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PLANT SCIENCES

NPF transporters in synaptic-like vesicles control
delivery of iron and copper to seeds

Zhen-Fei Chao'?, Ya-Ling Wang', Yuan-Yuan Chen?, Chu-Ying Zhang'*, Peng-Yun Wang'*,
Tao Song1’2, Chu-Bin Liu"? Qiao-Yan Lv'?, Mei-Ling Han', Shan-Shan Wang1, Jianbing Yan3,

Ming-Guang Lei', Dai-Yin Chao'*

Accumulation of iron in seeds is essential for both plant reproduction and human nutrition. Transport of iron to
seeds requires the chelator nicotianamine (NA) to prevent its precipitation in the plant vascular tissues. However,
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how NA is transported to the apoplast for forming metal-NA complexes remains unknown. Here, we report that
two members of the nitrate/peptide transporter family, NAET1 and NAET2, function as NA transporters required
for translocation of both iron and copper to seeds. We show that NAET1 and NAET2 are predominantly expressed
in the shoot and root vascular tissues and mediate secretion of NA out of the cells in resembling the release of
neurotransmitters from animal synaptic vesicles. These findings reveal an unusual mechanism of transmembrane
transport in plants and uncover a fundamental aspect of plant nutrition that has implications for improving food

nutrition and human health.

INTRODUCTION

Two billion people worldwide are affected by iron (Fe) deficiency
(1, 2), because most plant-derived staple foods are low in iron and
high in anti-nutrition factors that inhibit the bioavailability of Fe (3).
Metal homeostasis in plants is dependent on tight coordination of ion
transporters, low-molecular mass metal chelators, and membrane trans-
porters for chelators and metal-chelate complexes (4). Nicotianamine
(NA) is one of the endogenous metal chelators that are essential for
long-distance transport of iron and other metals to sink organs (5, 6).
NA is also one of the best enhancers for the absorption of dietary Fe
in human and other animals, as it is able to efficiently reverse the impact
of anti-nutritional factors (7, 8). Therefore, NA and NA-chelated Fe are
very important for both plant and plant-based Fe nutrition.

NA is synthesized from three molecules of S-adenosyl methionine
by NICOTIANAMINE SYNTHASEs (NASs). It has an ideal feature
for facilitating phloem and/or xylem loading of metals and rhizo-
sphere uptake of Fe (9, 10). YELLOW-STRIPE 1 (YS1) and YS1-
LIKE (YSL) proteins belonging to the major facilitator superfamily
(MFS) mediate the transport of metal-NA complexes into cells. ZmYS1
was the first characterized Fe(II)-NA transporter that participates
in Fe absorbing from soil in maize (11, 12), while YSL1 and YSL3 in
Arabidopsis thaliana were implicated in the loading of the Fe(II)-
NA complex to the phloem during reproductive stage (13, 14). Com-
paratively, transporters controlling efflux of NA remain unclear. Two
MFS transporters OsTOMI1 (transporter of mugineic acid 1) and
OsTOM2 were reported to function in secretion of the NA analog
mugineic acid (2'-deoxymugineic acid) out of rice roots (15). OSENA1
(efflux transporter of NA 1) and OsENA2, two homologs of OsTOM1/2,
were found to have NA efflux activity when heterologously ex-
pressed in Xenopus oocytes (15), but knockout or overexpression of
OsENA1/2 did not result in any phenotype related to Fe, question-
ing their real roles in rice (16). AtZIF1 is an ortholog of OsTOM1/2 in
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A. thaliana, but its role was suggested to transport NA or metal-NA
complexes into vacuoles (17). Therefore, what transporter medi-
ates the efflux of NA to create a pool of chelated Fe and Cu for uptake
into the phloem and/or the xylem for transport to the seed remains
along-sought key question in plant nutrition.

Nitrate transporter 1/peptide transporter (NRT1/PTR) family
transporters were found to play essential and diverse roles in mate-
rial transport and their substrates can be nitrate, oligopeptides, gluco-
sinolates, and phytohormones (18-21). NA is a nonprotein amino
acid, which we thought is similar to an oligopeptide in structure.
We thus hypothesized that this molecule might be a substrate of
some NPF transporters. By using a yeast system, we identified NPF5.8
and NPF5.9 in A. thaliana as NA efflux transporters (NAETS), and
further genetic and molecular studies established that these two
transporters control secretion of NA in xylem and phloem and thus
play essential role in translocation of Fe and Cu to the seeds. This
study substantially advances our understanding of metal homeostasis
in plants with implications to biofortification efforts.

RESULTS

Identification of NAETs in A. thaliana

Because of lack of endogenous NAS, Saccharomyces cerevisiae (yeast)
is unable to synthesize NA and is expected to lack transporters me-
diating secretion of NA out of the cells. We thus designed a yeast
screening system to identify the genes responsible for NA efflux in
plants (Fig. 1A). We first introduced an NAS gene AhNAS3 from
Arabidopsis halleri into a S. cerevisiae (yeast) strain NMY51 to gen-
erate a yeast strain (NMY51NA) capable of biosynthesizing NA. We
then transformed yeast NMY51NA with 8 genes of the YSL family
and 53 genes of the NPF family (Fig. 1, A and B), which we predicted
to be candidate transporters mediating NA efflux as NA mimics
amino acids or oligopeptides in structure. To identify yeast strains
with the capability to secrete NA, we used an immunological dot
blot approach with anti-NA antibody. To examine the specificity of
the NA antibody we used, we performed a dot blot to detect NA
in the leaves of wild-type and a mutant nas4x-crispr, in which all
four NAS genes were knocked out by the CRISPR-Cas9 technology
(fig. S1). Ultraperformance liquid chromatography—mass spectrometry
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Fig. 1. Identification of NAETs in Arabidopsis by using a yeast system. (A) A flowchart of screening for candidate genes encoding NAETs. Green arrows, Cyc1 promoter;
purple bars, AhNAS3; orange bars, candidate genes; gray and blue bars, protein tags. (B) Phylogenetic tree of the YSL family and the NPF family in A. thaliana. (C) Dot blot
using antibody raised against NA shows the secretion of NA into the medium by NAET1 and NAET2. Dilution factors were shown at the left. (D and E) The NA amount in
the medium (D) secreted from the yeast cells and the NA amount retained in the cells (E). n.d., not detectable. Error bars represent means + SDs (n = 3 independent sam-

ples). The different letters above the bars indicate significant differences at P < 0.01

(UPLC-MS) analysis showed that NA was not detectable in the
nas4x-crispr mutant (fig. S1C), and the dot blot produced the same result
(fig. S1D), confirming that the NA antibody we used is specific to NA.

The dot blot experiment detected NA in the medium cultivating
yeast strains expressing AhNAS3 and an NPF family member NPF5.8
(At5g14940) or its close homolog NPF5.9 (At3g01350), indicating
that the two genes encode proteins facilitating efflux of NA out of
yeast cells (Fig. 1C and fig. S2). The two proteins share 84% similar-
ity, and the sequences of their orthologs in other plant species are
conserved (fig. S3). The NA contents in the growth medium and the
yeast cells were quantified using UPLC-MS. Expression of NPF5.8
or NPF5.9 in NMY51NA leads to a 15-fold increase in NA secretion
to the growth medium (Fig. 1D) and an 80% reduction in the NA
associated with the yeast cells (Fig. 1E). However, the presence of
NPF5.8 or NPF5.9 does not affect the concentration of any other
metals, including Fe, either in the medium or yeast cells (fig. S4).
This suggests that NPF5.8 and NPF5.9 function as NAETs rather
than transporters for metal-NA complexes. We then named the two
transporters NAET1 and NAET2, respectively.

Phenotypes of naet1naet2 in development and

NA homeostasis

To study the physiological roles of NAET1 and NAET2 in A. thaliana,
we generated two knockout mutants in the Col-0 background for
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[one-way analysis of variance (ANOVA)].

each of the genes by using CRISPR-Cas9 technology (fig. S5). The
two mutants, free of the Cas9 construct after segregation, were named
naetl and naet2, respectively. However, neither naetI nor naet2 ex-
hibits any obviously visible phenotypes (Fig. 2, A to E, and fig. S6, A
to C). We then constructed a double-mutant naetInaet2 by crossing
naet] and naet2. The double-mutant naetInaet2 exhibits leaf chlorosis
and retarded growth (Fig. 2A and fig. S6A). Furthermore, naetInaet2
has severe defects in embryo development (fig. S6D), leading to ter-
mination of development of most seeds (Fig. 2, B and C). Even the
seeds of naet1naet2 that are not terminated at the embryo development
stage are abnormal in the shape, color (fig. S6C), and germination
rate (Fig. 2, D and E). NAETI and NAET?2 are therefore functionally
redundant and essential for normal growth and development. The
phenotypes of naet1naet2 are similar to those of the tomato chloronerva
and A. thaliana mutants of nas4x-2 and yslIyls3, which are unable
to synthesize NA or transport metal-NA complexes (5, 13, 22), con-
sistent with the conclusion that NAET1 and NAET?2 are involved in
NA homeostasis.

In addition to the visible phenotypes, we found that the seeds
and flowers of the naet1naet2 double mutant contain 73.6 and 53.7%
lower NA levels than wild type, respectively, whereas the NA con-
tent in naetlnaet2 roots is sixfold higher (Fig. 2F). These data
demonstrate that NAET1 and NAET?2 control translocation of NA
from roots to shoots and/or from shoots to seeds. However, the NA
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Fig. 2. Phenotypes of the naet1, naet2, and naet1naet2 mutants. (A) Representative images of Col-0, naet1, naet2, and naet1naet2 grown on soil irrigated with one-
fourth Hoagland's for 4 weeks. (B) Siliques (left) and developmental seeds (right) of Col-0 and the mutants. The red arrow indicates a plump ovule, while the black triangle
indicates an aborted ovule. (C) The rate of plum ovules (TRPO) in each silique (n = 19). (D) Seed germination of different genotypes on one-half MS medium. (E) Quantifi-
cation of seed germination rates of different genotypes (n = 6). (F to N) The NA (F, G, and H), Fe (I, J, and K), and Cu (L, M, and N) concentration in different organs (F, |, and
L), xylem saps (G, J, and M), and phloem saps (H, K, and N) of Col-0 and naetTnaet2. [n=6 (I to N) and 3 (F to H)]. Error bars represent means + SDs. Statistical differences
were shown in different letters (P < 0.01; one-way ANOVA) or **P < 0.01; Student's t test. Scale bars, 1 cm [(A) and (B), left] and 500 um [(B), right].

contents are not affected in the leaves of naetInaet2 (Fig. 2F). Because
leaves are also an important source organ for NA synthesis (6), un-
changed NA content in the leaves of naetInaet2 might reflect a bal-
ance between a decreased inflow of NA from roots to leaves and a
decreased NA outflow from leaves to flowers and seeds. Consistent
with this, the NA contents in both the phloem and xylem saps are
markedly reduced in naet1naet2, by 84 and 83%, respectively, com-
pared with wild type (Fig. 2, G and H). These data indicate that
NAET1 and NAET?2 control the cellular efflux of NA necessary for
subsequent loading of NA into phloem and xylem.

lonomic phenotype of naet1naet2
NA is an effective chelate for Fe transport at the neutral or slightly
alkaline pH in the phloem because of its high binding affinity and
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stability for Fe(IT) compared to other ligands such as organic acids
(23). Consistent with this, we found that the Fe content in the seeds
of naetlnaet2 is reduced by 75.5% compared with that of wild type
(Fig. 2I). As the shortage of iron in the seeds may be causing the
defects in embryo development and seeds germination, we sprayed
Fe(I[)-EDTA on the flowers and siliques of naetInaet2. This treat-
ment partially rescued these defects (fig. S6E). These data elucidate
that NAET1 and NAET? are required for Fe delivery to the devel-
oping seeds.

In addition to seeds, the translocation of Fe to flowers and young
leaves of naetlnaet2 is also notably impaired, albeit to a lesser de-
gree (Fig. 2I). In contrast, the Fe contents in the old leaves and stems
are not affected or even slightly increased by knockout of NAET1
and NAET?2 (Fig. 2I), indicating that the trafficking of Fe to the sink
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organs, but not the source organs, is controlled by NAET1 and
NAET?2. Consistently, the Fe content in phloem sap collected from
the old leaves of naet1naet2 decreases by 53.6% compared with Col-0,
whereas the Fe content in the xylem sap is not affected (Fig. 2, ] and K).
This is further supported by a reciprocal graft experiment performed
between wild type and naetInate2, which showed that the NAET1
and NAET?2 in the shoots play a major role in the translocation of Fe
to sink organs (Fig. 3A).

In contrast to Fe, the Cu content in the old leaves of naetInate2
is decreased by 51.5% (Fig. 2, L and M), indicating that NAET1 and
NAET?2 are required for Cu translocation from roots to shoots
through the xylem. This is consistent with the Cu(II)-NA complex
being much more stable than Fe(II)-NA in the acidic xylem sap (23).
The larger decrease of Cu accumulation in sink organs of naetInaet2
(Fig. 2L) suggests that NAET' contribute to transport of Cu in both
xylem and phloem. This was supported by the grafting experiment,
which shows that the decrease of Cu in the old leaves is totally driven
by roots, while the roots and shoots both contribute to the Cu trans-
location to the seeds and young leaves (Fig. 3B). In addition, the Cu
contents are decreased by 65.5% in the xylem sap and by 67.7% in
the phloem sap of naetlnaet2 (Fig. 2, M and N), confirming that
NAETS are required for both xylem and phloem transport of Cu.

Cobalt (Co) is another essential micronutrient requiring NAET1
and NAET? for homeostasis. The Co-related phenotypes of naet1naet2
are very similar to that related to Cu (Fig. 3C and fig. S7, A to C). In
contrast, Zn and Ni are not affected in the naetl1naet2 double mutant
(fig. S7, D to I), suggesting that NA is not involved in long-distance

transport of Zn and Ni, contrary to what has been proposed (24, 25).
The differences between previously proposed hypothesis and our
observations may be attributed to the differences in the metal transport
strategies or compensation mechanisms between hyperaccumulators
and nonhyperaccumulators such as A. thaliana.

Expression and subcellular localization of NAET1 and NAET2
Histochemical staining of plants expressing pNAET1::GUS or
PNAET2::GUS reveals that both NAETI and NAET?2 are mainly ex-
pressed in the vascular bundles of roots, leaves, and stems, as well as
in some leaf epidermal and mesophyll cells to a lesser extent (Fig. 4, A
to C, and fig. S8). Cross sections of these tissues show that NAET1
and NAET?2 are mainly expressed in the pericycle and the parenchyma
cells surrounding the xylem and phloem (Fig. 4, D to F). This local-
ization is consistent with NAET1 and NAET2 driving efflux of NA
from cells surrounding the vascular tissue for subsequent loading
into the xylem and phloem. In the leaf veins and the stems, NAET1
and NAET? are preferentially expressed in the parenchyma cells of
the phloem rather than of the xylem (Fig. 4, E and F), suggesting
that the two genes are more important for phloem transport of NA
and metal-NA complexes in the shoot tissues.

We also generated stable transgenic lines expressing pNAET1::NAET1-
GFP or pNAET2::NAET2-GFP in the naetlnaet2 double-mutant
background. Phenotyping of the transgenic lines shows that either
PNAETI1:NAETI-GFP or pNAET2:NAET2-GFP is able to complement
the defects of naetInaet2 in developmental and ionomic phenotypes
(fig. S9), indicating that the green fluorescent protein (GFP) tag
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Fig. 3. lonome changes in different organs of grafted plants between Col-0 and naet1naet2. (A to C) Fe (A), Cu (B), and Co (C) concentration in different grafted
plants. NG, nongrafted plants; SG,self-grafted plants; naet7naet2/Col-0, grafted plants with naet7naet2 as shoot and Col-0 as root. Col-0/naet1naet2, grafted plants with

Col-0 as shoot and naet1naet?2 as root. The values are shown as the means + SDs (n=

P <0.01 (one-way ANOVA with Tukey’s post hoc test).
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6 to 12 independent samples). The different letters indicate significant differences at
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Fig. 4. Expression patterns of NAET7 and NAET2 and subcellular localization of their encoding proteins. (A to C) Representative images of GUS-stained roots (A),
leaves (B), and stems (C) expressing pNAET1::GUS [(A), left; and (B) to (F), top] and pNAET2::GUS [(A), right; and (B) to (F), bottom]. n =6 independent transgenic lines. (D to
F) Cross sections of roots (D), leaves (E), and stems (F) in (A to C). En, endodermis; Co, cortex; Ep, epidermis; Pm, phloem; and Xy, xylem. (G and H) Representative images
of the leaves (G) and the roots (H) of naetTnaet2 expressing pNAET1:NAET1-GFP or pNAET2:: NAET2-GFP. n =6 independent transgenic lines. The right of (H) shows the
enlarged pictures in the white rectangles in the left. (I) NAET1-GFP and NAET2-GFP were aggregated to form BFA bodies after the seedlings in (H) were treated with BFA
for 30 min. Scale bars, 50 um [(A), (F), and (G)], 0.25 cm (B), 1 mm (C), and 20 um [(D), (E), and (H) to (I)1.

does not affect the function of NAET1 or NAET2. The fluorescence
signals in these lines are consistent with the tissue-specific expression
patterns of NAETI and NAET2 revealed by the promoter-driven
B-glucuronidase (GUS) experiment (Fig. 4, G and H). We also ob-
served the subcellular localization of the NAET1-GFP and NAET?2-
GFP. Unexpectedly, the two proteins are not localized to either the
plasma membrane or the tonoplast where other NPF transporters
have been found (20, 26). Instead, they appear to be distributed in
some vesicle-like structures (Fig. 4H and fig. S10, A and B). These
compartments are sensitive to the vesicle trafficking inhibitor
brefeldin A (BFA) (Fig. 41 and fig. S10A), indicating that NAET1
and NAET? are localized in the secretory vesicles.

NA secretion depending on NAETs resembles release

of neurotransmitters

In animals, some neurotransmitters are collected into synaptic ves-
icles by their transporters before being secreted out of the synapses
through vesicle trafficking (27, 28). The vesicular localization of NAET1

Chao et al., Sci. Adv. 2021; 7 : eabh2450 3 September 2021

and NAET?2 inspired us to test whether cellular efflux of NA is me-
diated by a presynaptic vesicle-like mechanism. We found that the
intracellular NA is distributed in the vesicle-like compartments in
wild type (Fig. 5A), which is consistent with previous observations
made using immunoelectron microscopy (17). In contrast, the NA
distribution is dispersed evenly in the cytoplasm in the naetlnaet2
double mutant (Fig. 5A), while the fluorescence signal was not de-
tectable in the nas4x-crispr mutant (fig. S1E), further confirming the
specificity of the NA antibody. Further examination of the NA dis-
tribution in the transgenic lines expressing NAET1-GFP or NAET2-
GFP revealed that the intracellular NA compartments overlap with
the endosomal vesicles where NAET1-GFP and NAET2-GFP are
localized (Fig. 5B). These data indicate that NAET' function mainly
in collection of NA into the endosomal vesicles, which is subsequently
secreted. A 30-min BFA treatment is able to notably suppress
unloading of NA into the phloem sap and the xylem sap (Fig. 5,
C and D), further supporting the major role of exocytosis rather
than plasma membrane transporters in secretion of NA. Of course,
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Fig. 5. NAET1 and NAET2 transport NA into synaptic-like vesicles. (A) Intracellular distribution of NA in the leaf epidermal cells of Col-0 and naet1naet2 revealed by an
immunofluorescence assay with the anti-NA antibody. (B) Colocalization of NA with NAET1 and NAET2 in synaptic-like vesicles. Immunostaining with the anti-NA
antibody was performed in leaf epidermal cells of the transgenic lines expressing pNAET1::NAET1-GFP or pNAET2::NAET2-GFP. Images are representative of six indepen-
dent lines. Fluorescence from the secondary antibody (magenta) and the GFP (green) are shown. (C and D) Effects of a 30-min BFA treatment on NA contents in xylem sap
(C) or phloem sap (D) of Col-0 and naet1naet2. (E) Subcellular localization of NAET1-GFP and NAET2-GFP in yeast cells. (F) A kinetic analysis of NAET1 and NAET2 in the
vesicles isolated from S. cerevisiae expressing NAET1 and NAET2. Error bars represent means + SDs. n =3 independent samples. **P < 0.001 (Student’s t test). Scale bars,

20(A) and 10 um (B).

we do not mean to totally exclude the possibility that transient lo-
calization of NAET1 and NAET2 in plasma membrane might also
contribute, although very little, to the secretion of NA.

We found that NAET1 and NAET?2 expressed in yeast also localize
to vesicle-like compartments (Fig. 5E), suggesting that the two trans-
porters mediate efflux of NA from the yeast via the same mechanism
as that in plant. By using the microsomal vesicles isolated from the
NMY51 strain expressing NAETI or NAET2, we uncovered that the
NAET1 and NAET? transport NA from the incubation solution to
microsomes in a dose-dependent manner (Fig. 5F). The Michaelis
constant (Ky,) values of NAET1 and NAET?2, estimated from the fitted
Michaelis-Menten equations, are about 98 and 93 uM, respectively,
establishing that both NAET1 and NAET?2 are NA transporters in
the vesicles.

Combining all the results, we therefore proposed a model that
NAETSs mediate secretion of NA to regulate metal homeostasis in
A. thaliana (Fig. 6). In the vascular cells, cytoplastic NA is first
transported into secretory vesicles by two NAET proteins, and then
the vesicles release NA through exocytosis to create an apoplastic
NA pool. In the root xylem, Cu and Co are complexed by apoplastic
NA, and these metal-NA complexes are migrated to the shoot along
with the xylem sap flow. In the shoot phloem, the near-neutral pH
environment allows formation of metal-NA complexes for Fe, Cu,
and Co, and these metal-NA complexes are loaded into sieve tube
by YLS1/3 for long-distance transport to sink organs (Fig. 6).
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DISCUSSION

The metabolite NA is ubiquitous in the plant kingdom and plays in-
dispensable roles in plant metal homeostasis. Defective in NA syn-
thesis or transport of metal-NA complexes results in a series of defects
including leaf chlorosis and decreased fertility (5, 14, 22). Genes
involved in NA synthesis and loading metal-NA complexes into
phloem have been identified or implicated for a couple of decades
(5, 22), but the missing link of the NA-mediated metal homeostasis
is that how NA is secreted out of the cells. Identification of NAET1
and NAET?2 here addresses this long-sought mystery. This study,
together with previous data, established that cytoplasmic NA is first
collected into a type of secretory vesicles by NAET1 and NAET2
and is then secreted through exocytosis to the apoplastic space, where
NA meets free metal ions or exchanges metals with other metal che-
lates to form the metal-NA complexes. The metal-NA complexes in
the apoplastic space are next transported into phloem by the influx
metal-NA transporters.

NA has an ideal structural feature to form stable complexes with
metal ions, such as Fe**, Cu®*, and Co?", in neutral or near-neutral
pH environments like phloem and is thus believed to be almost the
exclusive chelator for these metals in the phloem (10, 23). Under
low-pH conditions like xylem, Fe(II)-NA tends to be dissociated but
Cu(II)-NA is still very stable (23). Therefore, NA is also believed to
be required for translocation of Cu through xylem. Consistent
with these hypotheses, both Fe and Cu were found to be notably
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Fig. 6. Proposed functional mechanism of NAET1 and NAET2 in metal homeostasis of A. thaliana. (A to C) Functions of NAET1 and NAET?2 at cell (A), tissue (B), and
organ (C) levels. Cytoplastic synthesized NA is transported into secretory vesicles by NAET proteins, followed by secretion to the apoplastic space through exocytosis for
forming metal-NA complexes. In the root xylem, Cu and Co are complexed by the secreted NA, followed by migration to the shoot along with the xylem flow. The metal-
NA complexes for Fe, Cu, and Co are able to be formed in the apoplastic space of the shoot phloem and can be loaded into phloem cells by YLS1/3 for long-distance
transport to sink organs. Red arrows indicate the xylem flow and blue arrows indicate the phloem flow. NA, metals, metal-NA complexes, NAETSs, YSLs, and OPT3 are

shown in the figure as indicated.

decreased in the sink organs of the tomato chloronerva (chin) mu-
tant, but only Cu rather than Fe is decreased in the old leaves of
chloronerva (29, 30). The A. thaliana NA synthesis mutant nas4x-2
is also impaired in Fe translocation to sink organs, but the Cu con-
tent was not found to be affected in nas4x-2 (5, 6), probably reflect-
ing complexity of metal homeostasis. YSL1 and YSL3 in A. thaliana
were proposed to translocate metal-NA complex into phloem pa-
renchyma cells (13). The double-mutant ysiIysi3 displays interveinal
chlorosis and has decreased fertility, similar to chln and nas4x-2. The
ion phenotype of ysl1ysl3 is more similar to chln rather than nas4x-2,
as ysllysl3 accumulates notably less Fe and Cu in sink organs
(13, 14). The naetlnaet2 double mutant exhibits an excellent phe-
nocopy of yslIysl3 in sink organ ions, probably because YSLs are very
likely to literally pick up metal-NA in the phloem where the NAET's
leave off NA. However, a difference between ysl1ysl3 and naetInaet2
is that the latter accumulates notably lower Cu in the aged leaves,
while the former accumulates higher (31). This can be explained that
YSLs only control metal-NA uptake in the phloem, while NAET' control
NA release in both phloem and xylem. In addition, AtOPT3 and
BdYSL3 were reported to mediate free metal ions transport in vitro and
mediate ion loading into the phloem companion cells and delivery
to seeds (32, 33), reflecting the flexibility and complexity of metal
transport.

NAET1 and NAET2 are two members of the NPF family (34), which
belongs to an important part of the MFS. In animals, NPF members
were first identified as oligopeptide transporter (PTR) proteins in-
volved in the uptake of di- and tri-peptides (35). Their homologs in
plants were initially characterized as nitrate or peptide transporters
(18). However, in recent years, some other substrates of them were
also found, namely, glucosinolates, auxin, abscisic acid, jasmonates,
and gibberellins (20, 21, 26, 36, 37). Here, we identified NA as a
previous unidentified substrate of the NPF family. Previously, trans-
porters mediating NA secretion in the vascular tissues were most con-
sidered to be TOM1/ENA1-like proteins or YSL family members
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(11, 15), but our study demonstrated that it is not the case. During evo-
lution, flexibility within the NPF family might allow the transport of
these small-molecule substrates sharing structure similarities (21).
Given that NA shares similarity with small peptides, it is expected
that NA transporters were evolved from the peptide transporters.

All the transporters characterized and described previously in NPF
family are, or are thought to be, plasma membrane localized or to-
noplast localized (18, 26, 38). However, NAET1 and NAET?2 are
localized to the secretory vesicles. This localization revealed a previous
unknown mechanism for small-molecule secretion in plants. This
secretory transport mechanism is previous unidentified in plants and
is similar to neurotransmitter exocytosis through synaptic vesicles in
animals (27, 39). Structural analysis of these proteins in the future
should help understand the molecular basis of the selectivity and
the subcellular localization of these two transporters.

Overall, the identification of two NPF/PTR family proteins as NAETs
addresses a fundamental question in plant nutrition unresolved for
a long time regarding how the essential metal chelator is unloaded
to the phloem and xylem for the long-distance transport of iron and
copper and highlights the importance of NA and its transporters in
plant nutrition. The NPF family transporters have been found to play
essential and diverse roles in all major kingdoms of life (18, 20, 35).
This finding uncovers a previous unidentified role of the NPF family
transporters and provides potential targets for biofortifying crops
with enhanced Fe content for human nutrition. We have also found
a transport mechanism in plant resembling neurotransmitter release
in animal. We suggest that a similar mechanism using synaptic-like
vesicles may be used for the delivery of other substances in plants.

MATERIALS AND METHODS

Plant material and growth conditions

The plants used for elemental analysis were grown in a climate-controlled
room with growth conditions as previously described (40). The
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plants were bottom watered twice a week with modified 0.25x
Hoagland’s Type II with 10 uM Fe-HBED [N,N’-bis(2-hydroxyphenyl)
ethylenediamine-N,N’-diacetic acid] (40). To obtain viable seeds
from naetlnaet2, 150 uM Fe-HBED and 10 uM CuCl, and 10 uM
CoCl, were sprayed to the flowers and siliques when the plants
were flowering.

For hydroponic culture, seeds of A. thaliana (Col-0 and naet1naet2)
were stratified for 3 days at 4°C in water and then put on a pipe cover
with a pore in the middle of a 1.5-ml Eppendorf tube containing
Hoagland solution for 14 days in a chamber at 22°C, 70% relative
humidity, and light intensity of 80 umol m s ™" on 8-hour light/16-hour
dark, as previously described (40). The seedlings together with caps were
then transferred to a new box containing Hoagland solution for growing
five additional weeks. The medium was refreshed every 4 days.

Vector construction

To generate the mutants of naetl and naet2, single guide RNAs
(sgRNAs) targeting NAET1 (GCTGGAGGAGAGAAAAGAAG) and
NAET2 (GATTTAGAACAGAAGACAAG) were inserted into the
binary vector pHEE401 according to the method as described pre-
viously (41). To generate the mutant of nas4x-crispr, sgRNAs targeting
NASI (CTCACATCCATCGTATTGGC), NAS2 (ATGTCCCGAC-
CAAAGTCGCC), NAS3 (GGGTTGCCAAGACGAACAAT), and
NAS4 (TAAAGCCTTGTGAAGATGTC) were designed and in-
serted into the same vector pHEE401. To construct the expression
vectors pNAET1::NAET1-GFP and pNAET2:NAET2-GFP, a 5.1-kb
genomic DNA fragment of NAETI and a 4.8-kb genomic DNA
fragment of NAET?2 (each fragment includes a 2-kb promoter and
gene body with stop codon removed) were amplified from Col-0 ge-
nomic DNA using the primers NAETs-GFP-F/NAETs-GFP-OV-R. The
GFP fragment was amplified using the primers GFP-NAETs-OV-F/
GFP-R. Thereafter, each genomic fragment and the GFP fragment
were fused by overlapping polymerase chain reaction (PCR) with
the primers NAETs-GFP-F and GFP-R. Each fused fragment was
inserted into the cloning site between Hind III and Pst I of the binary
expression vector pHMS (42) by using the Hieff Clone One Step PCR
Cloning Kit (Yisheng Co. Ltd., Shanghai, China).

To construct the pNAET1:GUS and pNAET2:GUS vector, the
NAETI and NAET?2 promoters were amplified from Col-0 genomic
DNA by using primer pairs of NAET1-GUSF/NAET1-GUSR and
NAET2-GUSF/NAET2-GUSR. The fragments were inserted into
the cloning site between Hind III and Sal I of the binary vector
pCAMBIA1303 to drive uidA expression. To construct the transient
expression vectors of pA7-NAETI1-GFP and pA7-NAET2-GFP, the
coding regions of NAETI and NAET2 were amplified by primer
pairs of NAET1-Xho I/NAET1-Sal I, and NAET2-Xho I/NAET2-
Sal 1, respectively. The fragments were cloned into the 5’ cloning
site between Xho I and Sal I of the vector pA7-GFP. To construct
the transient expression vectors of pA7-GFP-NAET1 and pA7-GFP-
NAET?2, the coding regions of NAET1 and NAET2 were amplified
by primer pairs of NAET1-Xba I/NAET1-Bam HI and NAET2-
Xba I/NAET2-Bam HI, respectively, and the fragments were cloned
into the 3’ cloning site between Xba I and Bam HI of the vector
pA7-GFP.

For construction of the yeast expression vector pPR3-AhNAS3,
the coding region of AhNAS3 was amplified from A. halleri com-
plementary DNA (cDNA) by using the primers AhNAS3-F and
AhNAS3-R. The amplified fragment was cloned into the cloning site
between Eco RI and Bam HI of the yeast expression vector pPR3-N. For
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construction of the pBT3 candidates, the coding region of each gene
was amplified from Col-0 cDNA using the primers as listed in data
file S2. Each of the fragments amplified was inserted into the clon-
ing site between Hind III and Pst I of the yeast expression vector
pBT3-STE. To construct the vectors of pYES2-NAET1-GFP and
pYES2-NAET2-GFP, the fragments of NAET1-GFP and NAET2-
GFP were amplified from the vectors of pA7-NAET1-GFP and pA7-
NAET2-GFP by using primers pYES2-NAETs-F and pYES2-GFP-R,
and the fragments were cloned into the cloning site between Hind
III and Xba I of the vector pYES2. All the primers used were listed
in data file S2.

Phylogeny

Protein sequences for plant NPF and YSL family members
were retrieved from the public plant genome database Gramene
(www.gramene.org). Phylogenetic relationships were inferred
using the neighbor-joining method and was computed using the
Poisson correction method. Phylogenetic analyses were conducted
using the Molecular Evolutionary Genetics Analysis X software
(www.megasoftware.net).

A. thaliana grafting

Reciprocal grafting was performed as described previously (43). After
the graft unions were established, the grafted plants were examined
under a stereoscopic microscope before being transferred into soil
to observe the formation of any adventitious roots from the graft
unions or above. Fine grafted plants were transferred to potting mix
soil and grown in the controlled environment described above. The
leaf, flower, and seeds were harvested for elemental analysis after
the plants were grown in soil for 4, 8, and 10 weeks, respectively.
When being harvested, the plants were examined again to exclude
those with adventitious roots or without a clear graft union from
the subsequent analysis.

Collection of xylem sap and phloem exudates

For collection of xylem sap, plants were grown in hydroponic culture
for 7 weeks. After all rosette leaves were removed, the inflorescence
stems were cut using a sharp razor, and xylem sap was collected
within 4 hours as described (44). BFA is a vesicle trafficking inhibitor
and inhibits the function of adenosine 5’-diphosphate-ribosylation
factor guanosine triphosphatases by interacting with their associated
guanine nucleotide exchange factors and thereby results in mem-
branous aggregates known as BFA compartments (45). For BEA-treated
plants, xylem sap was collected within 30 min.

Phloem exudates were collected by using the EDTA-facilitated
method as previously described with some modifications (46). Briefly,
whole rosettes of 5-week-old plants grown in artificial soil were re-
moved from the root using a sharp razor and immersed in deion-
ized water before individual leaves were detached at the petiole.
Four (eight for the BFA treatment experiment) leaves (the ninth
and 10th) collected from two plants (four plants for BFA treatment
experiment) were pooled together with the petioles put in a 1.5-ml
tube filled with deionized water. The samples were then put in a box
covered with cling film to keep a high humidity and incubated in an
illuminated growth chamber for 15 min to flash of xylem sap. The
petioles were then recut under 5 mM Na,-EDTA (pH 7.5) under
low light and were placed in 250 pl of 5 mM Na,-EDTA (pH 7.5) for
incubation in darkness for 1 hour (30 min for the BFA treatment
experiment) in a high-humidity box.
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Elemental analysis

The elemental analysis was conducted by inductively coupled plasma
MS (ICP-MS) as previously described (47). The plant samples were
rinsed with 18.2-megohm Milli-Q Direct Water (Merck Millipore)
for four times, and the yeast samples were first rinsed with 1 mM
EDTA followed by rinsing with 18.2-megohm Milli-Q Direct Water
for four times. Then, the rinsed samples were placed into Pyrex test
tubes (16 x 100 mm) to dry in an oven at 65°C for 24 hours. After
weighing 12 samples (these weights were used to calculate the weights
of rest of the samples), the trace metal-grade nitric acid Primar Plus
(Fisher Chemical) spiked with indium internal standard was added
to the tubes (1 ml per tube). The samples were then digested in a
block heater (DigiPREP MS, Seigniory Chemical Products (SCP)
Science, QMX Laboratories, Essex, UK) at 115°C for 4 hours. The
digested samples were diluted to 10 ml with 18.2-megohm Milli-Q
Direct Water (Merck Millipore). The liquid samples including xylem
sap, phloem sap, and yeast secrets in the water were diluted with
1.7 ml of 5% HNO; for subsequent detection. Elemental analysis
was performed using an ICP-MS (NexION 350D, PerkinElmer,
USA) coupled with an Apex desolvation system and an SC-4 DX
autosampler (Elemental Scientific Inc., USA). Twenty elements (Li,
B, Na, Mg, P, S, K, Ca, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Mo,
and Cd) were monitored. All the solid samples were normalized
with a heuristic algorithm using the best measured elements as pre-
viously described (40). Further data processing was performed us-
ing Microsoft Excel spreadsheet.

Detection of NA
Extraction and qualification of NA from plant and yeast samples fol-
lows the procedures as previously described (48). Briefly, ~100 mg
of fresh samples was ground in liquid nitrogen and extracted with
300 pl of ultrapure water at 80°C with shaking for 30 min, followed
by 20-min centrifugation (13,400g) at 4°C. The supernatant solu-
tion was transferred to centrifuge tubes with filters (0.22 um) and
further centrifuged for 10 min at 13,400g. The filtered supernatant
solution was determined in an UPLC-MS (QTRAP 6500+, AB SCIEX)
using a Thermo Hypercarb C18 column (150 mm by 2.1 mm, 5 pm;
Thermo Fisher Scientific, USA) with an amino acid analysis kit.
Solvents were water (A) and acetonitrile (B), both acidified with
0.1% (v/v) formic acid. The NA contents in liquid samples includ-
ing xylem sap, phloem sap, and yeast culture solution were mea-
sured with the same procedure except sample grinding. Chemically
synthesized NA (Cayman Chemical, USA) was used as a standard.
For detection of NA by dot blot, custom affinity-purified poly-
clonal anti-NA antibodies were produced by Youke Biotechnology
Co. Ltd. (Shanghai, China). More than 5 mg of keyhole limpet
hemocyanin-coupled NA was used to immune two rabbits for four
times, and the antiserum was purified by bovine serum albumin
(BSA)-coupled NA. For dot blot, 2 pl of each sample was spotted on
Nytran nylon membrane (0.45 pm) and allowed to dry for 5 min. A
mixed amino acid standard (Sigma-Aldrich, USA) was used as neg-
ative control. The membrane was then blocked in TBST buffer
[50 mM tris-Cl (pH 7.6), 150 mM NaCl, and 0.5% Tween 20] with
5% (w/v) milk at room temperature for 2 hours. Following that the
membrane was washed three times with TBST buffer and incubated
with anti-NA antibody in TBST overnight at 4°C. The membrane
was then washed three times again with TBST and incubated with
goat anti-rabbit immunoglobulin G-horseradish peroxidase (HRP)
(Abmart Co. Ltd., Shanghai) at room temperature for 1 hour. Next,
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the membrane was washed three times again, followed by incubation
with the Immobilon Western Chemiluminescent HRP Substrate
(Millipore). The blot signals were examined by the Tanon 5200
Chemiluminescent Imaging System (Tanon Co. Ltd., China).

Immunostaining of NA

Immunostaining of NA was performed following the method de-
scribed previously (49), with modifications. In brief, 7-day-old seed-
lings were fixed in fixation buffer [4% formaldehyde, 0.02 Triton
X-100, 5% dimethyl sulfoxide (DMSO), 60 mM Pipes, 25 mM Hepes,
10 mM EGTA, and 2 mM MgCl, (pH 6.9)] for 1 hour and then
washed three times with 5% DMSO in PHEM buffer [60 mM Pipes,
25 mM Hepes, 10 mM EGTA, and 2 mM MgCl, (pH 6.9)]. Subse-
quently, the seedlings were digested in 1% cellulose and 0.3% pectinase
at 37°C for 30 min to remove cell walls, followed by washing with
PHEM bulffer. The seedlings were then put into PHEM buffer with
1% Triton X-100, 5% DMSO, and 3% BSA (w/v) at 37°C for 30 min.
After washing again with PHEM bulffer, the seedlings were put into
phosphate-buffered saline (PBS) buffer [10 mM Na,HPO,, 1.8 mM
KH,POy, 2.7 mM KCl, and 137 mM NaCl (pH 7.4)] with 1:500 diluted
anti-NA antibody (Abmart Co. Ltd., Shanghai) and incubated over-
night at 4°C. Then, the seedlings were washed for five times with PBS
buffer and incubated with the secondary antibody (Transgene, China),
which was diluted 1:500 in PBS buffer for 1 hour at 37°C. After washing
four times in PBS buffer, the seedlings were then observed using a
confocal laser scanning microscope (TCS SP8 STED 3X, Leica).

Cell imaging

The cellular fluorescence was all observed under the Leica TCS SP8
confocal laser scanning microscope. To observe the GFP signals, an
excitation wavelength of 488 nm from an argon laser was used, and
the emission signal was detected at 500 to 550 nm. For immunos-
taining of NA, the secondary antibody labeled with Alexa Fluor 405
(Abmart Co. Ltd., Shanghai) was stimulated by 405-nm argon laser
and observed at 421 to 450 nm. For propidium iodide fluorescence,
the fluorescence excitation and emission wavelengths were 561 and
610 to 630 nm, respectively.

GUS histochemical staining was performed as previously de-
scribed (50). Pictures were taken for the tissues with GUS signals
under a stereo microscope (SMZ1500, Nikon, Japan) or a differen-
tial interference contrast (DIC) microscope (ECLIPSE Ni, Nikon,
Japan). The ovules were observed under the stereo microscope, and
the embryos were observed under the DIC microscope after cleared
in chloral hydrate/glycerol/water (8:1:3) mixture for 2 days. The
mature seeds of Col-0 and the mutants were also observed under a
scanning electron microscope (Merlin Compact, Zeiss, Germany).

Chemical treatment

To observe the effect of BFA treatment on subcellular localization
of NAET1 and NAET2, 7-day-old Arabidopsis seedlings were cul-
tured with 50 uM BFA for 30 min and then subjected to observation
under a confocal laser scanning microscopy (Leica TCS SP8). To
examine the effect of BFA treatment on NA secretion into xylem,
7-week-old plants grown in hydroponics were transferred to a new
box with 50 uM BFA in hydroponic culture solution, the stems were
then immediately cut, and xylem sap was collected within 30 min.
To examine the effect of BFA treatment on NA secretion into phlo-
em, the leaves were infiltrated with 50 uM BFA or control solution
(0.1% DMSO) just before collection of the phloem sap.
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Plant and yeast transformation

For stable transformation of Arabidopsis plants, binary vectors were
first transformed into the Agrobacterium tumefaciens strain GV3101
and then introduced plants using the floral dip method (5I). For
transient expression of genes in Arabidopsis protoplasts, vectors were
transferred into protoplasts of Col-0 following methods as described
previously (52). For transient expression of genes in Nicotiana
benthamiana leaf epidermal cells, the expression vectors were first
transformed into GV3101, and then leaves of 4-week-old plants
were infiltrated with corresponding strains. At 36 hours of injec-
tion, signal was observed under a confocal laser scanning microsco-
py (Leica TCS SP8). Yeast transformation was performed by using
the lithium acetate transformation procedure, as described in the
Yeast Protocols Handbook (Clontech).

Transport activity analysis

The transport activities of NAET1 and NAET?2 were examined by
using microsomes isolated from yeast strain NMY51 expressing
PYES2-NAET1I or pYES2-NAET?2. In brief, yeast cells in the expo-
nential growth phase were collected by centrifugation and digested
with lyticase (1000 U/g fresh weight cells; Yeasen Biotechnology),
and then microsomal vesicles were isolated as described previously
(53). To perform the transport activities, the microsomes obtained
were resuspended in transport buffer [3 mM adenosine 5’-triphosphate,
5 mM MgCl,, 10 mM creatine phosphate, creatine kinase (16 U/ml),
BSA (1 mg/ml), 100 mM KCl, and 25 mM tris-MES (pH 7.4)] at
room temperature. Different concentrations of NA were added in
the microsomes, and the mixes were incubated for a time as indicated
in the main text at 25°C. After the incubation was ended, each reac-
tion was immediately transferred to an ultracentrifuge tubes with ice-
cold washing buffer [100 mM KCl and 25 mM tris-MES (pH 7.4)]
and centrifuged at 4°C for 1 hour in 100,000g. The microsome pellet
was washed two more times in the same condition before NA analysis.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abh2450

View/request a protocol for this paper from Bio-protocol.
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