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ABSTRACT

Iron (Fe) transport and reallocation are essential to Fe homeostasis in plants, but it is unclear how Fe

homeostasis is regulated, especially under stress. Here we report that NPF5.9 and its close

homolog NPF5.8 redundantly regulate Fe transport and reallocation in Arabidopsis. NPF5.9 is highly

upregulated in response to Fe deficiency. NPF5.9 expresses preferentially in vasculature tissues and local-

izes to the trans-Golgi network, and NPF5.8 showed a similar expression pattern. Long-distance Fe

transport and allocation into aerial parts was significantly increased in NPF5.9-overexpressing lines. In

the double mutant npf5.8 npf5.9, Fe loading in aerial parts and plant growth were decreased, which were

partially rescued by Fe supplementation. Further analysis showed that expression of PYE, the negative

regulator for Fe homeostasis, and its downstream target NAS4 were significantly altered in the double

mutant. NPF5.9 and NPF5.8 were shown to also mediate nitrate uptake and transport, although nitrate

and Fe application did not reciprocally affect each other. Our findings uncovered the novel function of

NPF5.9 and NPF5.8 in long-distance Fe transport and homeostasis, and further indicated that they possibly

mediate nitrate transport and Fe homeostasis independently in Arabidopsis.
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INTRODUCTION

Iron (Fe) is an essential microelement for plant growth and devel-

opment. It is involved in photosynthesis, nitrogen fixation, and

other important physiological metabolic processes (Riaz and

Guerinot, 2021). Although Fe is abundant in soil, it mainly

presents as insoluble Fe3+, which is difficult for plants to

acquire, especially in alkaline soil. Higher plants have evolved

two strategies to acquire Fe from soil. Nongraminaceous plants

adopt the reduction-based mechanism, referred to as strategy

I, in which H+-ATPase secretes protons into the rhizosphere to

acidify the soil, thus improving the solubility of Fe3+. It is esti-

mated that Fe solubility increases up to 1000-fold for each unit

decrease in pH (Santi and Schmidt, 2009). Fe3+ is reduced to

more bioavailable Fe2+ by the reductase FERRIC CHELATE

REDUCTASE (FRO2) and then absorbed into roots by the Fe2+

transporter IRT1. Fe deficiency also induces the secretion of

phenolics such as coumarin to increase Fe solubility (Siso-

Terraza et al., 2016). Fe3+ could also be reduced to Fe2+ by
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plasma membrane-localized FRO2 (Connolly et al., 2003) and

then translocated into root epidermal cells via the high-affinity

Fe2+ transporter IRON-REGULATED TRANSPORTER1 (IRT1)

(Vert et al., 2002). Graminaceous plants employ strategy II, in

which mugineic acids released to the rhizosphere by the

deoxymugineic acid efflux transporter TOM1 directly chelate

Fe3+ to increase Fe solubility (Nozoye et al., 2011), and

YELLOW STRIPE-LIKE (YSL) protein is responsible for transport

of the Fe(III)–mugineic acid complex (Inoue et al., 2009).

It was considered that Fe was translocated only in chelation

form, such as with citrate and nicotianamine (NA) (Curie

et al., 2009). FERRIC REDUCTASE DEFECTIVE 3 (FRD3) is

responsible for transporting the Fe3+–citrate complex to the
nications 2, 100244, November 8 2021 ª 2021 The Author(s).
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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xylem in Arabidopsis thaliana (Green and Rogers, 2004;

Roschzttardtz et al., 2011). OLIGOPEPTIDE TRANSPORTER 3

(OPT3) facilitates Fe recirculation from the xylem to the

phloem and regulates shoot-to-root Fe signaling (Mendoza-

Cozatl et al., 2014; Zhai et al., 2014). AtYSL2 is responsible

for the movement of Fe through the vascular system

(DiDonato et al., 2004), AtYSL1 and AtYSL3 are responsible

for Fe redistribution in senescent leaves (Waters et al., 2006;

Chu et al., 2010), and AtYSL4 and AtYSL6 are located to

internal cellular membranes and affect the subcellular transfer

of Fe or Fe–NA (Conte et al., 2013; Divol et al., 2013). ZIF1, a

homolog of TOM1 in Arabidopsis, is located in the vacuolar

membrane and speculated to transport NA from cytoplasm to

vacuoles, suggesting that NA is involved in the subcellular

distribution and interorgan distribution of Fe. Interference in

NA transport may have profound effects on Fe use efficiency

(Haydon and Cobbett, 2007; Haydon et al., 2012).

The uptake and transport of Fe are also widely affected by other

mineral elements. Nitrate has been found to induce Fe-deficiency

chlorosis (Smolders et al., 1997). When Fe supply is not adequate,

nitrate inhibits the Fe3+–chelate reductase activity in roots but does

not affect the uptake capacity for Fe2+ (Nikolic et al., 2007). NO3
�

accumulation also increases rhizosphere pH, resulting in chlorotic

symptoms (Zhao and Ling, 2007), as roots exude OH� and HCO3
�

ions during NO3
� uptake (Nikolic and Romheld, 2003), or

alkalinizes the rhizosphere through the H2O2-dependent routes

of root oxidation ability and phenylpropanoid metabolism (Chen

et al., 2018), thus decreasing Fe acquisition. Nitrate reductase

can reduce Fe3+–citrate and promote Fe2+ translocation and

assimilation in plants under conditions of pH 5.5–6.0, which is

independent of the process of nitrate reduction in the cytoplasm

(Smarrelli and Castignetti, 1988). Further studies demonstrated

that NO reduced from NO3
� by nitrate reductase can enhance

the expression of Fe acquisition genes to mediate metal

acquisition (Zhai et al., 2016). 20-Deoxymugineic acid promotes

growth of rice by orchestrating Fe and nitrate uptake processes

under high pH conditions (Araki et al., 2015). Moreover, it

has been reported that the nitrate sensor NRT1.1 may regulate

the acquisition of Cd and Fe (Munos et al., 2004; Mao et al.,

2014), and the mutation of NRT1.1 enhanced tolerance to

Fe deficiency, possibly because less NO3
� accumulation

decreased the FIT (Fe-deficiency-induced transcription factor 1)-

dependent Fe acquisition through a feedback mechanism (Liu

et al., 2015).

The current research identified and functionally characterized

the NPF5.9/At3g01350 gene (Leran et al., 2014), which is

strongly responsive to Fe starvation. Our study revealed that

NPF5.9 preferentially expresses in vascular tissues and

localizes to the trans-Golgi network. NPF5.9 overexpression

led to leaf chlorosis and enhanced Fe translocation from

roots to shoots. In vitro assay detected Fe2+ and Fe–NA

transport activity for NPF5.9 in yeast. A significant phenotype

was not observed in the single mutant npf5.9 or npf5.8,

but the double mutant npf5.8 npf5.9 showed apparent

alteration in Fe accumulation as well as plant growth and

development that can be partially rescued by Fe application.

Interestingly, both transporters also mediate nitrate transport,

but those Fe-related phenotypes are independent of nitrate

availability.
2 Plant Communications 2, 100244, November 8 2021 ª 2021 The
RESULTS

NPF5.9 is highly upregulated under Fe starvation

The interaction between nitrogen and iron nutrition is an inter-

esting topic, but the mechanism is not well understood. To inves-

tigate the cross talk, we identified an NPF (NRT1/PTR family)

gene, NPF5.9, which was strongly induced by iron deficiency

through microarray data available in Genevestigator (https://

genevestigator.com). Further experimental evidence showed

that, comparedwith the control,NPF5.9 expression was elevated

by around 10 times in both roots and shoots treated with Fe star-

vation for 3 days (Figure 1A). Tissue level determination ofNPF5.9

expression showed that it is generally low in all the tissues

examined, but relatively high expression was observed in roots

and flowers of 4-week-old plants (Figure 1B). Similarly, the b-

glucuronidase (GUS) activity of NPF5.9pro:GUS transgenic

plants was obviously enhanced under �Fe conditions

(Figure 1C). The spatiotemporal expression analysis indicated

that NPF5.9 expression was detected mainly in the vasculature

at seedling stage (Figure 1D). Cross sections of roots further

indicated that NPF5.9 was expressed specifically in pericycle

cells (Figure 1E). At the mature stage, NPF5.9 expression was

detected in vascular tissues of leaves (Figure 1F). High-level

expression was also detected in flowers, specifically in the

upper part of the sepals (Figure 1G) and all over the anthers

(Figure 1H), consistent with the qRT-PCR results (Figure 1B).

NPF5.9 showed colocalization with TGN marker SYP61

To investigate the distribution of NPF5.9, we first determined the

subcellular localization of an NPF5.9-GFP fusion protein in trans-

genic lines harboring 35S:NPF5.9-GFP, and the fluorescence of

NPF5.9-GFP showed punctate distribution in the cytoplasm

(Figure 2A). Moreover, the dot-like fluorescence was also

observed in the vasculature of transgenic plants harboring

NPF5.9pro:NPF5.9-GFP (Figure 2B). To further determine in

which organelle(s) the punctate distribution of NPF5.9 might

localize, we performed transient coexpression of NPF5.9-eYFP

with organelle markers in Arabidopsis protoplasts. The results

indicate that NPF5.9 (35S::NPF5.9-eYFP) was colocalized with

AtSYP61 (35S::AtSYP61-mRFP), a trans-Golgi network (TGN)–

localization marker (Figure 2B), suggesting that NPF5.9 is likely

localized to the apparatus TGN.

Overexpression of NPF5.9 enhanced Fe translocation to
aerial tissues

To evaluate the functional role of NPF5.9 in Fe starvation, we

first analyzed NPF5.9-overexpressing lines OE5.9-1 and OE5.9-

2 (Supplemental Figure 1A and 1B). NPF5.9 overexpression

caused chlorosis in young leaves (Figure 3A). When grown on
1/23 MS plates with regular Fe, the rosette size of the

overexpressing lines was bigger than that of the wild type

(Figure 3A, top), and higher Fe content in young leaves was

observed in the overexpressing lines (Figure 3B). When a high

level of Fe was added, leaf chlorosis was aggravated and

rosette size was apparently reduced in OE5.9-1 and OE5.9-2

compared with Col-0 (Figure 3A, bottom). Furthermore, Fe

overaccumulation was also detected in old leaves of OE5.9-1

and OE5.9-2, indicating that Fe overloading into aerial parts

occurred and might have resulted in stress under high Fe

supply (Figure 3B). Consistently, Fe contents in OE5.9 plant
Author(s).
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Figure 1. NPF5.9 expression upon Fe deficiency.
(A) qRT-PCR determination of NPF5.9 expression in seedling shoots and roots under Fe deficiency. Five-day-old seedings were transferred to medium

with (+) or without (�) Fe and grown for 3 days before sampling. Asterisks indicate statistical difference (***P < 0.001, Student’s t-test).

(B) qRT-PCR analysis of NPF5.9 expression in the root, stem, leaf, flower, and silique. Tissues were harvested from 4-week-old Col-0 plants grown in

hydroponic medium. qRT-PCR data were normalized to Actin2.

(C) GUS staining of NPF5.9 pro:GUS transgenic plants in seedlings treated with (mock) or without (�Fe) 2 mM Fe for 24 h.

(D–H) GUS staining in seedlings (D), root pericycle cells (E), leaves (F), flower (G), and anthers (H) of transgenic NPF5.9 pro:GUS plants. Values are the

mean ± SD, n = 6 in (A), 3 in (C).

Bars, 1 mm in (D), (F), and (G); 0.1 mm in (H); 10 mm in (E).
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roots decreased significantly compared with the wild type

(Figure 3B). It is interesting that chlorosis still occurred in OE5.9

leaves with Fe overaccumulation, a phenomenon that was also

observed in ZIF1-overexpressing plants (Haydon et al., 2012).

When grown to mature age in soil, significant leaf chlorosis

was observed in OE5.9-1 and OE5.9-2 compared with Col-
Plant Commu
0 (Figure 3C). Higher Fe accumulation was steadily detected in

rosette leaves, cauline leaves, flowers, and siliques of the

overexpressing lines compared with the wild-type control

(Figure 3D). Consistently, Fe concentration in xylem sap was

also much higher in OE5.9-1 and OE5.9-2 than in the wild-type

Col-0 (Figure 3D). In vitro assay detected Fe2+ and Fe–NA trans-

port activity for NPF5.9 in yeast (Supplemental Figure 2). All these
nications 2, 100244, November 8 2021 ª 2021 The Author(s). 3
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Figure 2. Subcellular localization of NPF5.9 in trans-Golgi network.
(A) Fluorescence in root epidermal cells from 4-day-old seedlings of transgenic plants harboring 35S:NPF5.9-GFP.

(B) Fluorescence in root vasculature of 7-day-old transgenic line harboring NPF5.9pro:NPF5.9-GFP. ep, epidermis; co, cortex; en, endodermis. Green or

red fluorescence represents GFP or propidium iodide (PI) channels. Bars, 5 mm in (A and B).

(C) NPF5.9-eYFP fusion protein colocalization with the trans-Golgi network–localized marker AtSYP61-mRFP in Arabidopsis protoplasts. Bars, 10 mm.
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data suggest that NPF5.9 functions to facilitate Fe bioavailability

and long-distance transport to the upper parts in Arabidopsis.
Plant growth and Fe allocation were significantly
affected in the double mutant npf5.9 npf5.8

To further determine NPF5.9’s role in Fe starvation response in

Arabidopsis, two knockout mutants of NPF5.9 (T-DNA insertion
4 Plant Communications 2, 100244, November 8 2021 ª 2021 The
line npf5.9-T and CRISPR-Cas9-derived npf5.9-cr) were gener-

ated and analyzed (Supplemental Figure 1C and 1D). When 5-

day-old seedlings were transferred to Fe-deficient plates for

3 days, root elongation of both npf5.9-cr and npf5.9-T mutants

was only slightly slower than that of their corresponding wild-

type controls Col-0 and Col-3 (Supplemental Figure 3A), and no

significant difference in Fe content was observed between

mutant and wild-type plants (Supplemental Figure 3B). Given
Author(s).
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NPF transporters and iron homeostasis in Arabidopsis Plant Communications
that functional redundancy might occur in NPF5.9 in regulating

Fe-related phenotypes, and NPF5.8 (At5g14940) is the closest

homolog to NPF5.9 in the NPF family (Supplemental Figure 4),

showing vasculature-specific expression pattern (Supplemental

Figure 5A–5F) and similar subcellular localization (Supplemental

Figure 5G), we then generated and analyzed npf5.8-1, npf5.8-2,

and npf5.8-3 mutants using the CRISPR-Cas9 system

(Supplemental Figure 1E). Similar results were obtained
Plant Communications 2, 100244
(Supplemental Figure 3C and 3D), except

that a more significant root elongation

defect was observed in npf5.8 than in

npf5.9. We also measured spatial Fe

distribution by using Perls/DAB staining, but

still no significant change was observed

(Supplemental Figure 3E).

To further test if functional redundancy does

occur, we generated the double mutants dm-

1(npf5.8-1 npf5.9-cr), dm-2(npf5.8-3 npf5.9-

cr), dm-3(npf5.8-1 npf5.9-T), dm-4(npf5.8-2

npf5.9-T), and dm-5(npf5.8-3 npf5.9-T) by ge-

netic crossing. All these double mutants

showed serious defects in seed germination

(Supplemental Figure 6A, left), and enhanced

Fe application did not rescue the germination

defect (Supplemental Figure 6A, right).

Consistent phenotypes were observed in all

five independent lines, and representative

dm-3/dm-2 were selected for further analysis.

As shown in Supplemental Figure 6B, the

overall plant growth of the double mutant was

affected even when at seedling age. During

the vegetative growth period, npf5.8 npf5.9

mutants showed leaf chlorosis, and irrigation

of Fe restored the green color of leaves

(Figure 4A). During the reproductive growth

period, both plant growth and silique

development were severely affected and

partially restored by Fe addition (Figure 4B–

4D). Further analysis showed that Fe content

in xylem sap was decreased in the double
mutant (Figure 5A), although Fe accumulation in roots did not

increase as we expected (Figure 5B), which might be attributable

to the overall lower Fe uptake as indicated by the constitutively

high expression of IRT1 and FRO2 in the double mutants

(Figure 6). Fe content in rosette leaves and flowers of the double-

mutant plants was lower than that in the wild-type Col-0 when irri-

gated with water (Figure 5C). Interestingly, irrigation with Fe

restored Fe accumulation in rosette leaves but not in flowers
, November 8 2021 ª 2021 The Author(s). 5
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(C) Representative images of siliques of 4-week-old

Col-0 and the npf5.8 npf5.9 double mutant watered

with 0.5 mM Fe-EDDHA. Bar, 1 cm.

(D) Silique numbers of Col-0 and the npf5.8 npf5.9

double mutants from (C). Values are the mean ± SD,

n = 7. Different letters show significant differences at

P < 0.05 by two-way ANOVA.
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(Figure 5C). No significant difference was observed between

siliques of the mutant and the wild-type plants on irrigation with

either water or Fe (Figure 5C). These results, together with those

from Figure 3, indicate that NPF5.9 and NPF5.8 function to

mediate Fe translocation to leaves, and disruption of this process

might essentially affect Fe homeostasis.

Disturbed gene expression in npf5.8 npf5.9 double
mutants

We further determined the expression levels of genes related to

either Fe nutrition or nitrate uptake. The results showed that

when supplied with adequate Fe, most of the investigated genes

showed comparable expression between the wild type and the

double mutant (Figure 6), except that IRT1 and FRO2, two

important genes involved in Fe uptake, were expressed at

significantly higher levels in the double mutant (Figure 6),

indicating higher demand for Fe in the mutant. When under Fe

starvation conditions, both IRT1 and FRO2 were induced to

much higher level, but the levels were comparable between the

wild type and the mutant. In contrast, PYE and BTS, the

negative regulators of the iron-deficiency response (Long et al.,

2010; Hindt et al., 2017; Tissot et al., 2019), were also

upregulated in response to Fe starvation, but the induction was

significantly lower in the mutant than in the wild-type plants.

NAS4, which is a downstream component of the PYE, also

showed lower expression in the mutant (Figure 6). Interestingly,

the gene related to nitrate uptake (NRT1.1) also showed

significantly lower expression in the mutant when under Fe

starvation. These observations indicate that, although NPF5.9

and NPF5.8 function mainly in Fe reutilization, they might also

contribute to the feedback regulation deriving from the

complicated iron homeostasis.

NPF5.9 and NPF5.8 also mediate nitrate allocation
independent of Fe status

As NPF family members are critical players in nitrate uptake and

allocation, we then determined if NPF5.9 and NPF5.8 also
6 Plant Communications 2, 100244, November 8 2021 ª 2021 The Author(s).
transport nitrate. Electrophysiological analysis

showed that significantly higher inward currents

were detected in oocytes injected with NPF5.9

cRNA compared with those injected with water
(Figure 7A). Nitrate uptake assay showed that both NPF5.9 and

NPF5.8 mediate regular pH-dependent low-affinity nitrate uptake

(Figure 7B). In the double-mutant plants, nitrate concentration

decreased in xylem sap while it increased in rosette leaves of

the mutant (Figure 7C). These results suggest that NPF5.8 and

NPF5.9 do mediate nitrate allocation in planta.

To investigate the possible interaction between iron homeostasis

and nitrate transport mediated by NPF5.8 and NPF5.9, we then

determined if supplementation with nitrate or Fe would recipro-

cally affect each other. The data showed that in npf5.8 npf5.9

double-mutant plants, nitrate application did not rescue the Fe-

related growth defect (Supplemental Figure 7), and the nitrate

accumulation pattern in both leaves and roots was not affected

by Fe addition or depletion (Figure 7D and 7E). In the

overexpressing lines, leaf chlorosis was not altered despite the

nitrate status (Supplemental Figure 8). These results suggest

that the nitrate transport function of NPF5.8 and NPF5.9 is

probably not involved in its Fe translocation, and NPF5.9-

mediated Fe translocation and nitrate uptake are two relatively

independent biological processes.

DISCUSSION

Fe transport and reallocation play a pivotal role in plant Fe nutrition.

Our study identified a novel NPF transporter gene,NPF5.9, which is

highly upregulated in response to Fe deficiency. NPF5.9 is ex-

pressed preferentially in vasculature tissues, and Fe long-distance

transport and accumulation in aerial parts was significantly

increased in NPF5.9-overexpressing lines, while in the double

mutant npf5.8 npf5.9, both Fe content and plant growth were

decreased, consistently indicating that both transporters mediate

Fe mobility in Arabidopsis and represent two novel regulators in

Fe homeostasis. We also identified NPF5.9 and NPF5.8 as two

nitrate transporters functioning in a low-affinity and pH-dependent

manner in oocytes. However, to our surprise, they appeared to

mediate Fe allocation and accumulation independent of its nitrate

transport function (Figure 7, Supplemental Figures 7 and 8).
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Although the NPF family has not been reported to transport Fe,

several studies did find they transport a wide range of substrates

in addition to nitrate. Arabidopsis NRT1.1 is the first identified

nitrate transporter and functions in both dual-affinity nitrate trans-

port and nitrate sensing (Tsay et al., 1993; Liu et al., 1999), and it

was later found that NRT1.1 also transports auxin outward to

inhibit lateral root growth under low nitrate utilization (Krouk

et al., 2010). In addition, OsNRT1.1b was discovered to have

both nitrate and selenomethionine transport activity in rice

(Zhang et al., 2019). Arabidopsis NRT1.5 is responsible for nitrate

loading into xylem vessels (Lin et al., 2008), and recent research

revealed that it also mediates indole-3-butyric acid uptake into

specific cells to ensure proper auxin gradient (Watanabe et al.,

2020). More small molecules, such as ABA, GA, 4MTB, JA-Ile,

and dipeptides, have also been identified as substrates of the

NPF family members (Corratge-Faillie and Lacombe, 2017).

From these observations, it is very likely that NPF5.9 and NPF5.8

do have two distinct functions, and they mediate Fe transport

and homeostasis via substrates other than nitrate.

Due to the insolubility and toxicity of Fe ion, Fe generally presents

and mobilizes in the complex forms of Fe2+–NA and Fe3+–citrate

(Ravet et al., 2009), and these complexes are translocated through

pericycle cells and loaded into the vasculature (Connorton et al.,

2017); thus it is very likely that NPF5.9 and NPF5.8 mediate the

transport of one of these complexes. Our current research

provided several pieces of evidence that are supportive of this

postulation. First, it has been reported that TGN-localized NRAMP2

is responsible for building up theMnpool in the cytosol to supplyMn

for downstream organelles, such as vacuoles, chloroplasts, and

mitochondria (Alejandro et al., 2017), while NPF5.9 is located in

the endomembrane system TGN (Figure 2C) and is expressed

mainly in vasculature tissues. Second, previous studies showed

that nas4x, in which NA synthase and Fe reallocation were

disrupted, displayed leafy chlorosis and Fe accumulation similar to

those observed in the NFP5.9-overexpressing plants (Klatte et al.,

2009; Figure 3A and 3C, Supplemental Figure 8), and NAS4

expression upon Fe starvation was significantly decreased in the

double mutant (Figure 6). Third, we roughly measured iron uptake

in the uptake-defective yeast mutant fet3fet4, and the results did

indicate essential uptake of the Fe–NA complex and possibly Fe2+

(Supplemental Figure 2). From this aspect, we speculate that

NPF5.9 might transport Fe–NA, hence making the TGN serve as

an intracellular Fe pool for further reallocation within plants.
METHODS

Plant growth conditions and materials

Seeds were surface sterilized and germinated for 5 days on 1/2 MS with

0.1% MES, 1.5% (for vertical growth) or 0.8% (for horizontal growth)

agar (pH 5.8) at 21�C–23�C with 60% relative humidity and a 16-h light/

8-h dark photoperiod. The seedlings were then grown on 1/2 MS with

treatment of �Fe (0 mM Fe + 150 mM ferrozine), +Fe (regular Fe), or

103Fe (500 mM Fe-EDTA), for the indicated times, or combined with
(C) Plants grown in soil were irrigated with water (control) or 0.5 mM Fe-

EDDHA (Fe) to 4 weeks of age, and Fe content was analyzed in rosette

leaves, flowers, or siliques. Values are themean ±SD, n = 4. Asterisks in (A

andB) indicate difference at **P < 0.01 or ***P < 0.001 compared with Col-

0 by Student’s t-test. Different letters in (C) above the bars show signifi-

cant differences at P < 0.05 by two-way ANOVA.

nications 2, 100244, November 8 2021 ª 2021 The Author(s). 7



Control -Fe
0.0

0.1

0.2

0.3

0.4

FIT

R
el
at
iv
e
ex
pr
es
si
on

to
A
C
TI
N
2

Control -Fe
0.0

0.1

0.2
3

4

5

IRT1

R
el
at
iv
e
ex
pr
es
si
on

to
A
C
TI
N
2

***
***

Control -Fe
0.00

0.05

0.10
4
5
6
7
8

FRO2

R
el
at
i v
e
ex
pr
es
si
o n

to
A
C
TI
N
2

**

***

Control -Fe
0.00

0.05

0.10

0.15

0.20

PYE

R
el
at
iv
e
ex
pr
es
si
on

to
A
C
TI
N
2

**

*
**

Control -Fe
0.0

0.2

0.4

0.6

BTS

R
el
at
iv
e
ex
pr
es
si
on

to
A
C
TI
N
2

**

**

***

Control -Fe
0.0

0.2

0.4

0.6

0.8

1.0

ZIF1

R
el
at
iv
e
e x
pr
e s
si
on

to
A
C
TI
N
2

*

*

**

Control -Fe
0.00

0.01

0.02

0.2
0.4
0.6
0.8

NAS4

R
el
at
iv
e
ex
pr
es
si
on

to
A
C
TI
N
2

*

*
*

Control -Fe
0.0

0.1

0.2

0.3

0.4

FRO3

R
el
at
iv
e
ex
pr
es
si
on

to
A
C
TI
N
2

Control -Fe
0.0

0.5

1.0

1.5

NRT1.1

R
el
at
iv
e
e x
pr
e s
si
on

to
A
C
TI
N
2

**

* *

Figure 6. Altered gene expression in npf5.8 npf5.9 double mutant.
Fourteen-day-old wild type and double mutants were transferred to hydroponic solutions with regular Fe (control) or Fe starvation (�Fe) for 72 h before

sampling to extract RNA. Relative expression was determined by real-time RT-PCR for the Fe uptake regulator FIT and its downstream genes IRT1 and

FRO2; Fe transport and sequestration genes NAS4, FRO3, and ZIF1 and their negative regulator PYE; the negative regulator BTS of the iron-deficiency

response; and the nitrate transceptor NRT1.1. Values are the mean ± SD, n = 4. Asterisks indicate difference at *P < 0.05, **P < 0.01, or ***P <

0.001 compared with Col-0 by Student’s t-test.
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treatment of different concentrations of NH4NO3 as indicated. Alterna-

tively, seedlings were transferred to hydroponic solution and grown for

�3 weeks as described (Gong et al., 2004) and then further exposed to

Fe starvation (�Fe) for 10 days.

The T-DNA insertion mutant npf5.9-T in the Col-3 background was pur-

chased from NASC (European Arabidopsis Stock Center) and identified

by PCR. npf5.9-cr and npf5.8 in the Col-0 background were generated

in our lab by the CRISPR-Cas9 system. The double mutant npf5.8

npf5.9 was generated by crossing npf5.8-1/-2/-3 and npf5.9-cr/npf5.9-T

and screening homozygotes by PCR and sequencing. NPF5.9-overex-

pressing plants were generated by transforming the construct

35S::NPF5.9-GFP/pCAMBIA1301 into Col-0. Putative transformants

were selected on 1/2 MS plates containing 0.0025% (w/v) hygromycin B.

The primers used here are listed in Supplemental Table 1.

Quantitative real-time PCR

Total RNA was extracted using TRIzol reagent (Invitrogen). cDNAs

were synthesized using oligo(dT) primers and PrimeScript RT Enzyme Mix

I (TaKaRa). Quantitative PCR was performed with the CFX Connect real-

time system (Bio-Rad) using SYBR Premix Ex-Taq HS (TaKaRa) according

to the manufacturer’s protocol. Primers used in these assays are listed in

Supplemental Table 1, and expression data were normalized to Actin2.
8 Plant Communications 2, 100244, November 8 2021 ª 2021 The
Functional analysis of NPF5.9 in Xenopus laevis oocytes

The coding DNA sequence of NPF5.9 was introduced into the pOO2 vec-

tor. The NPF5.9/pOO2 plasmids were linearized using MluI, and capped

mRNA was transcribed in vitro using mMESSAGE mMACHINE kits

(Ambion). Oocytes were isolated and injected with 50 ng of NPF5.9

cRNA in 50 nl of water, as described (Tsay et al., 1993). After incubation

in the ND96 solution containing 0.005% (w/v) gentamycin for 48 h,

nitrate uptake assays using [15N]nitrate were performed using a

continuous-flow isotope ratio mass spectrometer coupled with a carbon

nitrogen elemental analyzer (Thermo Scientific EA IsoLink IRMS System).

CHL1 cRNA and water-injected oocytes were used as positive and

negative controls, respectively. Electrophysiological analysis of injected

oocytes was performed as described (He et al., 2017). After incubation

for 48 h, oocytes were voltage clamped at �60 mV and perfused with

10 mM nitrate at pH 5.5.
Histochemical localization

A 2793-bp genomic fragment upstream of the NPF5.9 start codon

was amplified using primers listed in Supplemental Table 1. The

fragments were verified by sequencing and cloned into the binary vector

GUS/pCAMBIA1300, which was then transformed into Col-0 by the

Agrobacterium tumefaciens–mediated floral dip method as described
Author(s).
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Figure 7. NPF5.9 and NPF5.8 mediate nitrate
transport.
(A) Representative inward currents elicited by

10 mM NO3
� at pH 5.5 and a holding potential of

�60 mV were recorded in a single oocyte injected

with H2O (top) or NPF5.9 cRNA (bottom).

(B) High- or low-affinity nitrate uptake activity of

NPF5.8 and NPF5.9. Oocytes injected with H2O,

NPF5.8 cRNA, or NPF5.9 cRNA were incubated

with 0.25 mM 15NO3
� at pH 5.5/pH 7.4 or 10 mM

15NO3
� at pH 5.5/pH 7.4 for 3 h. Values are means ±

SD, n = 6–8. Asterisks indicate difference (*P < 0.05

Student’s t-test).

(C)Determination of nitrate in xylem sap and rosette

leaves from 4-week-old plants grown in soil.

(D E) Three-week-old plants grown in hydroponics

were subjected to Fe starvation for 3 days, and

nitrate content in rosette leaves (D) and roots

(E) were analyzed by high-performance liquid

chromatography. Values are means ± SD, n = 4.

Asterisks indicate difference at *P < 0.05, **P < 0.01,

or ***P < 0.001 in the double mutants compared

with wild-type Col-0 by Student’s t-test.
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(Clough and Bent, 1998). Putative transformants were selected on 1/2 MS

plates containing 0.0025% (w/v) hygromycin B. GUS staining was

performed with plants at the indicated age as described (Luo et al.,

2018), with minor modification. Samples were vacuum infiltrated for

5 min and then incubated for 3 h in GUS staining buffer containing

50 mM NaPO4 (pH 7.4), 5 mM ferrocyanide, 5 mM ferricyanide, 0.05%

Triton X-100, and 1 mM 5-bromo-4-chloro-3-indolyl-b-D-glucuronide.

Thin cross sections (8 mm) were generated using a Leica RM 2165 micro-

tome and imaged using the Nikon-SMA800.
Subcellular localization

The coding sequences of NPF5.9, NPF5.8, and AtSYP61were isolated by

PCR, and the PCR products were confirmed by sequencing before sub-

cloning into the vector 35S::eYFP/pA7 or 35S::mRFP/pA7. The resulting

constructs 35S::NPF5.9-eYFP/pA7, 35S::NPF5.8-eYFP/pA7, and 35S::

AtSYP61-mRFP/pA7 were transiently expressed in Arabidopsis proto-

plasts using the polyethylene glycol–mediated transformation method

(He et al., 2017), and were held overnight in the dark at 22�C before

confocal imaging using a Leica-SP8.
Quantification of Fe content

Seedlings under indicated treatments were washed in Milli-Q H2O twice,

immersed for 5 min with 1 mM Na2-EDTA solution twice, and then rinsed

twice again with Milli-Q H2O. Sampled tissues were dried in an oven at

80�C for 2 days and digested in 1 ml 65% HNO3 for at least 2 days at

room temperature. Then the samples were boiled for 1–2 h until

completely digested and diluted with 12 ml Milli-Q H2O. Fe contents
Plant Communications 2, 100244
were determined using inductively coupled plasma

mass spectrometry (ICP-MS) as described (Meng

et al., 2016).

Perls/DAB staining

Fe accumulation pattern in Arabidopsis roots was

visualized using Perls/DAB staining as previously

described (Roschzttardtz et al., 2013), with minor

modification. Briefly, seedlings grown on 1/2 MS

medium were treated with or without Fe starvation

for 3 days. Perls/DAB staining was performed by

vacuum infiltrating plant samples with Perls stain
solution (4% HCl [v/v] and 4% [w/v] potassium ferrocyanide) for 30 min,

and incubating for another 1.5 h. The reaction was stopped by rinsing the

samples three times with distilled water, and the samples were further

incubated in a methanol solution containing 0.01 M NaN3 and 0.3% (v/v)

H2O2 for 1 h before being washed with 0.1 M phosphate buffer (pH 7.4).

For the intensification reaction, samples were incubated for 5 min in 0.1 M

phosphate buffer (pH 7.4) solution containing 0.025% (w/v) DAB (Sigma)

and 0.005% (v/v) H2O2. The reaction was stopped by rinsing with distilled

water several times, and the samples were cleared in HCG solution (1 g/ml

chloral hydrate in 15% glycerol) as described (Dong et al., 2017). Perls/

DAB stain was imaged using a Nikon-ECLIPSE 80i.

Analysis of xylem sap

Xylem sap was collected as previously described (Sunarpi et al., 2005).

Briefly, plants were grown in soil until bolting stage. After removal of the

rosette leaves, the inflorescence stem was cut with a sharp razor blade.

Xylem sap exudation was facilitated by covering the plants with a

plastic dome. The first droplets were abandoned to avoid contamination

and then the xylem sap was collected with a micropipette. Fifty-

microliter xylem sap samples were diluted with 3 ml of 2% HNO3 for

subsequent measurement of Fe content by ICP-MS.
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