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ARTICLE INFO ABSTRACT

Internal nitrogen (N) cycling is crucial to N use efficiency. For example, N may be remobilized from older,
shaded leaves to young leaves near the apex that receive more direct sunlight, where the N can be used more
effectively for photosynthesis. Yet our understanding of the mechanisms and regulation of N transport is limited.
To identify relevant transporters in Arabidopsis, fifteen transporter knockout mutants were screened for defects in
leaf N export using nitrogen-13 (**N) administered as >NH; gas to leaves. We found that three nitrate/peptide
transporter family (NPF) genes were necessary for normal leaf N export under low N but not adequate soil N
availability, including AtNPF7.1, which has not been previously characterized. High-throughput phenotyping
revealed altered leaf area and chlorophyll fluorescence relative to wild-type plants. High AtNPF7.1 expression in
flowers and large flower stalks of Atnpf7.1 mutants in low N suggests that AtNPF7.1 influences leaf N export via
sink-to-source feedback, perhaps via a role in sensing plant internal N-status. We also identified previously
unreported phenotypes for the mutants of the other two NPF transporters that indicate possible roles in N sensing
networks.
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in order to maximize growth (Tegeder and Masclaux-Daubresse, 2018).
Not only does N need to be transported from roots to leaves, but N must

1. Introduction

Crop productivity needs to increase while using less arable land in
the near future to meet the growing needs of our growing global po-
pulation for food, fiber, and wood. Nitrogen (N) is often the most
limiting nutrient for terrestrial plants, since plants rely heavily on
biological N fixation to replenish N lost from the soil by leaching,
runoff, and as gases from denitrification, making the stress associated
with N deficiency commonplace. Simply increasing fertilization is not a
sustainable solution in the long-term (Ferrieri et al., 2018). In-
vestigating plant N allocation in order to identify strategies to improve
N use efficiency (NUE) is a promising approach. Symptoms of N-stress
include yellowing of leaves, smaller leaf area, and reduced photo-
synthetic rates, which result in reduced growth rates. Nitrogen uptake is
well studied, but optimal distribution of N within the plant is necessary

also be re-distributed amongst organs at several phases of development
(Babst and Coleman, 2018; Diaz et al., 2008; Havé et al., 2017; Taylor
et al., 2010).

A major knowledge gap is our limited understanding of the me-
chanisms and specific genes that drive N transport and how N transport
is regulated, especially N export from leaves (Babst and Coleman, 2018;
Tegeder and Masclaux-Daubresse, 2018). Nitrogen export from leaves is
crucial to retain and recycle N within the plant, and is also important to
supply normal sink N needs during the growing season, since most N
assimilation occurs in leaves. Export of N from leaves is especially
important during N-stress to move N from old partially shaded leaves to
the youngest, best lit leaves.

Although the phloem is thought to be the main vascular pipeline for
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carbon (C) and N transport out of leaves, a recent study indicates that C
and N transport are driven by independent mechanisms (Gomez et al.,
2010). Since vascular transport is largely dependent on bulk flow of
fluids through an open pipeline (i.e., phloem), these differences be-
tween C and N transport are likely due to differences in the loading and
unloading of specific biological molecules into and out of the phloem by
transporters that move specific molecules across cell membranes. Few N
specific transporters have been identified in the phloem (e.g., NRT1.7,
AAP2, and AAP8) (Fan et al., 2009; Santiago and Tegeder, 2016; Zhang
et al.,, 2010). Yet, there are large gene families with similar coding
sequences that likely play other important roles in regulating N dis-
tribution throughout the plant (e.g., over 50 members of NPF, nitrate
transporter/peptide transporter family; 7 members of NRT2, nitrate
transporter 2 family; 8 members of AAP, amino acid permease family,
in Arabidopsis) (Léran et al., 2014; Santiago and Tegeder, 2016), and
many of the transporters of organic N (e.g., amino acids) are yet to be
identified (Tegeder, 2012).

The N transporters that are necessary for normal N export from
leaves could have one of several possible biological roles in the pathway
to the phloem. First, the N that is exported from leaves may be meta-
bolized before being exported. Since various aspects of N metabolism
may occur in different sub-cellular compartments (e.g., cytosol, chlor-
oplast, mitochondria), N transport across organelle membranes might
be essential for normal N export. Second, sugars (i.e., C) move through
a series of cell types en route to the phloem (e.g., mesophyll, bundle
sheath, parenchyma, and apoplast), and N transporters may be im-
portant for moving N along this physical pathway within tissues. Third,
N transporters may act directly in loading N into the sieve elements or
companion cells of the phloem.

Study of N export from leaves on a short time-frame is challenging.
Application of nitrogen-15 (*°N) stable isotope tracers to leaves is lo-
gistically challenging and must be at high enough concentration to
detect above natural abundance '°N. The '°N itself may elicit a re-
sponse, and alter the system in the process of trying to study it. The
positron-emitting isotope nitrogen-13 (*3N), the only useful radioactive
isotope of N, has been used to probe leaf N metabolism without per-
turbing the system (Hanik et al., 2010). Inorganic N is normally as-
similated into organic N via the glutamine synthetase-glutamate syn-
thase (GS-GOGAT) cycle. By supplying "N as '>NH; gas to intact leaves
at concentrations below the natural abundance of NHj in plant tissues,
13N is assimilated into normal N metabolism via the GS-GOGAT cycle.
Thus, **>NHj; can be used to probe specific N biochemical pathways and/
or N transport from leaves.

Taking a systems biology perspective, the objective of this study was
to identify genes that are directly responsible for N transport during
remobilization, or that regulate the N transport system. The availability
of mutants and massive global gene expression data sets for the re-
ference plant Arabidopsis thaliana were leveraged to generate co-ex-
pression networks, which were used to winnow the list of candidate N
transporter encoding genes from > 1000 to fewer than 50 (He et al.,
2016). Here we report the results of screening 15 of these mutants, by
which we identified 3 AtNPF mutant lines that exhibited altered N
transport in '®N radiotracer transport assays. Two of the AtNPFs were
previously characterized as nitrate transporters in Arabidopsis, and one
(AtNPF7.1) has not been investigated previously. We further examined
the three mutant lines using a high-throughput phenotyping (HTP)
system to help characterize the in vivo role of the three AtNPFs.

2. Material and methods
2.1. Plant materials and growth conditions

Arabidopsis Columbia wild-type (Col-0) and T-DNA mutants
(Atnpf4.6, Atmpf2.12, Atnpf2.13, Atnpf7.1) were obtained from the

Arabidopsis Biological Resource Center (ABRC, Columbus, OH, USA).
Arabidopsis seeds were germinated in 2 MS medium (Murashige and
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Skoog, 1962) for 10-12 days. For 15N experiments, seedlings were
transplanted into potting soil (Professional Growing Mix, Sungro®,
Agawam, MA) in plastic pots (8 x 8 X 7 cm). The adequate N treatment
plants were grown on potting mix for the duration of the experiment.
Since we were unable to achieve a low N treatment in a peat-based
potting mix, for low N treatment, the seedlings were grown on potting
mix for 15-18 days and transplanted to Profile Greens Grade Soil
Amendment. Arabidopsis plants were grown in a plant growth chamber
(MTR30, Conviron, Canada) under a short-day photoperiod (10-h light,
24 °C daytime, 22 °C dark, 65% humidity) for total of 6-8 weeks and
then used for N experiments. Light was provided by fluorescent tubes
(F40PL/AQ/ECO 49893 40Watt T12, GE) at a photon flux density of
~190-210 ymol m 2 sec ~! measured at the top of the pots.

For high-throughput phenotyping, Arabidopsis plants were grown as
above, except all seedlings were transplanted into Profile Greens Grade
Soil Amendment (PROFILE Products LLC, Buffalo Grove, IL) with one
teaspoon (4.9 ml) of potting soil packed into the center to help with the
initial survival of transplanting. Each genotype/treatment were grown
in 85 x 73 mm Quick Pot 15 RW trays (HerkuPlast Kubern GmbH) in a
controlled-environment chamber (Conviron) at 22 = 1°C, 65 = 5%
RH, and 160-200 pmolm™~2 s~ ! PAR light intensity. “Adequate” and
“low” N nutrient solutions were added once per week by bottom wa-
tering to appropriate treatment groups, and deionized water was added
once per week in between fertilizer additions. Pilot studies using dif-
ferent N concentrations were conducted to determine what N additions
to Profile Greens medium would allow growth similar to plants in a
standard peat-based potting mix, and what level of N addition would
serve as a low N treatment. Nutrient solutions were made by mixing
Murashige & Skoog with Gamborg's vitamins (MSP06, Caisson
Laboratories, Smithfield, UT) and Murashige & Skoog without Nitrates
(MSPOQ7, Caisson Labs) to achieve Y2 MS with either 1/10th the amount
of N in normal %2 MS (6 mM N, adequate N) or 1/50th (1.2 mM N, low
N) in deionized H,O.

2.2. Assay of N export from leaves using >NH;

Using intact plants, >N (t;,» = 9.97 min) was administered as
13NH; gas to individual leaves in leaf cuvettes (Gomez et al., 2010;
Hanik et al., 2010). The '*>N was produced as '>NO;~ by the 'O
(p,a)™N nuclear transformation in a sealed water target using the
19 MeV TR19 cyclotron (EBCO, Richmond, BC, Canada) at Brookhaven
National Laboratory (Ferrieri and Wolf, 1983; Straatman, 1977). The
resulting aqueous *NO;3~ solution was heated in the presence of de-
Varda's alloy and alkalinized with potassium hydroxide to reduce the
13NO;~ to '®NHj for isotope removal as gaseous 13NH,. The *NHj
tracer was then administered with the stream of air to a single leaf on
each plant at high specific activity using a leaf cuvette (Fig. 1). The
highly sensitive detection and high specific activity of **NHs, which
becomes >NH, " at cellular pH, allows feeding of the tracer at con-
centrations that are orders of magnitude below the natural abundance
level of ammonium in leaf tissues, such that the ®N is a true tracer
utilized in metabolism and transported throughout the plant, without
perturbing N homeostasis (Gomez et al., 2010; Hanik et al., 2010;
Pankievicz et al., 2015).

Up to six Arabidopsis plants at one time were used for the '*NH;
assay. At least 30 min before the ®NH; was delivered, a single large
rosette leaf was selected as the load leaf (the 8th-10th leaf) and clamped
into the cuvette with a pump attached to the outlet for the duration of
the incubation to maintain airflow. Gaseous *NH; was delivered into
the cuvette for 15 min. After 45 min, each plant was dissected to 5 parts
(6 if the plant was bolting): Rosette leaves (RsL); rosette stems (RsS);
flower stalks (stem); petiole and the half of the load leaf not in the
cuvette; the load zone, which is the part of the leaf in the cuvette; and
the roots (profile greens were washed off with water). The radioactivity
of each plant part was measured in a shielded gamma radiation well
counter (Model 203, NATS Inc., Middletown, CT, USA; Scaler/
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Ratemeter Model 2200, Ludlum Measurements, Inc., Sweetwater, TX),
calibrated using a NIST-calibrated source, and the time was recorded
for decay correction. The plant tissues were dried in an oven at 70 °C for
2 days, and weighed.

To quantify how much N had been assimilated in the leaf, a piece
of the load zone was cut off and the radioactivity of the piece was
measured. The leaf piece was ground in 1M KOH solution to convert
any remaining *NH,* to the volatile form *NHs, and Ar gas was
bubbled through the solution for 5, 10, 20min to 1hr to remove any
13NH;. We found no reduction in decay-corrected radioactivity in the
leaf tissue by the end of the 1h incubation, indicating that all **N re-
maining in the leaf at the time of harvest had been assimilated by the
plant.

2.3. 3N calculations

To account for radioactive decay, which is highly predictable based
on the half-life of the isotope, all radioactivity measurements were
decay corrected to the time of ">NHj feeding to the plant. Radioactivity
from the gamma well counter was converted to decays per minute
(dpm) based on the calibration of the counter using a NIST calibrated
radiation source, and then converted from dpm to MBq prior to decay
correction. Partitioning of >N to each plant part was calculated using
the radioactivity measured in the part divided by the total activity
detected in the whole plant. The '*N export was calculated as the
combined radioactivity of RsS, stem, petiole, and roots, as a percentage
of the total activity in the plant. To account for variation in the mass of
plant tissues, partitioning was normalized to dry weight (**N % parti-
tioning divided by dry weight).

2.4. High-throughput phenotyping of Arabidopsis plants

Phenotyping was done with a Scanalyzer HTS high-throughput
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Fig. 1. Use of ®NH; as a tracer of N transport
from a leaf to other parts of the plant. (A) Cuvette
for delivery of 1®NH; to a single leaf of Arabidopsis
plants. (B) Arabidopsis rosette (from red box in A,
magnified) dissected 45 min after receiving '*NHj; to
one leaf to determine distribution of the '°N. (C)
Phosphor plate image showing distribution of
radioactivity from !°N in young leaves of the dis-
sected plant in (B). (For interpretation of the refer-
ences to color in this figure legend, the reader is re-
ferred to the Web version of this article.)

phenotyping system using the LemnaControl software (Lemnatec,
Aachen, Germany) starting 4-7 days after transplanting. Images were
acquired three times per week to monitor plants in the vegetative stage
through the transition to the reproductive stage. The system has a ro-
botic arm to capture images with visible (RGB), fluorescence (FLUO),
and near infrared (NIR) cameras. We analyzed images for differences
between N-treatments and genotypes in the rosette size, leaf shape and
area, in planta chlorophyll fluorescence, and in planta water content.
Image acquisition and analysis was done as previously described
(Acosta-Gamboa et al., 2016). Phenotyping experiments were termi-
nated when the flower stalks reached the cameras, affecting the fo-
cusing of the images, after which plant tissues were harvested for RT-
gPCR analysis of gene expression. Each Arabidopsis plant was divided
into young rosette leaves, old rosette leaves, rosette stem, flower stalk,
cauline leaves, siliques, flowers, and roots for all four genotypes (Col-0,
Atnpf7.1, Atnpf4.6, Atnpf2.12) and two treatments (adequate N; low N).
For all tissues except flowers and siliques, each plant was treated as a
separate replicate. Flowers and siliques were pooled from at least 2-3
plants in order to have enough tissue in each sample. The tissues were
flash-frozen in liquid nitrogen, transported on dry-ice, and stored at
—80 °C until used for RT-qPCR analysis.

2.5. Semi-quantitative RT-qPCR

To validate that mutants had reduced or eliminated expression of
the genes of interest, we used semi-RT-qPCR. Total RNA was extracted
from rosette leaves and flowers using a GeneJET Plant RNA Purification
Kit (Thermo Scientific, MA, USA). RNA was treated with DNase I
(Thermo Scientific, MA, USA), and the quantity and quality were as-
sessed with a NanoDrop Microvolume Spectrophotometer (Thermo
Scientific, MA). From 1 pg of total RNA, cDNA was synthesized using an
oligo(dT)15 primer and Moloney murine leukemia virus (MMLV) re-
verse transcriptase (Thermo Scientific, MA) following the
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Table 1
Average flower stalk (stem) length of plants used for'>N par-
titioning measurements (bolting plants only).

plants Average stem length (cm)
Col-0 4.76 = 1.82
Atnpf4.6 6.63 * 2.29
Atnpf2.12 2.44 = 1.37
Atnpf7.1 8.62 * 2.04
Atmpf2.13 9.04 + 1.90

manufacturer's protocol. Equal amounts of cDNA were used as tem-
plates for each PCR reaction with Taq polymerase. The Actin2 gene
(At3g18780) was used as a standard to normalize the transcript levels.
Equal amounts of PCR product were separated on one electrophoresis
gel, and brightness of the bands compared.

2.6. RT-gPCR

For RT-qPCR experiments, total RNA was extracted from the re-
spective Arabidopsis tissues collected from the phenotyping experi-
ments, and treated with DNase I, and 1 ug was used to synthesize cDNA,
as described above. RT-qPCR was performed with a G8830A AriaMX
Real-Time PCR System (Agilent Technologies, St. Clara, CA) following
the manufacturer's manual, using SYBR Green QPCR Master Mix (Bio-
Rad, CA). Each sample was run in triplicate in a 20 pl reaction volume.
Thermal cycling conditions were as follows: 95 °C for 10 min, 65 cycles
of 95°C for 155, 60 °C for 30s and 1 cycle of 95 °C for 1 min, 60 °C for
30s and 95 °C for 30s. The levels of transcripts were normalized using
the SAND gene (At2g28390) mRNA levels as an internal standard.
These experiments were performed at least twice with similar results.
Primers used in qPCR experiments are listed in Suppl. Table 1.

2.7. Constructing transgenic Arabidopsis AtNPF7.1-promoter::GUS reporter
lines

The AtNPF7.1 promoter from Arabidopsis Col-0 (2015 bp upstream
from the start codon) genomic DNA were cloned into the Gateway entry
vector pPDONR201 and sub-cloned into binary vector pYXT1 containing
the GUS reporter gene. Primers used in cloning are listed in Table S1.

Transgenic Arabidopsis promoter—GUS reporter lines were generated
by the floral dip method (Clough and Bent, 1998) using Agrobacterium
tumefaciens strain GV3101. Transformants were screened on half-
strength Murashige and Skoog medium (Caisson Labs) containing
50mgml~! kanamycin (Sigma, St. Louis, MO). Single-locus homo-
zygous transgenic lines expressing AtNPF7.1,,,:GUS were selected by
scoring for the segregation of kanamycin resistance in the T, and T3
generations.

2.8. Agrobacterium-mediated transient expression and confocal
fluorescence microscopy

The yellow fluorescent protein (YFP) fusion binary constructs were
transformed into A. tumefaciens strain C58C1 by the freeze-thaw
method. Bacteria were cultured overnight, harvested by centrifugation
and resuspended in 10 mM MgCl, with 100 mM acetosyringone (Fisher
scientific, Lenexa, KS) and adjusted to an ODgoo of 0.25-0.3.
Agrobacterium was incubated for 2 h at room temperature and infiltrated
into N. benthamiana leaves with a 1 ml needleless syringe. The N. ben-
thamiana plants were placed under a 16 h light/8 h dark cycle at 25 °C.
Tissues were collected 3d after infiltration for confocal microscopy.
Plant tissues were viewed directly under a Zeiss LSM 880 two-photon
point-scanning confocal system mounted on an Axiovert 200M inverted
microscope with a 40/1.2 C-Apochromat water immersion objective.
Yellow fluorescent protein fluorescence was excited by a 514 nm argon
laser. Sample fluorescence was detected using a 500-550 nm band-pass
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emission filter.
2.9. Histochemical GUS assays

To visualize GUS expression, whole plants or freshly excised tissues
expressing AtNPF7.1,,,:GUS were soaked with substrate buffer (0.5 mM
5-bromo-4-chloro-3-indolyl glucuronide, 100 mM Tris, pH 7.0, 50 mM
NaCl, 0.06% Triton X-100, 3mM potassium ferricyanide) and were
incubated at 37 °C for 16 h (Jefferson et al., 1987). Chlorophyll was
cleared from stained tissue by incubating in 70% ethanol. Imaging was
performed using a stereoscope and a digital camera.

2.10. Accession numbers

AtNPF4.6 (NRT1.2), At1g69850; AtNPF2.12 (NRT1.6), At1g27080;
AtNPF2.13 (NRT1.7), At1g69870; AtNPF7.1, At5g19640.

2.11. T-DNA mutants

Atnpf4.6, SALK_072696C; Atnpf2.12, SALK 104042C; Atnpf2.13,
SALK 022429C; Atnpf7.1, SALK_138950C (for other mutants screened,
see Suppl. Table 2).

2.12. Statistical analysis

All data were analyzed with SAS v9.4 software (SAS Institute Inc.,
Cary, NC) using the PROC GLM ANOVA procedure. Where genotype or
treatment effects were significant (a = 0.05), the Dunnett post hoc
multiple comparison was performed to compare each Atnpf mutant with
the WT Col-0 genotype. Data were checked for ANOVA assumptions of
normality and heteroscedasticity. Where the assumption of hetero-
scedasticity was not met, Welch's ANOVA, which does not assume equal
variances, was used instead (McDonald, 2014). Where Welch's ANOVA
indicated a statistically significant difference, Dunnett's T3 test was
used for multiple comparisons (Dunnett, 1980).

3. Results

3.1. Identifying Arabidopsis leaf nitrogen export mutants using radioactive
13
NH,;

Initially, we compiled mutants of nitrate transporter family genes
that were expressed in senescing leaves (Breeze et al., 2011; Schmid
et al., 2005). Subsequently, selection criteria evolved to include only
genes that were differentially expressed during leaf senescence, and
then narrowed further to genes that were co-expressed with genes that
are known to be involved in N remobilization (Suppl. Table 2; Suppl.
Fig. 1) (Breeze et al., 2011; He et al., 2016; Klepikova et al., 2016).

When a single fully expanded mature leaf with no visible signs of
senescence on an Arabidopsis plant was exposed to ">NHj, the '*N that
remained after 45 min could not be removed by alkaline sparging (see
methods), indicating that the remaining **N had been assimilated in the
leaf. A portion of the assimilated 13N (0.5-1.5%) was exported from the
leaf and could be detected in young leaves within 45 min (Fig. 1C). This
export rate is much lower than typically found for carbon export (e.g.,
30-45%) (Ferrieri et al., 2013), which was expected since proportion-
ally more N is retained in leaves than C, but the export rate was suffi-
cient to measure for comparisons between treatment groups. We tested
fifteen N-related transporter mutants, and found that three mutants,
Atnpf4.6, Atmpf2.12 and Ampf7.1, had significantly lower >N export
from the rosette leaves on a sink tissue mass basis than wild-type (WT)
plants under low soil N availability (Fig. 2A). On the contrary, the
Atnpf2.13 (previously nrt1.7) mutant had similar **N export from leaves
as the WT. Since AtNPF2.13 is known to mediate export of inorganic
NO; ™~ from leaves (Fan et al., 2009), loss of AtNPF2.13 function was not
expected to alter export of organic forms of N. The three mutants with
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A B Adequate N B Fig. 2. Partitioning of >N was affected in
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reduced *°N export from leaves, Atnpf4.6, Atnpf2.12 and Atnpf7.1, were
the focus of the remainder of this study. Semi-RT-qPCR verified that
AtNPF2.12 and AtNPF7.1 expression was eliminated in their respective
mutants, and AtNPF4.6 transcript abundance was reduced in the
Atnpf4.6 mutant (Supp. Fig. 2).

The fact that reduced *°N export in Ampf4.6, Ampf2.12 and Ampf7.1
mutants was apparent only when soil N availability was low (Fig. 2A)
suggests that AtNPF4.6, AtNPF2.12 and AtNPF7.1 might be induced in
low N conditions and serve some function in tolerance of low N stress.
Sink-normalized N partitioning was reduced in rosette stems and roots
(Fig. 2B-C). Although sink-normalized N partitioning appeared to be
reduced in mutant flower stalks, the difference from WT was not sta-
tistically significant (Fig. 2D). During the transition from the vegetative
to the reproductive stage, the rate of export of >N from leaves did not
change, except in the Atnpf2.12 mutant, where '*N export from leaves
decreased by about 50% (Fig. 3). Partitioning of '*N to rosette stems in
the reproductive stage was not statistically different from the vegetative
stage. However, genotype and the transition from vegetative to re-
productive stage both had significant effects on N partitioning to roots
(Pgenotype = 0.03; Pyegsrage = 0.01) and flower stalks (Pgenotype = 0.002;

Atnpf2.12

O vegetative Ebolting

o

Pyegstage < 0.0001). There was a trend for reduced 13N partitioning to
roots after the transition to the reproductive stage in all genotypes, and
increased '®N partitioning to flower stalks in all but Atnpf2.12 mutants
(Fig. 3). Partitioning of 13N to the flower stalk was 82% lower in
Atnpf2.12 than in the WT (Fig. 3A-B), consistent with the previously
reported role of AtNPF2.12 (previously NRT1.6) in early embryo de-
velopment (Almagro et al., 2008). In addition to reduced N parti-
tioning, the Atnpf2.12 flower stalks were smaller in the !N experiment,
but not significantly different from WT (Table 1).

3.2. High-throughput phenotyping for N-transporter mutants

To further determine the physiological role of the three genes
identified above, we conducted a high-throughput phenotyping ex-
periment of the three corresponding Arabidopsis mutant lines grown
with adequate N and low N availability. Since changes in N status may
result in changes in chlorophyll abundance or changes in leaf size (Diaz
et al., 2008; Ladha et al., 1998; Neilson et al., 2015), we measured both
projected leaf area and relative chlorophyll fluorescence of these mu-
tants using high-throughput imaging.

Fig. 3. Partitioning of **N as a percentage of
total **N in the plant in vegetative- and re-
productive-stage Arabidopsis plants grown
with low N availability. Load leaf '°N
(98.5-99.5%) not shown due to scaling. Plants
were grouped as either vegetative stage or
bolting. Total export included the load leaf pe-
tiole (**N presumably in transit), Rosette stems
(RsS), root, and flower stalks (stem). (A) Col-O0.
(B) Ampf2.12. (C) Ampf4.6. (D) Ampf7.1. Bars
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Fig. 5. Arabidopsis genotype and N limitation
influence flower stalk morphology. Primary
flower stalk length (A), and number of flower stalk
branches (primary and secondary branches) (B) of
plants used in the Scanalyzer phenotyping study at
the time of final tissue harvest. Bars are
means * SEM (n = 15). P-values are for ANOVA
comparing genotypes within each N treatment se-
parately, except for the flower stalk lengths for the
low N treatment, which required a Welch's ANOVA
due to unequal variances. Asterisks indicate p-va-
lues for Dunnett's test comparing mutants with WT

enotype P < 0.0001
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Although low N availability clearly reduced growth of all genotypes,
as indicated by projected leaf area (Fig. 4A and B), the plants with low
N still survived and produced seeds. The phenotypes of the mutants
were subtle. Under adequate N conditions, there was a 25% reduction
in projected leaf area at the final measurement date for Atnpf4.6 and
Atnpf7.1 (Fig. 4A). The reduced growth began much sooner for Atnpf4.6
than for Atnpf7.1. Under low N conditions, only Atnpf2.12 showed re-
duced leaf area compared to WT (Fig. 4B). It is interesting that Atnpf4.6
and Atnpf7.1 mutants had more branched flower stalks than WT, and in
the case of Atnpf7.1 greater flower stalk length in low N conditions than
WT plants (Fig. 5)

In the WT, relative chlorophyll fluorescence decreased late in the
reproductive stage (Fig. 4C and D, Supp. Fig. 3), indicating leaf senes-
cence and the associated decline in leaf N at that stage. The decline in
chlorophyll content began earlier in the Atnpf2.12, Atpf4.6, and
Atnpf7.1 mutants (28 days; 21 days for Atnpf2.12 in low N) than the WT
(32 days) (Fig. 4). The Atnpf2.12 mutant had moderately low relative
chlorophyll fluorescence under both adequate N and low N conditions,
while Atnpf7.1 had reduced relative chlorophyll fluorescence only
under the low N treatment (Fig. 4). Under adequate N, the Atnpf7.1
mutant had higher relative chlorophyll fluorescence than WT early in
the reproductive development, but declined below the WT by the end of
the experiment (Fig. 4C). There was a similarly elevated chlorophyll
fluorescence in the Atnpf4.6 mutant, but under low N availability
(Fig. 4D). Water content, as indicated by NIR imaging, was similarly
high in all plants regardless of genotype and N treatment (Supp. Fig. 4),
reflecting that the water supply was not limiting during the

Atnpfd.6  Atnpf2.12  Atnpf7.1

within each N treatment, except for stalk lengths in
the low N treatment which were compared using
Dunnett's T3 test (*P < 0.05; **P < 0.01).

experiments.
3.3. AtNPF7.1 localized in plasma membrane and expressed in pollen

Since localization of AtNPF4.6 (NRT1.2) and AtNPF2.12 (NRT1.6)
have been reported previously (Almagro et al., 2008; Kanno et al.,
2012), we determined only the localization of AtNPF7.1 protein.
AtNPF7.1 is a putative peptide/nitrate transporter based on sequence
similarity (Tsay et al., 2007). Transient expression of 35S:AtNPF7.1:YFP
in N. benthamiana leaf epidermis showed that the AtNPF7.1 protein was
mainly localized on the plasma membrane (Fig. 6A-D), supporting its
role as a putative peptide transporter. The AtNPF7.1:YFP co-localized
with the aquaporin-reporter protein, PIP2A:mcherry, which is localized
on the plasma membrane (Nelson et al., 2007).

We also fused 2015 bp AtNPF7.1 promoter region with the GUS
reporter gene. In transgenic Arabidopsis plants transformed with this
AtNPF7.1,:,:GUS fusion, the GUS activity was only found in the anthers
and pollen (Fig. 6E). Quantitative RT-PCR was conducted for WT roots,
young rosette leaves, old rosette leaves, rosette stems, flower stalks,
cauline leaves, siliques, and flowers, but AtNPF7.1 expression was de-
tected only in the flowers (Fig. 6F). This was consistent with the results
of an RNA-seq map in which AtNPF7.1 was expressed in flowers prior to
anthesis, and in the anthers after anthesis (Klepikova et al., 2016), and
microarray analysis indicating expression of AtNPF7.1 during pollen
development (Honys and Twell, 2004; Winter et al., 2007). Further-
more, growth in low N conditions induced AtNPF7.1 expression in WT
plants (Fig. 6F).
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4. Discussion

Much less is known about the transport of organic nitrogen (N)
within the plant, than inorganic N (Tegeder, 2012; Tegeder and
Masclaux-Daubresse, 2018). We fed leaves '°NH;, which is in-
corporated into organic forms of N, in order to identify NPFs that in-
fluence transport of organic N within Arabidopsis plants. As a negative
control, we included a mutant of AtNPF2.13 (NRT1.7), which is known
to mediate phloem loading of nitrate for transport from leaves to flower
stalks (Fan et al., 2009). As expected, the Atnrtl.7 mutant did not show
altered N partitioning compared to WT when fed *NHj, because at
cellular pH NHj is rapidly non-enzymatically converted to NH, ", which
is quickly incorporated into organic forms (Hanik et al., 2010). Thus, in
addition to identifying three NPF genes that influence remobilization of
N from mature leaves in Arabidopsis, this study demonstrates the po-
tential power of using *>NH; radiotracer for functional screening assays
of organic N export from leaves of a focused set of genetic lines, and the
utility of digital imaging to characterize Arabidopsis mutants with subtle
phenotype differences.

4.1. AtNPF2.12

A previous study of AtNPF2.12 (NRT1.6) revealed its function as a
nitrate transporter mainly expressed in the vascular tissue of the silique
and funiculus (Almagro et al., 2008). A role for AtNPF2.12 in nitrate
uptake by roots is considered unlikely, since it is not expressed in roots
(Almagro et al., 2008). The mutation of AtNPF2.12 led to abnormal
embryos, because not enough nitrate was delivered from maternal
tissue to the developing embryo (Almagro et al., 2008). In N starvation
conditions, we found the total export of 1°N for Atnpf2.12 mutants was
less than WT plants, especially for bolting Atnpf2.12 plants. In parti-
cular, partitioning of N to inflorescence stems was substantially re-
duced (Fig. 3). Thus, AtNPF2.12 appears to alter organic N transport
under low N conditions, likely indirectly through its role in nitrate
partitioning to seeds. It is possible that AtNPF2.12 may also function in
the transport of assimilated organic forms of N. In a previous study,
AtNPF2.12 transported nitrate in the oocytes system, but not dipeptides
(Gly-Gly or Leu-Leu) (Almagro et al., 2008), which reduces the like-
lihood that AtNPF2.12 transports organic N, but we cannot rule out that
AtNPF2.12 might transport other forms of organic N. Many NPF genes
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Fig. 6. Expression and localization of Arabidopsis
AtNPF7.1 by transient expression in N. ben-
thamiana leaf epidermal cells. Subcellular locali-
zation of AtNPF7.1 was on the plasma membrane.
Leaves were co-infiltrated with plasma membrane
marker-mCherry (A), and AtNPF7.1-YFP (B). After
imaging mCherry and YFP, leaves were stained with
DAPI (C), and the images were merged (D). Scale
bar: 50um. In transgenic AtNPF7.1p,,:GUS
Arabidopsis, GUS activity was visualized as blue
color, which was observed in flowers (E). Image is
representative of five independent transgenic lines.
Quantitative RT-PCR analysis (F) of AtNPF7.1 gene
expression in flower tissues of WT and Atnpf7.1
mutants grown with adequate or low N.
Mean * SEM, n = 3 (*P < 0.05). (For interpreta-
tion of the references to color in this figure legend,
the reader is referred to the Web version of this ar-
ticle.)

@ Adequate N
Low N

Atnpf7.1

transport organic N in addition to, or instead of, nitrate (Corratgé-
Faillie and Lacombe, 2017; Tsay et al., 2007). However, the fact that
AtNPF2.12 is mainly expressed in the reproductive tissues (Almagro
et al., 2008), and yet N partitioning to rosette stems and roots was also
reduced suggests that AtNPF2.12 might affect organic N transport in-
directly through its effects on nitrate import to developing embryos,
perhaps by reducing seed sink strength or by influencing sink-source
signaling.

The Atnpf2.12 mutant plants were significantly smaller than WT
plants when N availability was low. It is not clear whether reduced N
export caused the reduced growth, or the reduced growth caused re-
duced N sink strength and lower leaf N export. However, the Atnpf2.12
mutants had significantly lower N export from leaves on a sink tissue
mass basis, indicating that sink strength per unit mass was decreased.
This suggests that AtNPF2.12 may be involved in N source-sink inter-
actions during vegetative development, not only during reproduction.
Although the strongest expression of AtNPF2.12 is in the developing
seeds, there is evidence of moderate expression in leaves, including
mesophyll cells (Winter et al., 2007), but AtNPF2.12 is not expressed in
roots (Almagro et al., 2008). Furthermore, chlorophyll content was low
in Atnpf2.12 mutants in both adequate N and low N conditions
throughout most of development, suggesting that AtNPF2.12 directly or
indirectly affects N utilization within leaves. Reduced chlorophyll may
have affected the photosynthetic capacity of the plants, which could
affect growth.

4.2. AtNPF4.6

AtNPF4.6 (NRT1.2) was initially identified as a nitrate transporter
mainly expressed in the root system (Huang et al., 1999), but was later
characterized as an ABA transporter (AIT1), expressed in imbibed
seeds, in guard cells, and in vascular tissues in cotyledons, true leaves,
hypocotyls, roots, and inflorescence stems (Kanno et al., 2012). The
AtNPF4.6 transporter may have dual functions, including a role in ni-
trate transport, but ABA is the preferred substrate of Arabidopsis
AtNPF4.6/NRT1.2/AIT1, and nitrate does not competitively inhibit
ABA transport by AtNPF4.6 (Kanno et al., 2013). Furthermore,
AtNPF4.6 expression influences plant sensitivity to ABA through its role
in ABA transport, but is not otherwise involved in the ABA signaling
cascade (Kanno et al., 2012, 2013). Although AtNPF4.6 is expressed in
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vascular tissue, it appears to function in localized within-organ trans-
port, rather than vascular loading or unloading (Kanno et al., 2012). In
our study, Atnpf4.6 mutants exported less N to the rosette stem and
roots than WT plants under the N starvation condition, which could
suggest the possibility of additional roles of AtNPF4.6 in N re-
mobilization and redistribution. Although AtNPF4.6 does not transport
histidine, Ala-His*, Ala-Asp’, Ala-Leu (Huang et al., 1999), we cannot
rule out the possibility that AtNPF4.6 could play a role in transporting
other forms of organic N from the leaf to the sink tissue.

Since ABA promotes leaf senescence (Gao et al., 2016; Lin et al.,
2016; Wojciechowska et al., 2018) and N remobilization (El Mannai
et al., 2017; Han et al., 2017; Poret et al., 2017), it is also possible that
AtNPF4.6 influences organic N export from leaves via its role in ABA
signaling. There is previous evidence of antagonistic crosstalk between
ABA and nitrate signaling (Alboresi et al., 2005; Matakiadis et al.,
2009). Arabidopsis knockout mutants of AtNPF4.6 had reduced sensi-
tivity to ABA (Kanno et al., 2012). Three observations suggest that the
N sensing pathways in Atnpf4.6 mutant plants overestimate plant N
content: under low N, Atnpf4.6 mutants exhibited (1) high chlorophyll
early in development, (2) reduced N export from mature leaves, and (3)
greater flower stalk branching. Previous reports showed that nitrate
interferes with ABA signaling by stimulating ABA catabolism (Alboresi
et al., 2005; Matakiadis et al., 2009). In turn, the results of our study
suggest that reduced ABA sensing in Atnpf4.6 mutants may have in-
creased the sensitivity of N sensing. It is not clear why rosette and
flower stalk growth of Atnpf4.6 mutants were reduced compared to WT
plants in adequate N conditions, but it could have been the result of
altered ABA signaling. Expression of AtNPF4.6/AIT1 in Arabidopsis
leaves and flower stalks alters stomatal conductance (Kanno et al.,
2012), which could impact CO, availability for photosynthesis and
could possibly influence nutrient uptake by altering water flux through
the xylem. Alternatively, it is possible that AtNPF4.6 could influence
organic N transport indirectly by altering nitrate uptake by roots, or by
altering nitrate partitioning within the plant.

4.3. AtNPF7.1

We identified a previously uncharacterized N cycling-related gene,
AtNPF7.1, via an Atnpf7.1 mutant that has reduced organic N export
from leaves specifically when N availability was low. Furthermore,
AtNPF7.1 expression was upregulated by low N availability, suggesting
a role in N-stress response. However, AtNPF7.1 was not expressed in
roots, suggesting that it does not contribute directly to nitrate uptake
from soil. We observed that AtNPF7.1 was localized in the plasma
membrane, similar to many other characterized NPF transporters
(Almagro et al., 2008; Hu et al., 2014; Kanno et al., 2012; Kiba et al.,
2012; Lezhneva et al., 2014; Li et al., 2010; Lin et al., 2008), and was
mainly expressed in the flowers, consistent with a previous report (Tsay
et al., 2007), particularly in the anthers and pollen. However, the re-
duction of export from Atnpf7.1 leaves during both the vegetative and
reproductive stages indicates that AtNPF7.1 must be expressed in some
vegetative tissue, possibly at a low level since we did not detect it. In
one previous study AtNPF7.1 expression was not detected in leaves, but
in other studies was detected at low levels in mesophyll cells, at higher
levels early in guard cell development, at a low level in rosettes, and
was upregulated following wounding (Kilian et al., 2007; Klepikova
et al., 2016; Winter et al., 2007; Yang et al., 2008). It is not clear
whether AtNPF7.1 is involved directly in organic N transport, or if it
affects organic N transport indirectly. AtNPF7.1 is most closely related
to AtNRT1.5, which loads nitrate into the xylem in roots (Lin et al.,
2008). However, since other NPF transporters have been found to
transport organic forms of N in addition to nitrate (Corratgé-Faillie and
Lacombe, 2017; Tsay et al., 2007), and since AtNPF7.1 is a putative
peptide transporter (Tsay et al., 2007), we cannot rule out the possi-
bility that AtNPF7.1 might directly mediate organic N transport. The
expression pattern suggests that the major in vivo function of AtNPF7.1
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may be a role in the delivery of organic N to developing pollen grains.

There are several possible explanations for the observed phenotypes
of Atnpf7.1 mutants in N-stress conditions, which included substantially
reduced chlorophyll fluorescence, and flower stalk length and
branching similar to or greater than plants grown with adequate soil N.
In the first scenario, AtNPF7.1 in WT plants is involved in N delivery to
developing anthers and pollen, and the effects of knocking out
AtNPF7.1 on phenotype are passive influences on sink-sink competition
for limited N. When AtNPF7.1 expression increases in WT plants due to
N limitation, anthers and pollen would become stronger sinks for N,
making proportionally less N available for stalk growth and branch
initiation. Knockout of AtNPF7.1 in the mutant would reduce N uptake
by anthers and pollen, increasing the N available for stalk elongation
and branch initiation. Changes in the allocation of finite resources from
source tissues or amongst multiple sinks can be driven entirely by
changes in resource demand by one sink (Minchin et al., 1993). The
reduced leaf N export that we observed would indicate that enhanced
growth of inflorescence structures in Atnpf7.1 mutants still did not
demand as much N as development of anthers and pollen in WT plants.
However, this scenario fails to explain the reduced relative chlorophyll
fluorescence in Atnpf7.1 mutants under low N for most of the re-
productive stage.

An alternative scenario is that AtNPF7.1 is involved in N sensing,
and the effects of AtNPF7.1 knockout on phenotype are due to altered
sensitivity to N status. Whereas low N availability resulted in WT plants
with greatly reduced flower stalk size and complexity, Atnpf7.1 mutant
plants maintained or slightly increased their size and number of bran-
ches when N availability was low (Fig. 5). This could result from in-
sensitivity of the Atnpf7.1 mutant to low N stress, or overestimating the
internal abundance of N. Control of branching is under complex reg-
ulation by multiple hormones, as well as carbohydrate status
(Domagalska and Leyser, 2011; Dun et al., 2012; Gomez-Roldan et al.,
2008; Mason et al., 2014). Given the interactions between C and N, it is
not surprising that N status can influence inflorescence branching, as
seen when N fertilizer is provided to rice (Ding et al., 2014). In Arabi-
dopsis, loss of function of a senescence-associated protease that affects N
cycling, results in altered inflorescence branching (Guiamét et al.,
2014). Since N recycling tends to be more efficient under low N
availability (Small, 1972), it would be expected that the Atnpf7.1 mu-
tant plants may export less N from leaves if they do not perceive N
stress or if they overestimate N status. Neither insensitivity to N stress
or overestimating plant N status would be expected to result in reduced
chlorophyll fluorescence, though.

A third scenario is that AtNPF7.1 is involved in both N delivery to
anthers/pollen and N sensing, and that stalk growth and rosette
chlorophyll fluorescence are impacted by AtNPF7.1 knockout through
different mechanisms. Reduced N uptake by anthers would make more
N available for development of the larger inflorescence stalk and branch
structures observed in Atnpf7.1 mutants. On the other hand, the in-
ability of anthers and/or pollen to take up enough N could trigger a
signaling cascade indicating low N status, which could be commu-
nicated from sink to source. Signals indicating N starvation may en-
hance or accelerate senescence processes in leaves in an attempt to
fulfill the perceived need for greater N delivery. Normally we would
expect N starvation to result in greater N export from leaves. However,
even though N demand signals may be sent to leaves from anthers, the
actual N uptake into sinks is reduced, which could result in a backup of
N transport. Thus, we propose that AtNPF7.1 could influence leaf N
export and inflorescence branching through a direct role in nitrate or
organic N delivery to anthers and pollen, while influencing leaf chlor-
ophyll degradation through a direct or indirect role in N sensing in
floral tissues, which is in turn signaled to source leaves accelerating
senescence.
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5. Conclusions

We found three mutants with reduced organic N export from leaves
under low N conditions. Remobilization of N from older shaded leaves
to younger leaves that potentially receive more direct sunlight can be
an adaptive response to low N stress. Normal expression of each of these
three AtNPF genes was required to maintain normal N export during
low N availability. One of these genes was previously known to be in-
volved in ABA signaling. Our results suggest that the other two AtNPFs
may act in part via signaling, as well. Several other NPFs (NRT1/PTR
family) are involved in transporting signaling molecules, in addition to
nitrate (Corratgé-Faillie and Lacombe, 2017; Tsay et al., 2007). Most
notoriously, AtNRT1.1 links N sensing with auxin transport to influence
root development and ultimately root architecture (Krouk et al., 2010;
Mounier et al., 2014). Furthermore, although AtNPF2.12 was pre-
viously characterized and implicated in nitrate transport into devel-
oping embryos (Almagro et al., 2008), the influence of AtNPF2.12 on
transport of organic N is a novel finding of our work. The present study
adds to the list of known components of N sensing pathways in plants.
Future studies should aim to understand how these components interact
and function as an integrated system.
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