xylem sap samples. **P < 0.01 between WT and individual nip7,2 lines under
the indicated treatment conditions. DW, dry weight; FW, fresh weight.
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Fig. 4. NIP1;2 facilitates Al uptake and efflux in yeast. (A) NIP1;2-GFP
(green) was colocalized with red CellMask PM Staining (Thermo Fisher Sci-
entific) in a yeast cell carrying pYES2-NIP1,2::GFP. (Scale bar: 1 pm.) Arrows
points to the VM. (B) Uptake of AIP*, Al-malate (Al-Mal), and Al-citrate (Al-
Cit) by NIP1;2. Yeast lines carrying pYES2-GFP or pYES2-NIP1,2-GFP were
treated with AICl3, Al-Mal, or Al-Cit at pH 4.2 for 1 h. (C) Time-dependent Al-
Mal uptake by NIP1;2. Yeast lines were treated with Al-Mal for the indicated
times. (D) Time-dependent Al efflux by NIP1;2. Yeast cells carrying pYES2-
NIP1,;2-GFP were pretreated with Al-Mal for 8 h, then transferred to fresh
LPM medium supplemented with 0 or 5 uM AgNOs at pH 7.0 for the indicated
times. Yeast Al concentration was determined by ICP-MS. The net Al uptake (C)
and Al efflux (D) at each time point was the difference between two yeast lines
(C) or two treatments (D). Data are mean + SD of three biological replicates
from three independent transformation events. **P < 0.01 between two yeast
lines under the indicated treatment conditions.

the nipl;2 mutants (Fig. 3D). Compared with WT, in the nipl;2
mutants, Al concentration was 46% lower in the root cell sap (root
symplasm; Fig. 3B) and 65% lower in the root xylem sap (Fig. 3D).
In the nipl;2 mutants, the larger decrease in Al concentration in
root xylem sap compared with that in root symplasm suggests im-
paired xylem loading of Al. Therefore, NIP1;2 not only may fa-
cilitate Al uptake from the root cell wall to the root cytosol, but
also may be involved in xylem loading of Al from the xylem pa-
renchyma cells into the xylem vessels in Arabidopsis.

NIP1;2 Facilitates Passive Bidirectional Aluminum Transport in Yeast.
It has been widely accepted that members of the AQP family, in-
cluding those from the NIP subfamily, transport noncharged mol-
ecules (25, 26), although recent studies have suggested that some
members of the AQP family could transport charged substrates (27,
28). However, the major Al species at low pH (4.2) is the charged
AP* ion (29). To identify the Al form transported by NIP1;2, we
conducted short-term Al uptake assays with yeast lines expressing
the pYES2-GFP (as a control) or the pYES2-NIPI;2-GFP construct
with the potential transport substrates AI**, Al-malate (Al-Mal),
or Al-citrate (Al-Cit) at pH 4.2. Microscopic examination of the
galactose-induced pYES2-NIPI;2-GFP line indicated that the
NIP1;2-GFP fusion protein was localized to the yeast PM (Fig. 44).

Under galactose induction, no significant differences in Al up-
take among these yeast lines were observed when AP* or Al-Cit
was supplied in the uptake medium (Fig. 4B); however, a significant
increase in Al uptake was observed when Al-Mal was supplied (Fig.
4B). When glucose was used in the medium, which is unable to
induce the expression of the recombinant proteins, no Al uptake
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was observed in the yeast line expressing NIP1;2-GFP irrespective
of the form of Al provided (SI Appendix, Fig. S7). Short-term Al-
Mal uptake assays further confirmed that NIP1;2 transports Al-Mal
in a time-dependent (Fig. 4C) and concentration-dependent (S
Appendix, Fig. S8) manner. Other known cytosolic metal ligands,
including oxalate, succinate, fumarate, aconite, histidine, glutathi-
one, phytochelatin, and metallothionein, were also tested for
NIP1;2-mediated Al-ligand transport in yeast. NIP1;2 transports
only Al-Mal in yeast at pH 4.2 or 7.0 (SI Appendix, Fig. S9).

To test the NIP1;2-mediated Al efflux, we pretreated the
NIPI;2-GFP-expressing yeast cells with Al-Mal for 8 h (Fig. 4B),
then transferred them to fresh LPM medium with or without a
supplementation with 5 pM AgNOj;, a potent AQP inhibitor
(30). Short-term Al efflux from the yeast cells was monitored by
ICP-MS. Al efflux from the yeast cells was observed in a time-
dependent manner, and was strongly suppressed by AgNOj; at
both pH 7.0 (Fig. 4D) and pH 4.2 (SI Appendix, Fig. S10). Taken
together, these findings indicate that NIP1;2 facilitates passive
bidirectional Al transport in yeast (Fig. 4 C and D).

Positively Charged AP lons, but Not the Al-Malate Complex, Are
Retained in the Root Cell Wall. After treatment with 50 pM AlCl;
or 50 pM AICl; + 150 uM Malate (Al-Mal) at pH 4.2 for 8 h, Al
concentrations in the root cell wall (Fig. 54) and the root cell sap
(Fig. 5B) were measured in WT as well as in mate, nipl;2-1, and
almt] KO mutants using ICP-MS. Little Al was detected in the
root cell wall (Fig. 54) or the root cell sap (Fig. 5B) for all lines
treated with Al-Mal; however, large amounts of Al were detected
in the root cell wall of all lines exposed to AI** (Fig. 54). The
concentrations of AI** and Al-Mal remained stable in the treat-
ment solutions during the entire treatment process (SI Appendix,
Fig. S11), indicating that Al-Mal in the solution was not pre-
cipitated during the treatment procedure. These results indicate
that AI**, but not Al-Mal, could be retained in the root cell walls.
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Fig. 5. NIP1;2-facilitated root Al uptake requires a functional ALMT1-
mediated root malate exudation system. (A) AI?* jons, but not Al-Mal, are
retained in the root cell wall. Here 7-d-old seedlings were treated with AICl;
or Al-Mal (pH 4.2) for 8 h, after which Al concentrations in the root cell wall
(A) and root cell sap (B) were measured by ICP-MS. (C and D) Externally
supplied malate partially restored NIP1;2-mediated Al uptake in the almt1
KO mutant. Here 7-d-old seedlings were pretreated with AICl; (pH 4.2) for
8 h, washed three times with 0.5 mM CaCl, , and then treated with 200 pM
malate (—Al) for 8 h. Al concentrations in the root cell wall (C) and root cell
sap (D) were determined by ICP-MS. Data are mean + SD of three sample
replicates from three magenta boxes. In A and B, *P < 0.05, **P < 0.01)
between WT and almt1 or nip1,2-1 under the indicated treatment condi-
tions; in C and D, *P < 0.05 between two treatments for almt1.
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Fig. 6. Schematic diagrams of the coordinated functions of ALMT1 and
NIP1;2 in Al tolerance in Arabidopsis. (A) Toxic AI** ions that enter the root
cell wall activate ALMT1-mediated malate release from the root cells into
the root apoplast and rhizosphere, where nontoxic Al-Mal complexes form.
(B) Al-Mal in the rhizosphere is unable to enter the root apoplast, whereas
the Al-Mal formed within the root cell wall is subjected to NIP1;2-mediated
uptake into the root cytosol. Once inside the root cells, Al-Mal moves across
the Casparian strip of endodermal cells through symplastic flow into xylem
parenchyma cells, where NIP1;2 facilitates xylem loading of Al-Mal into the
xylem vessels, followed by translocation of Al-Mal to the shoot. The vertical
gray bar on the endodermis represents the Casparian strip.

In yeast, NIP1;2 transports Al-Mal, but not AP (Fig. 4B);
however, in Arabidopsis, NIP1;2-mediated Al uptake occurred only
when WT plants were exposed to AI** (Fig. 3.4 and B), not when
they were exposed to Al-Mal (Fig. 54 and B). This finding raised a
question as to whether NIP1;2 transports A** or Al-Mal in Ara-
bidopsis. We hypothesize that the main reason for this finding is
that the PM-localized NIP1;2 can transport Al-Mal only from the
root cell wall, whereas the externally supplied Al-Mal cannot be
retained in the root cell wall (Fig. 54). Therefore, we predict that
AP retention in the root cell wall is an indispensable first step for
the NIP1;2-mediated Al transport in Arabidopsis (Fig. 6). The AP+
retained in the root cell wall adjacent to the PM activates the
ALMT1-mediated malate efflux from the root cytosol into the root
cell wall, resulting in formation of Al-Mal in the root cell wall near
the NIP1;2 transport protein, which facilitates Al-Mal uptake into
the root cytosol (Fig. 6). Therefore, the sequential steps of re-
tention of AI** in the root cell wall, AI**-activated and ALMT1-
mediated root malate efflux, and functional NIP1;2-mediated
Al-Mal transport could be the key factor in the removal of Al from
the root cell wall into the root cytosol (Fig. 6).

Functional ALMT1-Mediated Malate Exudation Is Required for Root Al
Uptake via NIP1;2. To test this hypothesis and the possible roles
of root malate and citrate exudation in NIP1;2-facilitated Al
transport in Arabidopsis, root Al uptake was evaluated for the
WT and nip 1;2-1, almtl, and mate KO mutant plants. The nip
1;2-1, almtl, and mate mutant lines lack functional NIP1;2, Al-
activated root malate exudation, and Al-activated root citrate
exudation, respectively. Under Al treatment, nipl;2-1 and almtl
mutants accumulated significantly higher concentrations of Al in
the root cell wall (Fig. 54) and significantly lower concentrations
of Al in the root cell sap (Fig. 5B) compared with WT and the
mate mutant, indicating that both nip1;2-1 and almtl were im-
paired in Al transport from the root cell wall across the root
cell PM.

Given the lack of Al-activated ALMT1-mediated root malate
exudation in the almt] background (10, 11, 14), A** should be a
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major Al form retained in the root tip cell wall of the almt! plants
treated with AlCl; at low pH (4.2). Because the almt] mutant line
has a functional NIP1;2, as indicated by its normal expression of
intact NIP1;2 cDNAs in the root (SI Appendix, Figs. S12 and S13),
the lack of NIP1;2-mediated root Al uptake in the almtl back-
ground (Fig. 5 4 and B) suggests that NIP1;2 could not transport
the AP’ ions retained in the root cell walls of the almtI plants.
The mate mutant line accumulated similar levels of Al in the root
cell wall and root cell sap as WT (Fig. 5 4 and B), further con-
firming that the MATE-mediated root citrate exudation is not
required for Al removal from the root cell wall in Arabidopsis.
To provide direct evidence for Al-Mal as the transport substrate
of NIP1;2 in Arabidopsis and to address the role of root malate
release in the NIP1;2-mediated root Al uptake, roots of WT,
almtl, and nipl;2 plants were pretreated with 50 pM AlCl;
(pH 4.2) for 8 h, which allowed retention of AI** in the root cell
wall (Fig. 54). Then the pretreated plants were transferred to
fresh hydroponic growth medium (—Al, pH 4.2) supplemented
with or without 200 pM malate for another 8 h, which allowed the
formation of Al-Mal in the root cell wall (Fig. 5C). Subsequently,
Al uptake was measured by ICP-MS. Only the almt! mutant line
exhibited significant differences in Al concentrations in the root
cell wall (Fig. 5C) and root cell sap (Fig. 5D) (i.e., evidence for Al
uptake) between the treatments with and without malate. The fact
that an external supply of malate resumed NIP1;2-facilitated Al
uptake in the almt] mutant pretreated with Al confirmed that the
NIP1;2 Al transporter was functional in the almt] background and
Al-Mal is the transport substrate of NIP1;2 in Arabidopsis.

Discussion

In this work, we have demonstrated that NIP1;2 is a bidirectional
Al transporter that facilitates the removal of Al from the root
cell wall via trans-PM transport into the root cell cytosol and
subsequent root-to-shoot Al translocation via Al xylem loading.
We also have shown that the Al-malate complex is the transport
substrate for NIP1;2, and that the NIP1;2-mediated root Al
uptake requires a functional ALMT1-mediated root malate ex-
udation system. Therefore, coordination between the Al exclu-
sion and the internal Al tolerance mechanisms is required to
achieve overall Al tolerance in Arabidopsis.

NIP1;2 Is Involved in Aluminum Removal from the Root Tip Cell Wall
and Root-to-Shoot Al Translocation. The cell wall in the root rip
region has been recognized as a major target for Al toxicity in
plants (22, 31, 32). It has been suggested that the swollen and
distorted root tip cells under Al stress are due, at least in part, to
disruption of the cell wall structure, integrity, and function (S/
Appendix, Fig. S6) (32-34). Therefore, limiting the accumulation
of toxic AP* in the root tip cell wall could help mitigate Al toxicity
in plants. This could be achieved by restricting AlI’* retention in
the root cell wall and/or by removing Al from the root cell wall via
transport into the root cytosol and subsequent Al sequestration in
root cell vacuoles and/or Al translocation from the root to pre-
sumably less Al-sensitive shoot tissues. The formation of Al-OA
complexes in the rhizosphere is the most effective way to prevent
the toxic AI** ions from entering the root cell wall (Fig. 54) (35).

The mechanisms underlying Al uptake from the root cell wall
and subsequent sequestration into root and shoot vacuoles are
more poorly understood in plants. We have shown that NIP1;2 is a
PM-localized bidirectional Al transporter that facilitates Al re-
moval from the root cell wall and Al translocation from the root to
the less Al-sensitive shoots (Figs. 3 and 4). A nonfunctional
NIP1;2 resulted in impaired root Al uptake, reduced root-to-shoot
Al translocation, and hypersensitivity to Al stress, indicating that
NIP1;2 plays an important role in Al tolerance in Arabidopsis
(Figs. 1 and 3). We also note that nipl;2 mutant plants still ac-
cumulate significant amounts of Al in the xylem sap (Fig. 3D) and
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root symplasm (Fig. 5 B and D), suggesting the possible existence
of other root Al transport systems.

NIP1;2 Transports Aluminum-Malate Complex. It is widely accepted
that members of the AQP family, including the NIP subfamily,
transport noncharged molecules (25, 26). However, at low pH (4.2),
the major Al species is the charged AI** ion (29). A set of possible
transport substrates, including A", Al-Mal, and Al-Cit, were tested
for NIP1;2-mediated Al transport in yeast (Fig. 4B and SI Appendix,
Fig. S9). Only the provision of Al-Mal resulted in NIP1;2-mediated
Al uptake at pH 4.2 or 7 (SI Appendix, Fig. S9), identifying Al-Mal
as the transport substrate for NIP1;2 in yeast.

In Arabidopsis, Al stress induces a rapid and large ALMT1-
mediated malate exudation from the root tip (10, 11). The loss-
of-function mutant almtl lacks the Al-activated root malate
exudation (10, 11), and no Al-Mal is formed in the root tip cell
walls thus under AI’* stress. Because the almt] mutant contains
a functional NIP1;2 transporter, it is an excellent system for
testing whether NIP1;2 transports Al-Mal in Arabidopsis. Under
APP* treatment, like the nipl;2 mutant line, the almt!/ mutant had
greatly reduced root Al uptake (Fig. 5 4 and B), indicating that
NIP1;2 could not transport AP* in the almtl background. How-
ever, an external supply of malate, which allowed the formation
of Al-Mal in the root cell wall of the almtI plants pretreated with
AP*, resumed a degree of NIP1;2-mediated Al transport activity in
the root tips of the almtI plants (Fig. 5 C and D), confirming Al-Mal
as the transport substrate for NIP1;2 in Arabidopsis. Because nip1;2
mutants are loss-of-function mutants (Fig. 1), externally supplied
malate could not restore NIP1;2-mediated root Al uptake in these
mutants (Fig. 5 C and D). The reason for no effect of externally
supplied malate on Al uptake in WT is that in WT, AI** treatment
triggers ALMT1-mediated root malate exudation (10, 11), which
allows for the formation of the Al-Mal transport substrate in the
root cell wall. Thus, under AP stress, malate was not a limiting
factor for NIP1;2-mediated Al-Mal transport in WT. The fact that
WT and mate had lower levels of Al in the root cell wall and higher
levels of Al in the root cell sap compared with nipl;2 and almt]
mutants (Fig. 5 A and B) indicates that ALMT1-dependent and
NIP1;2-mediated Al transport from the root cell wall into the cy-
tosol is functional in the WT and mate backgrounds.

Passive Bidirectional Aluminum Transport by NIP1;2. The processes
of root Al uptake and root-to-shoot Al translocation require
coordinated transport systems that facilitate Al influx from the
root cell wall into the symplasm of root cells, Al efflux across the
PM of xylem parenchyma cells into the xylem vessels, and sub-
sequent Al translocation from the root to the shoot through
transpirationally driven xylem flow (Fig. 6). We have demon-
strated that NIP1;2 is involved in a passive bidirectional Al
transport in yeast (Fig. 4 C and D). The fact that the loss-of-
function nipl;2 mutants exhibited reduced Al accumulation in
the root symplasm (i.e., an Al influx activity; Fig. 3B) and re-
duced xylem loading of Al (i.e., an Al efflux activity; Fig. 3D)
suggests that NIP1;2 also could be involved in bidirectional Al-
Mal transport for root Al-Mal uptake and root Al-Mal xylem
loading in Arabidopsis. Although ligand exchange reactions could
occur after Al-Mal is transported into the root cytosol, among
the possible cytosolic Al ligands tested, Al-Mal was the sole
transport substrate for NIP1;2 at pH 4.2 and 7.0 (SI Appendix,
Fig. S9), suggesting that Al-Mal is likely to be the transport
substrate for NIP1;2 during root Al-Mal xylem uploading.
Members of the NIP subfamily have been reported to function as
passive, bidirectional transporters for metalloid transport. For
instance, NIP3;1, NIP5;1, and NIP6;1 are responsible for bi-
directional As(III) transport across the PM (36, 37). Therefore,
NIPs might be functionally conserved as passive bidirectional
transporters for different substrates.
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Coordinated Functioning Between External and Internal Aluminum
Detoxification Mechanisms. The external and internal Al detoxi-
fication mechanisms are responsible for the total Al resistance;
however, how these two mechanisms interact and communicate in
plants remains unknown. In this report, we demonstrate that Al-
activated, ALMT1-mediated root malate exudation plays a dual
role in both the Al exclusion and internal Al tolerance mechanisms.
At the rhizosphere, the released malate chelates the toxic AP jons,
forming an Al-Mal complex, thereby preventing Al from entering
and/or being retained in the root cell walls (i.e., root Al exclusion;
Figs. 54 and 6). In the root tip cell wall, the released malate che-
lates the Al retained in the cell wall to form Al-Mal, which is the
transport substrate for NIP1;2 (internal Al detoxification; Figs. 5
and 6). Therefore, we have discovered a coordinated operation
between Al exclusion and Al internal tolerance mechanisms linked
by ALMT1-mediated root malate exudation and NIP1;2-mediated
Al uptake from the root cell wall (Figs. 3, 5, and 6).

Materials and Methods

Plant Materials and Growth Conditions. Arabidopsis T-DNA insertion lines
were acquired from the ABRC. Detailed information on these lines and their
growth conditions is provided in SI Appendix, Materials and Methods.

GUS Staining Assays. A 1.89-kb PCR-amplified NIP1;2 promoter was cloned into
the pCAMBIA1305.2 vector, and the resulting pCAMBIA1305.2-NIP1,2promoter::
B~ glucuronidase (GUS) construct was stably transformed into WT (Col-0) through
Agrobacterium tumefaciens (strain GV3101)-mediated transformation. Detailed
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information about the plasmid construction and the procedures for transgenic
plant selection and GUS staining is provided in S/ Appendix, Materials and Methods.

RT-PCR and gRT-PCR. Total RNA isolations were conducted using the RNeasy
Mini Kit (Qiagen). Additional experimental details are provided in S/ Ap-
pendix, Materials and Methods.

Yeast Al Uptake and Efflux Analyses. Yeast line generation, yeast growth
conditions, and yeast Al uptake assays are described in detail in S/ Appendix,
Materials and Methods.

Total Root and Shoot lon Content Measurement. Al and other ions were
measured in the roots and the shoots of 7-d-old seedlings by ICP-MS
analyses. The procedures are described in detail in S/ Appendix, Mate-
rials and Methods.

Determinations of Al Contents in Cell Sap and Cell Wall Samples. Details on
plant treatment, cell sap and cell wall sample preparation, and Al mea-
surement are provided in SI Appendix, Materials and Methods.

Xylem Sap Sample Collection and Al Content Measurement. Xylem sap was
collected from 6-wk-old plants. Al contents were measured by ICP-MS. Plant
treatment, xylem sap sample collection, and Al measurement are described in
detail in S/ Appendix, Materials and Methods.
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