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Abstract

Nitrogen is one of the most important nutrients for plants to grow, and nitrate is the

most common form of nitrogen to be absorbed. To utilize nitrate efficiently, higher plants

have developed various transporters, including NPFs being responsible for uptake,

transport and storage. Of all the 53 genes in NPF, despite some of the members have been

well characterized, a lot of them remain unclear. To find if any NPF genes participate in

nitrate distribution among leaves, gene expression from public databases, MPSS and e-

FP Browser, was analyzed, and nitrate content among leaves of mutants of 19 candidates

was measured. The results showed that the nitrate content of young leaf in gtr2-1 was

higher than wild type, and more root-fed '>N was transported to young leaf in gtr2-1. The

gene expression of GTR2 was higher in young leaf under low nitrate concentration, and

3 -glucuronidase reporter analyses indicated that GTR2 were expressed in roots, root-

shoot junction, and the young leaves. Taken together, these results suggest that GTR2

might be involved in repressing nitrate allocation to young leaves. In addition, to find out

if internal nitrate level would affect primary nitrate response, a nitrate storage defective

mutant, clca/clch, was characterized, and the data showed that CLCa and CLCb might be

partly involved in regulating primary nitrate response in roots but not in shoots. This study

il
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provides a systematic analysis of the roles of NPFs in nitrate distribution among leaves

and found out that GTR2 has a negative impact on nitrate distribution in young leaves.

Besides, the study of clca/clch suggests that external nitrate plays a major role in inducing

primary nitrate response.

Keyword: Arabidopsis; nitrate; transporter; nitrate distribution; primary nitrate response
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1. Introduction

1-1. Nitrate metabolism in plants

Aside from carbon (C), hydrogen (H), and oxygen (O), nitrogen (N) is also a

principal constituent of nucleic acids, proteins, and other essential biomolecules, and

nitrogen is a major limiting factor for plant growth and crop production; however, the

atomic nitrogen (N) is too stable for plants to absorb, thus plants can only consume

nitrogen in soluble forms, such as nitrate, ammonium, amino acid and peptides, and

among them, nitrate is the most abundant form to be absorbed (Crawford, 1995). After

being taken up by roots, nitrate could either be stored in the vacuole, or be reduced to

nitrite by nitrate reductase (NR) in the cytosol then to ammonium by nitrite reductase

(NiR) in the chloroplast in the shoot or the plastid in the root. Finally, with the cooperation

of glutamine synthetase (GS) and glutamate synthase (GOGAT), ammonium would be

converted to amino acids.

1-2. Nitrate transport systems in Arabidopsis thaliana.

Four gene families have been characterized for their diverse roles in plants,

including NPF (formerly NRT1/PTR, Nitrate Transporter 1/Peptide Transporter), NRT2

1
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(Nitrate Transporter 2), CLC (Chloride Channel), and SLAC1/SLAH (Slow Anion

Channel-associated1) (Dechorgnat et al., 2011; Wang et al., 2012; Leran et al., 2014).

As sessile organisms, plants have developed two nitrate uptake systems to adapt to

the fluctuating nitrogen conditions, which are the high-affinity transport system (HATS)

and the low-affinity transport system (LATS). The HATS operates when the external

nitrate concentration is lower than 0.5 mM, while the LATS has Km over 2 mM. The

transporters from NRT2 family have been known as HAT (Kotur et al., 2012), and those

from NPF are mostly LAT (Crawford and Glass, 1998; Forde, 2000; Glass et al., 2001;

Williams and Miller, 2001). Nonetheless, it is worth noticing that the first identified

nitrate transporter, NPF6.3 (NRT1.1/CHL1), displays dual affinity in the high and low

affinity ranges for nitrate, and apart from that, it is also a sensor, playing an essential role

in plant development (Tsay et al., 1993; Wang et al., 1998; Liu et al., 1999; Ho et al.,

2009).

1-3. NPF members have diverse functions in plants.

Up to now, NPF family in Arabidopsis have been identified to have transport ability

with a huge range of substrates, including nitrate, nitrite, chloride, glucosinolates, amino
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acids, peptides, and several hormones (Corratge-Faillie and Lacombe, 2017).

Since the first nitrate transporter, NPF6.3 (NRTI1.1/CHL1), was identified,

numerous groups have dived into this field and explored the uncharted territory. For these

two decades, 17 out of 53 NPF family members have been reported to be able to transport

nitrate. For instance, NPF4.6 (NRT1.2) is expressed in roots and is responsible for low-

affinity nitrate uptake (Huang et al., 1999). NPF7.3 (NRT1.5) is expressed in pericycle

cells close to the xylem. In npf7.3 knockout mutants, nitrate accumulates in roots,

indicating that NPF7.3 participates in loading nitrate into xylem and regulates long-

distance transportation (Lin et al., 2008). NPF7.2 (NRT1.8) is expressed in parenchyma

cells within the vasculature, playing the role of removing nitrate from xylem sap, and

therefore has a negative impact on the root-to-shoot nitrate transport (Li et al., 2010). On

the other hand, NPF2.9 (NRT1.9) is expressed in the companion cells of root phloem. In

npf2.9 knockout mutant, the root-to-shoot nitrate transport and plant growth are enhanced,

suggesting that NPF2.9 facilitates nitrate loading into the phloem and enhances

downward nitrate flow (Wang and Tsay, 2011).

Except for the roots, NPF family also has functions in shoots. In shoots, NPF6.2

(NRT1.4) is expressed in the petiole, modulating nitrate storage in petiole (Chiu et al.,
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2004). NPF6.4 (NRT1.3) is expressed in parenchymal tissues and up-regulated by light,

suggesting that NRT 1.3 may participate in transporting nitrate to photosynthesizing cells

(Lejay et al., 2008; Tong et al., 2016). NPF3.1 is expressed in smaller veins, playing the

role as a nitrite/nitrate transporter in the chloroplast envelope (Sugiura et al., 2007; Pike

et al., 2014). Oocytes expressing GTR1 or GTR2 exhibit nitrate induced current, and

these two NPF members are both high-affinity H'/glucosinolates transporters (Nour-

Eldin et al., 2012; Andersen et al., 2013; Ishimaru et al., 2017). PTR family is reported to

have dipeptide transport activity: PTR1 is proton-coupled dipeptide transporter with no

nitrate transport activity; PTR2 also can transport histidine and dipeptides; as for PTR6,

although it is homologous to PTR1, it does not have the transport activity for di- and tri-

peptide, and PTR6 is expressed in the whole plant, with the highest expression in pollen

and senescing leaves (Frommer et al., 1994; Chiang et al., 2004; Dietrich et al., 2004;

Hammes et al., 2010; Weichert et al., 2012; Chiba et al., 2015; Qiu et al., 2017). NPF1.1

(NRT1.12) and NPF1.2 (NRTI1.11) are expressed in the phloem of the leaf major vein of

the mature leaves. In >'NO3" labeling experiment, more >N was accumulated in mature

leaves but less nitrate accumulation in young leaves in npfl.1/npfl.2 double mutant,

suggesting that NPF1.1 and NPF1.2 are responsible for redistributing nitrate from mature
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leaves to N-demanding leaves via phloem transport under N-sufficient condition (Hsu

and Tsay, 2013). NPF2.13 (NRT1.7) also expressed in the phloem of the leaf minor vein

in old leaves. Less N was remobilized to young leaves in the knockout mutant in "'NO3”

tracing experiment, and more nitrate accumulated in old leaves in mutants. These data

indicate that NPF2.13 is responsible for loading nitrate into phloem to transport nitrate

out from old leaves to young leaves during nitrogen deficiency (Fan et al., 2009).

1-4. Nitrate serves as an important nutrient and a signal molecule.

In addition to being an important growth factor, nitrate also serves as a signal

molecule. For instance, it could regulate root architecture, seed germination, flowering,

hormones, and nitrogen/carbon balance (Forde, 2002; Miyawaki et al., 2004; Alboresi et

al., 2005; Zheng, 2009; Lin and Tsay, 2017).

Moreover, nitrate itself can also regulate gene expression levels, such as nitrate

transporters, nitrate assimilation enzymes, and even carbon assimilation enzymes (Gowri

et al., 1992; Scheible et al., 1997; Lejay et al., 1999). At the absence of nitrate, these

nitrate-regulated genes express at a low level, but when plants encounter nitrate, these

genes would be induced within minutes, for instance, NPF6.3 (NRT1.1), NRT2.1, NR, and
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NiR (Wang et al., 2003). This nitrate-induced rapid transcriptional response is called

primary nitrate response (Redinbaugh and Campbell, 1991).

Nevertheless, before inducing these genes, nitrate has to be sensed by plants in the

first place. Till now, we have already learned that NPF6.3 plays the role as transceptor

(transporter-receptor), which can sense a wide range of nitrate concentration and trigger

different levels of gene expression according to external nitrate concentration (Ho et al.,

2009). NRT2.1 was also suggested to be a nitrate sensor or a signal transducer, repressing

lateral root initiation (Little et al., 2005).

1-5. CLC family members are involved in nitrate compartmentalization in intracellular

organelles

After entering cells via NPF or NRT2 families, nitrate would accumulate in the

vacuoles, where the concentration of nitrate can go up to 50 mM, and the vacuolar nitrate

contributes to the homeostasis of cytosolic nitrate (Martinoia et al., 2000; Cookson et al.,

2005). In Arabidopsis, there are seven homologs have been identified, named AtCLCa to

AtCLCg, and they are predominantly expressed in vascular tissues (Lv et al., 2009).

Within a cell, CLCa, CLCb, CLCc and CLCg are localized in the vacuole, CLCd and
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CLCf are localized in the Golgi, and CLCe is localized in the chloroplast (Zifarelli and

Pusch, 2010).

Among seven of them, CLCa is the most thoroughly studied plant CLC. CLCa, when

mutated, leads to 50% of nitrate reduction in both shoots and roots (Geelen et al., 2000).

CLCb had a stronger expression in young roots, cotyledons, leaves and flowers, showing

strong selectivity of nitrate when expressed in oocytes, but the nitrate content of clch was

identical to wild type (von der Fecht-Bartenbach et al., 2010). CLCc also showed

decreased nitrate content compared to wild type, but had a broader anion selectivity

(Harada et al., 2004).

1-6. Nitrate transporters in Poplar

In contrast to most crop species preferring nitrate, the source of nitrogen taken up

by trees mainly depends on the tree species and the environment. For example, Populus

tremuloides had higher capacity for nitrate acquisition over ammonium, and the ability

was mediated by both HATS and LATS (Min et al., 2000). In Grey poplar (Populus

tremulaxPopulus alba), under saline conditions, uptake, assimilation, and accumulation

of N were enhanced when supplied with nitrate instead of ammonium (Ehlting et al.,
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2007), while roots of Populus simonii uptake more ammonium than nitrate in salt-treated

experiment (Zhang et al., 2014).

Most research on nitrate has only been done at the physiological level, and more

reports are focused preferably on the influence of N sources on the biomass, xylem

production, and drought stress adaptation (Faustino et al., 2015; Omena-Garcia et al.,

2015). Today, we have know that in Populus trichocarpa, 79 NRTs have been identified

from the genome, including 68 PtINRT/PTR, 6 PtNRT2, and 5 PtNRT3 genes (Bai et al.,

2013). Microarray data showed that most of the PINRT genes were expressed in wood,

bark, and leaves, fewer PtNRT genes expressed in roots, and very few PtNRT genes were

found expressed in the developing xylem and the elongation zone (Bai et al., 2013).

1-7. Aim of this research

With all the efforts from numerous scientist for these two decades, we still lack a

systematic research on which genes might participate in nitrate distribution among leaves,

and whether internal nitrate concentration affects nitrate sensing. Here I focused on NPF

family, using public databases to screen for my candidates based on their gene expression

among leaves, and tried to find out within this family, which genes might be involved in
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nitrate distribution in leaves.

In addition, it has not been reported that if there is any sensor inside the cell and can

detect the internal nitrate concentration. In this experiment, clc mutants, which has

significant nitrate storage defect, were used to perform low- and high-affinity primary

nitrate response, trying to understand if internal nitrate concentration would affect nitrate

signaling.
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2. Material and method

2-1. Plant Material and Growth Condition

Arabidopsis thaliana ecotype Columbia (Col-0) was used as the wild-type control,

and 19 npf mutants used in nitrate content analysis were obtained from Arabidopsis

Biological Resource Center (ABRC) or The European Arabidopsis Stock Centre (NASC).

AGI code NPF names Published names Mutant line
At3g47960 AtNPF2.10 GTR1 gtrl (CS879742)
Atlgl12110 AtNPF6.3 NRTI1.1(CHL1) chl1-5
At3g21670 AtNPF6.4 NRTI1.3 sper3-3 (SALK 001553)
At1g69870 AtNPF2.13 NRTI1.7 nrtl.7-2 (SALK 053264)
At1g22570 AtNPF5.15 npf5.15-1" (CS859376)
At2g26690 AtNPF6.2 NRT1.4 nrtl.4-2 (WiscDsLox322H05)
At5g62680 AtNPF2.11 GTR2 gtr2-1 (Garlic 20 B07)
At1g69850 AtNPF4.6 NRTI1.2 aitl-1 (SALK 146143)
At2g02040 AtNPF8.3 PTR2 ptr2-1* (SALK_079073)
At1g62200 AtNPF8.5 PTR6 ptré-1" (GK-651C03)
At1g68570 AtNPF3.1 npf3.1-1" (SALK_076121)
At3g53960 AtNPF5.7 npf5.7-1" (SALK_068690C)
At3g54140 AtNPFS.1 PTRI ptrl-1 (SALK 131530)
At2g40460 AtNPF5.1 npf5.1-1" (SALK_000464)
Atl1g22540 AtNPF5.10 npf5.10-1" (SALK_141062)
At5g13400 AtNPF6.1 npf6.1-1" (SALK 007230)
At5g14940 AtNPF5.8 npf5.8-1" (SALK_039348)
Atlg72140 AtNPF5.12 npf5.12-1" (Garlic_168_G10)
Atlg72130 AtNPF5.11 npf5.11-1" (SALK_042211)
" The novel mutants, which have not been published, were named here with their NPF
names or published name of the gene. Their gene structures were presented in
Supplementary Figure 1 to 11, with the primers list in Supplementary Table 1.

10
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Plants were grown hydroponically containing different nitrate concentrations depending

on experimental designs with 1 mM KH2PO4/K2HPO4 and basal nutrient (2 mM MgSOa,

1 mM CaClz, 0.1 mM FeSO4-EDTA, 50 uM H3BOs3, 12 uM MnSOs4 - 2H20, 1 uM ZnCla,

1 utM CuSO4 - 5H20, 0.2 uM NaMoOs - 2H20), 0.5g/L MES at pH 5.5 (adjust with KOH)

under long day condition (16h of light/8h of dark cycles; 95-110 pmole m? s”! PPDF).

After four days, seeds were germinated on rockwool, and the full nutrient medium was

applied twice a week after germination. The light intensity was measured with a LI-250A

light meter with a LI-190SA quantum sensor (LI-COR).

For primary nitrate response, seeds of Col-0 and mutants were surface-sterilized

with 70% ethanol for 2 minutes then sterilization solution (0.5% SDS and 20% bleach)

for 15 minutes. Approximately 240 seeds were sown on nylon netting supported by

Magenta vessels (Sigma) in about 57 ml of nitrate-free liquid growth medium. The

medium contains 12.5 mM ammonium succinate as the sole nitrogen source, 10 mM

KH2PO4/K2HPO4, and basal nutrient (2 mM MgSOs, 1 mM CaClz, 0.1 mM FeSO4-

EDTA, 50 uM H3BOs3, 12 uM MnSOs4 - 2H20, 1 uM ZnClz, 1 uM CuSOs4 - 5H20, 0.2

uM NaMoOs4 - 2H20, 1g/L MES, and 0.5% sucrose) at pH 6.5 (adjust with KOH). The

eight-day-old seedlings were transferred to about 57 ml of 12.5 mM ammonium succinate

11
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medium, which the pH was changed to 5.5 by adding HCI, for two treatments, 16 hours

and 3 hours respectively. After the 3-hour treatment, the plants were transferred to

mediums containing 25 mM or 200 uM KNOs, pH 5.5, and then the seedlings were

collected at 0, 15, 25, 35, 45, 60, and 120 minutes after transferred. Two vessels were

pooled together for each experiment (approximately 60 seedlings).

Plants for measurement of primary root length were grown on plates. Seeds of wild

type and mutants were surface-sterilized as described previously and sown on 0.2 mM

KNO3, 5 mM KNOs plates at pH 5.7 and 5 mM ammonium succinate plate at pH 6.5.

After stratification at 4°C for 3 days, the plates were taken out and put under continuous

light for 4 days, and then the homogeneous seedlings were shifted to new plates with the

same nutrient and pH level for another 6 days. The photos were taken every day at noon,

and the measurement of the length of primary root was using ImagelJ software (Schneider

et al., 2012).

2-2. Genomic DNA extraction

7-day-old seedlings was ground with 0.5 mL Urea extraction buffer (7 M Urea, 1%

Sarcosyl, 50 uM Tris, pH 8.0, 35 mM NaCl, 20 mM EDTA, pH 8.0) and mixed with 0.4
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mL phenol/chloroform/IAA (25:24:1) mixture. Mixed well and centrifuged at 14000 rpm

for 15 minutes, and then the supernatant was transferred to a new microtube, the equal

volume of TPA and 0.1 volume of 3 M sodium acetate and precipitated at 4°C overnight.

The genomic DNA was pelleted by centrifuged at 14000 rpm for another 15 minutes and

dissolved in water.

2-3. Quantitative PCR analysis

The RNA of samples were extracted with TRIzol reagent (Invitrogen), and then

cDNAs were synthesized using oligo (dT) primers and ImProm-II reverse transcriptase

(Promega). Quantitative PCR was performed with 2x LightCycler 480 SYBR green I

Master Mix (Roche). The initial denaturing step at 95°C for 10 minutes, followed by 40

cycles of 95°C for 10 seconds, 59°C for 5 seconds, and 72°C for 11 seconds. After PCR

cycles, the melting temperature of the PCR product was measured. The gene expression

was analyzed with gene-specific primers and was normalized with UBQ10.

2-4. Nitrate Content Analysis by HPLC

The plant tissue of root or shoot were collected and frozen in liquid nitrogen
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immediately, and then samples were dried by lyophilization. To extract nitrate, samples

were boiled in water (1000 uL/mg dry weight) for 30 minutes and then freeze-thawed

once. After filtering through 0.2 pm polyvinylidene fluoride membrane (Pall

Corporation), nitrate content of samples was determined by HPLC (Thayer and Huffaker,

1980) using a PARTISIL 10 SAX (strong anion exchanger) column (HICHROM) with

50 mM KH2POs buffer, pH 3.0, as the mobile phase.

2-5. I’NO3" Labeling Assay

Plants were grown hydroponically 17 days as mentioned above. After the light was

on, plants were transferred to 2 mM KNO3 hydroponic medium containing a 49% excess

of N for 5 minutes, washed twice with 0.1 mM CaSOs. The leaves were collected by

order from old to young along with the root in tin capsule, and then dried in 80°C oven

for two days. '°N abundance in individual leaf was analyzed as described elsewhere using

a continuous-flow isotope ratio mass spectrometer coupled with a carbon nitrogen

elemental analyzer (SERCON)(Fan et al., 2009).
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2-6. GUS staining

Transgenic plants were generated by Ya-Yun Wang, with a 2.7-kb genomic

fragment from the promoter to partial second exon (Wang, 2011). Plants were grown on

MS plates (CAISSON) under continuous light. Histochemical staining for GUS activity

was performed on plants at vegetative stage. The whole plant was vacuum infiltrated for

45 minutes at room temperature in 0.5% formaldehyde, 0.05% Triton X-100, 50 mM

sodium phosphate buffer at 7.0. After rinsed three times with 50 mM sodium phosphate

buffer at 7.0, the plants were incubated in staining buffer at 37°C in dark overnight,

which contains 2 mM X-Glu (Gold BioTechnology, Inc.), 0.5 mM potassium ferricyanide,

0.5 mM potassium ferrocycide, 0.05% Triton X-100, and 50 mM sodium phosphate

buffer at 7.0. The plants were rinsed three times with 50 mM sodium phosphate buffer at

7.0, and then be fixed overnight in 2% formaldehyde, 0.5% glutaraldehyde, and 100 mM

sodium phosphate buffer at 7.0. Pigments were removed by immersing plants in 15%,

30%, 50%, 70% ethanol successively.
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3. Results

3-1. Investigation of NPF genes for nitrate distribution among leaves

3-1-1. Bioinformatics research to identify potential candidates for further study.

To find out which genes might involve in regulating nitrate distribution in leaves,

firstly I used public databases to narrow down my targets. The main database used was

AtGenExpress Consortium (Arabidopsis eFP Browser,

http://bbc.botany.utoronto.ca/efp/cgi-bin/efpWeb.cgi). Data from the eFP Browser are

presented pictographically in Supplemental Figure 12. From this information, the gene

expression pattern in various tissues for each NPF family member could be found. Among

53 NPF family members, the level of gene expression in leaves can vary from 1 to 876,

including young leaves and old leaves, while 3 of the family members, Atlg72120

(NPF5.14), At1g72130 (NPF5.11), and At3g54450 (NPF5.4), failed to be detected by this

method. To screen for candidate genes involved in nitrate distribution in leaves, a cutoff

level of gene expression in leaves at 100 was chosen to distinguish those genes that have

higher expression in leaves from others. Under this criterion, 18 NPF members were

chosen to be the candidates and subjected to the following nitrate content analyses (Table

1.
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3-1-2. Three more NPF members were selected based on Massively Parallel Signature

Sequencing (MPSS) and RT-PCR results presented in a review article.

To further confirm the selection and furthermore to identify genes that cannot be

found in Arabidopsis eFP Browser, another public database, Massively Parallel Signature

Sequencing (MPSS, https://mpss.danforthcenter.org/dbs/index.php?SITE=at sRNA),

and the data presented in a review article (Tsay et al., 2007) were examined.

From MPSS database, 28 out of 53 genes have signatures in leaves (Table 2). Among

the 28 genes, even all of the genes showed signatures in leaf, however, some of the

abundances of signature in leaf were too low compared to other tissues. Therefore, for

the candidates chosen, the abundances of signature in leaf at least had to be 40% of that

in the most abundant tissue. These 14 candidates genes were marked with light gray in

Table 2.

On the other hand, in our previous study (Tsay et al., 2007), the tissue-specific

expression pattern of the 53 genes was normalized with UBQ10 and shown as circles with

sizes proportional to the percentage in each tissue (Supplementary Figure 13). In

comparison of shoots and roots, the same criterion was applied that the value in shoots

had to be higher or at least 40% of that in roots to be chosen, and with this criterion, 16
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genes were choseon, marked with light gray in Supplementary Figure 13.

Taken together, as e-FP Browser showed detailed information of individual leaf, the

genes selected based on e-FP Browser were all adopted, while the overlapping candidates

selected from MPSS and RT-PCR results was also adopted in the following experiments.

(Figure 1)

3-1-3. 19 candidates were chosen to measure nitrate content and biomass among leaves

According to the public databases mentioned above, we narrowed down to 21 NPF

members; however, NPF1.1 and NPF1.2 together have been reported to participate in

nitrate redistribution, so here they were excluded from the nitrate content experiment.

Mutants of the 19 candidates were randomly separated into batches and grown

hydroponically supported with 2 mM KNOs (Supplementary Figure 14). Leaves were

collected at 17" day for all batches, except that in batch 8 were collected at 18" day. In

each batch, wild type was included as control. The medium of batch 3, 4 and 5 was

refreshed every four days, while other batches’ were refreshed twice a week, and this

resulted in the smaller plants in batch 3, batch 4 and batch 5 (Supplementary Figure 15B).

The biomass of these three batches was smaller than other batches and the seventh leaf
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was not able to be collected. As for batch 8, due to the difference of collecting day, the

dry weight was higher in all the leaves, especially the big and young leaves

(Supplementary Figure 15B). Nevertheless, the pattern of nitrate content was still

comparable in all batches; the nitrate content was higher in old and big leaves (L1 to L4),

and it was lower in young leaves (L5 to L7) (Supplementary Figure 15A).

To find out if the mutants of NPFs can consistently show the defects in nitrate

distribution among leaves, the data were extracted from different batches and examined

carefully. The results of all the mutants can be divided into three categories: no difference,

slight difference, and consistent difference compared to wild type.

For the first category that had no difference between mutant and wild type, npf3.1-1

showed no difference in both nitrate content and dry weight compared to wild type in all

three batches, batch 1, batch 2, and batch 8 (Figure 2). Similarly, the nitrate content of

npf5.1-1 in both batches was similar and had no difference compared to wild type (Figure

3A and 3C). npf5.7-1 mutant was examined in batch 9 and 10, and in both batches, the

nitrate content and biomass were identical to those of wild type (Figure 4). Another

mutant, Npf5.8-1, also showed the same pattern that the nitrate content in batch 5 and

batch 8 both showed no difference compared to wild type (Figure SA and 5C). npf5.10-1
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had smaller dry weight in the third leaf in batch 8 (Figure 6D) but had not in batch 6

(Figure 6B), and the mutant showed lower nitrate content in the oldest leaf in batch 6 but

without statistical significance (Figure 6A). Overall, npf5.10-1 had no difference

compared to wild type (Figure 6). Data from two independent experiments showed that

in nitrate content and biomass, npf5.15-1 showed similar patterns as wild type did (Figure

7). In gtrl mutant, the patterns of nitrate content and dry weight in both batches, batch 9

and 10, were identical to wild type (Figure 8). In figure 9B, although the dry weight of

sper3-3 seemed to be bigger than wild type, there was no statistical significance in both

nitrate content and dry weight compared to wild type (Figure 9). ptrl-1 mutant was

performed twice in batch 6 and batch 10. In batch 6, there was no difference between wild

type and ptrl-1 in both nitrate content and dry weight (Figure 10A and 10B), but in batch

10, the dry weight of ptrl-1 was slightly higher than that of wild type, especially in fifth

and seventh leaf, showing statistical difference (Figure 10D). Collectively, ptrl-1 had no

difference in nitrate content compared to wild type (Figure 10).In one batch of experiment,

ptr6-1 mutant showed similar pattern compared to wild type in both nitrate content and

biomass (Figure 11).

As for mutants that had slight difference compared to wild type, nrt1.4-2 had higher
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nitrate content in old leaves in batch 8 (Figure 12E), nitrate content in old leaves in batch

2 was slightly higher than wild type but had no statistical significance (Figure 12C), and

in batch 1 it showed similar level compared to wild type (Figure 12A). For dry weight,

there was no any differences compared to wild type (Figure 12B, 12D and 12F). In

summary, nrtl.4-2 overall had no consistent difference compared to wild type (Figure

12). As shown in Figure 13, npf5.11-1 was performed three times in batch 6, 7, and 10,

in which there were at least four different plants for mutants and wild type. However, the

standard deviation of old leaves of nitrate content was extremely large that showed no

statistical difference compared to wild type (Figure 13A, 13C and 13E), but the nitrate

content slightly decreased in big leaves in npf5.11-1 (Figure 13C and 13E), while there

was no difference in dry weight (Figure 13B, 13D and 13F). npf5.12-1 was examined in

three batches, batch 5, 7, and 10. For npf5.12-1, nitrate content of the 6 leaf in batch 7

was higher than that of wild type (Figure 14C); the dry weight of 1° and 3™ leaf in batch

7 and 5" leaf in batch 10 was slightly higher than that of wild type (Figure 14D and 14F).

Taken together, we concluded that npf5.12-1 had no significant difference compared to

wild type (Figure 14). As for aitl-1, the mutant had lower nitrate content in the oldest

leafin batch 1 (Figure 15A), and this was also observed in batch 4 (Figure 15C) and batch
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8 (Figure 15E) but no significant difference. In batch 8, mutant had lower dry weight in

the oldest and the third leaf (Figure 15F), and this was also shown in batch 1 but without

statistical significance (Figure 15B). Despite for the slight difference, aitl-1 overall

showed no dramatic difference compared to wild type (Figure 15). npf6.1-1 showed

higher nitrate content in the biggest leaf in batch 7 (Figure 16C), and this was also

observed in batch 1 but without significance (Figure 16A). Also in batch 8, the mutant

had higher dry weight in big and young leaves (Figure 16F), but this could not be seen in

the other two batches. Taken together, npf6.1-1 overall had no difference compared to

wild type (Figure 16). For ptr2-1, the mutant showed higher nitrate content in the second

leaf but lower nitrate content in young leaves in batch 6 (Figure 17A), while overall the

mutant had smaller dry weight compared to wild type (Figure 17B and 17C).

In the third category, three mutants, nrtl.7-2, chl1-5, and gtr2-1 showed the

difference in independent batches consistently. In two independent batches, nrtl.7-2

showed higher nitrate content (Figure 18A and 18C) and higher dry weight (Figure 18B

and 18D) in most of the leaves compared to wild type. For chl1-5, in batch 4, it showed

the minor difference of nitrate content in the first and third leaf, but there was no

difference in biomass (Figure 19A and 19B). However, in batch 8 and 10, the mutant
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showed a significant decrease in both nitrate content and dry weight consistently. chl1-5

only had about two-thirds of nitrate content in wild type (Figure 19C and 19E), and

biomass was also smaller than wild type (Figure 19D and 19F), especially in batch 8 that

the biomass was almost only half of it in wild type (Figure 19D). From three independent

batches, it came to the conclusion that under this condition, chl1-5 grew smaller and had

lower nitrate content compared to wild type (Figure 19). Interestingly, gtr2-1 showed

lower nitrate content in old leaves but higher nitrate content in young leaves compared to

wild type (Figure 20A and 20C), and although it did not show significance, this pattern

could also be observed in batch 3 (Figure 20E). As for dry weight, only in batch 1 the

third leaf of gtr2-1 was smaller than it of wild type (Figure 20B), other than that there

was no significant difference compared to wild type (Figure 20D and 20F).

In this study, nitrate content and biomass assay among leaves of most 19 npf mutants

were performed at least twice in independent experiments, except that ptré-1 was only

performed once. Three npf mutants, nrtl.7-2, chl1-5, and gtr2-1 showed different nitrate

distribution patterns and others had similar pattern compared to wild type. It was worth

to note that gtr2-1 showed low nitrate content of mutant in old leaves while high in young

leaves compared to wild type (Figure 20), indicating that this gene might be involved in
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nitrate remobilization and distribution among leaves. Therefore, it was intriguing for me

to go further and identify the function of this gene.

3-2. Functional analyses of Arabidopsis GTR2

3-2-1. GTR2 was mainly expressed in root, root-shoot junction and young leaves

In order to characterize the expression of GTR2 at vegetative stage, GUS staining of

Pgtr2-GUS transgenic lines was performed. Strong staining was presented mainly in the

roots, root tips, and root-shoot junction (Figure 21A). The staining in leaves was relatively

faint and could only be observed under a microscope. The GUS signal in shoot part was

only shown in major veins in young leaves (Figure 21E to 21G), and was not shown in

cotyledon, old leaf, and big leaf (Figure 21Bto 21D).

3-2-2. More *N was accumulated in young leaves of gtr2-1

As shown in Figure 20, when continuously grown with 2 mM KNOs, gtr2-1 mutant

showed higher nitrate content in young leaves and lower in old leaves compared to wild

type, indicating that GTR2 might be involved in nitrate distribution among leaves. To

understand how GTR2 participates in nitrate distribution, '’NO3™ allocation assay was
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performed by feeding '>NOs"to the root for 5 minutes, and then the '°N concentration in

individual leaves was analyzed. Compared to wild type, the !N concentration was lower

in old and big leaves (L1 to L4) of gtr2-1 mutant, despite no statistical significance

(Figure 22). In contrast, '’N concentration in the young leaf of gtr2-1 mutant showed 1.5

times higher than that of wild type (Figure 22). Both long-term nitrate accumulation and

short-term >N distribution are changed in the mutant, so these results suggested that

GTR2 might participate in regulating nitrate distribution among leaves, while nitrate is

transported from root via xylem.

3-2-3. Expression of GTR2 in young leaves is increased at low nitrate condition

To find out the relative expression level of GTR2 in different leaves under high and

low nitrate concentrations, leaves of wild type plants were harvested at 17" day. RNA

expression level was measured by RT-qPCR. As shown in Figure 23, GTR2 expression

level was higher under low nitrate concentration condition, while the expression level of

high nitrate concentration was lower. Under low nitrate concentration, GTR2 expression

level in the youngest leaf was almost 4-fold higher than that in the oldest leaf. As for high

nitrate concentration, GTR2 expression level had no dramatic differences in all leaves.
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Taken together, the results indicated that GTR2 had higher expression level under low

nitrate concentration, participating in the young leaves.

3-2-4. Nitrate content in young leaves was higher under different nitrate

concentrations in gtr2-1

Since the expression of GTR2 is higher at low nitrate, the influence of GTR2 on the

nitrate content at low nitrate condition was examined in wild type and gtr2-1 mutant

grown with 0.2, 2, and 10 mM KNO3 mediums at pH 5.5.

As shown in Figure 24A, 24C, and 24E, for all the three concentrations tested, 0.2

mM, 2 mM, and 10 mM, the nitrate content in young leaves of gtr2-1 mutants were all

higher than wild type. Different from what we are expected from the expression pattern,

the nitrate content differences between wild type and mutant are more dramatic at higher

nitrate concentrations like 2 mM and 10 mM KNOs.

As for dry weight, under 0.2 mM KNO3 condition, it was lower in old leaves in gtr2-

1 mutant (Figure 24B); under 2 mM and 10 mM KNOs conditions, the dry weight of

young leaf was higher in gtr2-1 mutant compared to wild type (Figure 24D and 24F).

These data indicated that GTR2 might be involved in regulating nitrate distribution

among leaves under low and high nitrate concentration conditions.
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3-2-5. Nitrate content dropped faster under starvation in gtr2-1

We are also interested to know if this gene would participate in regulating nitrate

accumulation under starvation condition. Therefore, plants were shifted to nitrate-

depleted medium after growing under 2 mM KNOs for 17 days, and samples were

collected, before and after shifting, including 4 hours and 24 hours.

The nitrate content before shifting showed the same pattern observed before, as it

was higher in young leaves and lower of it in old leaves in gtr2-1 compared to wild type

(Figure 25A). 4 hours after shifting, the nitrate content in both wild type and gtr2-1

dropped. However, compared to wild type, nitrate content in gtr2-1 declined faster. In old

leaves, although the nitrate content was already lower in gtr2-1 than in wild type before

shifting, the nitrate content in wild type only dropped 22% to 24%, but in gtr2-1, it

dropped 27% to 36%, and this phenomenon was more dramatic in young leaves. In young

leaves, the nitrate content in the mutant was higher than in wild type before starvation,

but 4 hours after starvation, the nitrate content dropped to the same level as wild type,

and even lower than wild type in L7. 24 hours after starvation, the nitrate content of gtr2-

1 in old leaves was only half of that in wild type; while in mature leaves (L3 to L5), nitrate
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content was similar in wild type and mutant; and the nitrate was almost undetectable in

young leaves (L6 and L7) in both wild type and mutant (Figure 25A).

For biomass, only in the oldest leaf and the fourth leaf, gtr2-1 was slightly lower

than wild type after 24 hours’ starvation, but overall there was not so much difference.

However, it brought our attention to that after 4 hours and 24 hours starvation, the growth

of mature leaf (L3 to L5) and young leaf (L6 and L7) in wild type was faster than gtr2-1.

In the mutant, the growth was about 0.1 to 0.2 mg in all leaves under starvation, but for

wild type, the growth, especially in mature leaf, could up to almost 0.5 mg (Figure 25B).

In summary, gtr2-1 might grow slower than wild type under starvation, and nitrate

depleted faster in gtr2-1.

3-2-6. Primary root length in gtr2-1 was longer under low nitrate condition

Although we selected GTR2 as one of our candidates based on its relatively high
expression in leaves, the highest expression tissue of GTR2 was roots; therefore, we also
examined root development to see if GTR2 played any roles in that. Seedlings were
grown on plates containing 0.2 mM or 5 mM KNOs3, or 5 mM ammonium succinate. The
primary root length was measured from the 4" day after germination.

Under both high and low nitrate concentration plates, the primary root length of gtr2-
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1 was shorter at the beginning than wild type, while this difference was not observed

under plates containing ammonia as nitrogen source. gtr2-1 grew faster under low nitrate

concentration plates, in which the primary root length was shorter in mutant compared to

wild type at day 4, but started from day 7, the length of primary root was longer in the

mutant (Figure 26A). On the other hand, gtr2-1 in high nitrate concentration plates did

not show longer root length at the end of this experiment but had similar length with wild

type, though the difference at day 4 was shortened (Figure 26B). As for plants grown on

ammonium plates, there was no difference between mutant and wild type in the period of

this experiment (Figure 26C). In conclusion, the primary root grew longer in gtr2-1 under

low nitrate condition in this experiment, indicating that GTR2 might take part in primary

root growth under low nitrate condition.

3-3. CLCa and CLCb are responsible for nitrate storage in vacuole and might have

impact on nitrate sensing in roots

3-3-1. clca and clcb mutants showed a reduction in nitrate content among all leaves.

It has been reported that CLCa is responsible for nitrate storage in vacuole, and the

nitrate content in clca in both shoots and roots is only 50% of that in wild type (Geelen
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et al., 2000), and CLCb was reported to localized in tonoplast as well and had strong

selectivity for nitrate (von der Fecht-Bartenbach et al., 2010).

In Figure 27A, the nitrate content of clca and clcb was similar to previous research,

in which the nitrate content was dropped dramatically in clca in all leaves, and the nitrate

content of clcb was merely the same as wild type. Nevertheless, in mature leaves, the

nitrate content of clca/clch dropped even more than clca (Figure 27A). Despite the

dramatic difference shown in nitrate content, the dry weight of wild type and mutants

were identical (Figure 27B). To summarize, CLCa and CLCb do participate in nitrate

storage in the vacuole, as the major and minor one, respectively, but the growth and

biomass of mutants were not affected.

3-3-2. clca/clch had no dramatic difference compared to wild type in terms of primary

nitrate response under both high- and low-affinity nitrate conditions.

To investigate if internal nitrate content would affect nitrate sensing, primary nitrate

response in wild type and clca/clch under both low- and high-nitrate conditions, 200 uM

and 25 mM, respectively, was performed. In most studies, primary nitrate response only

focuses on roots, but since CLCa and CLCb are mainly expressed in shoots, both roots
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and shoots in this experiment were collected to examine the pattern of primary nitrate

response. 9-day-old seedlings of wild type and clca/clcb were exposed to high- and low-

affinity nitrate medium for 2 hours, and samples were collected at seven time points (0,

15, 25, 35, 45, 60, and 120 minute). Previous studies showed that under all nitrate

concentrations tested, the expression of primary nitrate response genes peaked at 30

minutes in roots (Hu et al., 2009); however, there were not many studies on shoot primary

nitrate response, so more time points were collected in case the peak in shoots were

missed. For roots, NPF6.3 (CHL1), NRT2.1, NIAL, and NiR were chosen as marker genes,

which have been reported to be nitrate-inducible genes and can be upregulated in primary

nitrate response (Wang et al., 2003); for shoots part, NIA2, Glucose-6-phosphate-1-

dehydrogenase (G6PDH3), Urophorphyrin 11l Methylase (UPM1), NiR, and

PHOSPHOGLYCERATE MUTASE were used as marker genes, which were induced

rapidly by nitrate (Wang et al., 2003). Apart from quantifying relative expression of

marker genes, nitrate content of wild type and clca/clcb was also measured to make a

better correlation between internal nitrate content and gene induction level.

Since the plants for primary nitrate response were grown in nitrate-free ammonium

medium, it was necessary for us to measure the gradually changed nitrate content in both
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shoots and roots after nitrate induction. In roots, under both high- and low-affinity

conditions, the nitrate content of clca/clch was significantly lower than wild type after

nitrate induction (Figure 28A and 29A). On the other hand, in shoots, the nitrate content

in mutant and wild type had no difference under high-affinity nitrate condition (Figure

28B), and the significant difference between mutant and wild type only showed after two

hours under low-affinity nitrate condition (Figure 29B).

As for relative gene expression, the peak in roots was at 25 to 35 minutes after

induction under both high- and low-affinity conditions (Figure 30 and 32), but the peak

in shoots had different patterns. As shown in Figure 31, under high-affinity nitrate

condition, the marker gene, PHOSPHOGLYCERATE MUTASE, peaked at 35 minutes, or

at 45 to 60 minutes, including NIA2, NiR, GGPDH3 and UPML1, and decreased within two

hours. Under low-affinity nitrate condition, only PHOSPHOGLYCERATE MUTASE

showed a peak at 35 minutes, and all the other marker genes tested seemed to reach the

maximum at 45 to 60 minutes but did not decrease (Figure 33).

Under high-affinity nitrate condition, in both roots and shoots, the relative

expression normalized to the 0 time point of the wild type of all genes examined was

identical in wild type and clca/clcb (Figure 30 and 31). However, the fold change of
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CHL1 and NIR in roots, as shown in Figure 29, was slightly higher in the double mutant,

indicating that even the nitrate content differed from wild type, CLCa and CLCb might

only have a minor effect in roots on primary nitrate response under high-affinity nitrate

condition.

Under low-affinity nitrate condition, in shoots, the expression of G6PDH3, UPM1,

and PHOSPHOGLYCERATE MUTASE was slightly decreased in double mutant at 35

minutes, and the expression of NIA2 was slightly decreased in mutant at 120 minutes, but

overall, there was no dramatic difference between wild type and clca/clcb double mutant

under low-affinity condition in shoots (Figure 33). Interestingly, in roots under low-

affinity nitrate condition, the relative expression and fold change of marker genes in

clca/clch double mutant showed different patterns. When normalized to the 0 time point

of wild type, the relative expression of marker genes in clca/clcb double mutant was

significantly lower than wild type, especially in the first hour (Figure 32). However, the

fold change of marker genes in wild type and clca/clcb double mutant was higher and

showed the difference after 45 minutes (Figure 32).

In summary, under both the high- and low-nitrate conditions, the nitrate content in

wild type and clca/clcb double mutant was significantly different, especially in roots, and
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the expression of target genes showed more differences in roots as well.
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4. Discussion

4-1. Most of the mutants of NPF members showed an identical pattern of nitrate

distribution among leaves compared to wild type in this experiment.

Members of NPF have diverse functions in plants, modulating nitrate uptake,

transport, and even allocate. With the coordination of NPF members, plants can survive

in nitrate fluctuating condition. Once the nitrate is up taken by roots, it might be stored in

the vacuole and be retrieved when needed.

In order to investigate in nitrate distribution among leaves in NPF efficiently, public

databases, e-FP browser and MPSS, and results presented in a review article were adopted.

Among 53 NPF members, a criterion that gene has higher expression in leaves helped us

to identify 19 candidates for further study. Nitrate content and biomass were measured

for the 19 candidates, and the results were categorized into three groups, including genes

that had no difference, slight difference, and the consistent difference compared to wild

type.

In the first category, containing mutants of genes had an identical pattern in nitrate

content and biomass as wild type, there are NPF3.1, NPF5.1, NPF5.7, NPF5.8, NPF5.10,

NPF5.15, GTR1, NRT1.3, PTR1, and PTR6. npf3.1-1 showed no difference in both
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nitrate content and dry weight (Figure 2), although studies showed that NPF3.1 behaves

as a nitrite/nitrate transporter of the chloroplast envelope in smaller veins (Sugiura et al.,

2007; Pike et al., 2014), but it might not be involved in regulating nitrate distribution in

leaves. GTR1 is well known for its contribution to translocate JA and JA-Ile and

expressed in and surrounding the leaf veins (Ishimaru et al., 2017). Although 10 mM

nitrate also elicits currents in oocytes expressing GTR1 (Nour-Eldin et al., 2012), in this

experiment, no difference in nitrate content and dry weight can be detected in gtrl (Figure

8). It is reported that the expression of NRT 1.3 is up-regulated by light (Lejay et al., 2008)

and may take part in supplying nitrate to photosynthesizing cells (Tong et al., 2016). In

this experiment, the light intensity was only 95-110 pmole m™ s™!, which was only half

of that in the previous study, and this might lead to the results that sper3-3 showed

identical nitrate content and dry weight compared to wild type (Figure 9). Proton-coupled

transporter PTR1 is documented to transport aromatic dipeptide and JA-Ile, and nitrate

cannot induce currents in oocytes expressing PTR1 (Dietrich et al., 2004; Hammes et al.,

2010; Chiba et al., 2015; Qiu et al., 2017). Together with our results that no dramatic

difference can be detected in nitrate content and biomass between wild type and ptrl-1

(Figure 10), the conclusion came to that PTR1 does not participate in nitrate distribution
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among leaves. PTR6 is homologous to di- and tripeptide transporters, and AtPTR6-GUS

plants showed ubiquitous expression in the whole plant, with the highest expression in

pollen and senescing leaves (Weichert et al., 2012). PTR6 did not show di- and tripeptide

transport activity in a previous study (Weichert et al., 2012) and did not participate in

nitrate distribution in this study (Figure 11), so its function in Arabidopsis still need

further study to confirm.

In the second category, there are six genes in this category. Their mutants showed

slight difference only once or twice of the repeats compared to wild type, including

NRTI1.4, NPF5.11, NPF5.12, NRT1.2, NPF6.1, and PTR2. NRT1.4 was expressed in the

petiole, being responsible for nitrate storage, and in the null mutant, the nitrate content in

petiole was reduced half of the wild type level (Chiu et al., 2004). It showed higher nitrate

content in old leaves once (Figure 12E), but overall had no difference compared to wild

type (Figure 12), which is reasonable due to this gene is mainly expressed in petiole but

not in leaf lamina. NRT1.2 has been known as a constitutive component of low-affinity

nitrate uptake and is expressed in root hairs (Huang et al., 1999). Consistent with results

that nitrate uptake activity was about 90% of wild type in knockdown nrtl1.2 grown in 25

mM KNOs (Huang et al., 1999), the nitrate content and dry weight among leaves had no
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dramatic difference in this experiment (Figure 15). Similar to PTR1, PTR2 also has the

ability to transport histidine and dipeptide as reported (Frommer et al., 1994; Chiang et

al., 2004); therefore, the retardation of biomass observed (Figure 17B) might due to the

defect of peptide transportation.

In the third category, NRT1.7, NRT1.1, and GTR2 showed the consistent difference

in comparison between mutants and wild type. NRT1.7 has been well studied for its

function in remobilizing nitrate from old leaves to young leaves, and under the nitrate-

depleted condition, the knockout mutant, nrtl.7-2, shows severe growth retardation (Fan

et al., 2009). On the contrary, in this experiment, nrtl.7-2 was grown under the nitrate-

sufficient condition, which might lead to the results that the mutant had bigger biomass

(Figure 18B and 18D). NRT1.1 is famous for being a dual-affinity transceporter, playing

an essential role in plant development (Tsay et al., 1993; Liu et al., 1999; Ho et al., 2009).

With the severe defect of nitrate uptake, the plants grew smaller and had less nitrate

storaged in leaves (Figure 19). Among all the candidates, GTR2 showed the most

interesting pattern that the nitrate content was higher in young leaves but lower in old

leaves (Figure 20). GTR2, similar to GTR1, is high-affinity H"/glucosinolates symporters

(Andersen et al., 2013). Though GTR2 also has nitrate transport activity when expressing
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in oocytes, there is not many studies on how GTR2 would participate in regulating nitrate

distribution in plants (Nour-Eldin et al., 2012). Nevertheless, the pattern of higher nitrate

content in young leaves gave us a hint that this gene might have more functions than only

transporting glucosinolate in plants.

To conclude, in this experiment, most of the mutants showed no dramatic difference

compared to wild type, but this does not mean that these genes do not participate in nitrate

distribution among leaves. The plants were grown hydroponically under the nitrate-

sufficient condition for 17 days, and samples were collected before bolting; therefore if

the genes participate in nitrate distribution in early stage or function under different nitrate

conditions, such as starvation or low nitrate condition, their phenotype would not show

up in this experiment. In addition, the genes have similar functions might have

redundancy, like NPF1.1 and NPF1.2 (Hsu and Tsay, 2013), and single mutants were

used in this experiment, and it might lead to the results that not so many genes showed

differences compared to wild type.

4-2. GTR2 might play the role of regulating nitrate storage in young leaves

20 hours after spotting '’NO3~on old leave, less '°N content was detected in young
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leaves and more was accumulated in old leaves in nrtl.7. NPF2.13 (NRT1.7) is expressed

in the phloem of the leaf minor vein in old leaves, and is responsible for loading nitrate

into the phloem and transporting nitrate out from old leaves to young leaves (Fan et al.,

2009). In another ’'NOs" labeling experiment, 30 minutes after feeding "NO3" from roots,

more "N was accumulated in mature leaves in npfl.1/npf1.2 double mutant. NPF1.1

(NRT1.12) and NPF1.2 (NRT1.11) are expressed in the phloem of the leaf major vein of

the mature leaves, suggesting that NPF1.1 and NPF1.2 are responsible for redistributing

nitrate from mature leaves to growing leaves via phloem transport (Hsu and Tsay, 2013).

Previously, our lab has found that GTR2 is expressed in the xylem pole pericycle (Wang,

2011). In this study, 5 minutes after ’'NOs™ was feeding on roots, more °N was

accumulated in young leaves in gtr2-1 (Figure 22), suggesting that the observed

difference of >N distribution was due to the reallocation of '’NOs" transported to shoots

via xylem. And this is different from the function of NPF2.13 (NRT1.7), which is

transporting stored nitrate out from old leaves, but similar to the function of NPFI1.1

(NRT1.11) and NPF1.2 (NRT1.12), responsible of redistributing xylem-borne nitrate.

With the evidence that the nitrate content was higher in young leaves in gtr2-1

(Figure 20), the 'N concentration was higher in young leaves in gtr2-1 (Figure 22),
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according to the staining of GUS lines and RT-qPCR analyses showing that expression

of GTR2 was higher in young leaves (Figure 21E to 21G and Figure 23), it is believed

that GTR2 might play the role as a negative regulator in young leaves nitrate

accumulation. As the GUS staining shown in major veins in young leaves (Figure 21E to

21G), GTR?2 is speculated to remove nitrate from xylem so as to store nitrate in other

tissues, such as petiole.

Under low nitrate condition, the expression of GTR2 in the youngest leaf was the

highest among leaves in wild type (Figure 23) and had no big difference among various

leaves under high nitrate condition; therefore, it was assumed to have more impact on

nitrate content in young leaves under low nitrate condition. However, the unexpected

results showed that under all tested conditions, 0.2 mM, 2 mM, and 10 mM KNO:s3, the

nitrate content in young leaf was higher in gtr2-1 compared to wild type, and it did not

show more significant difference under low nitrate condition (Figure 24). One possibility

is that the low expression of GTR2 under high nitrate condition could already affect the

nitrate distribution in young leaf.

4-3. CLCa and CLCb do not affect nitrate sensing in short-term primary nitrate
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response

CLCa and CLCb have been reported to locate in the vacuole, in which CLCa is

responsible for up to 50% of nitrate storage, while clcb showed no defect in nitrate content

compared to wild type (Geelen et al., 2000; von der Fecht-Bartenbach et al., 2010;

Zifarelli and Pusch, 2010). Nonetheless, as shown in Figure 26, the clca/clch double

mutant in this experiment showed significant defect in nitrate content compared to wild

type, clca, and clcb single mutant; therefore, the clca/clcb double mutant was used in

following experiments to understand if internal nitrate content would affect nitrate

sensing within cells.

To find out if internal nitrate content would affect nitrate sensing, the level of nitrate

content was measured in plants under the condition for primary nitrate response. Two

hours after the nitrate treatment, no matter under high-affinity or low-affinity condition,

the nitrate content in roots and shoots in clca/clch was significantly decreased (Figure 28

and 29), and it was most severe in roots under low affinity, in which the nitrate content

was only one-third of the wild type level (Figure 29A). It was interesting that the nitrate

content in wild type had two phases, in roots under high-affinity condition, showing

different slope before and after 60 minutes (Figure 28A), and it was different before and

42

d0i:10.6342/NTU201703166



after 45 minutes under low-affinity condition in roots (Figure 29A). The reason for two-

phase accumulation pattern could be that the supply of nitrate was first accumulated and

assimilated in the cytosol, and after the first phase, the plants would start to accumulate

nitrate into the vacuole. Therefore, the major defect of clc mutant showed up in the second

phase when the nitrate started to be accumulated in the vacuole. In shoots, the slope of

nitrate content was linear under both high- and low-affinity condition within two hours

(Figure 28B and 29B), and this might due to the fact that it took more time to transport

nitrate to the shoots, so the nitrate transported to the shoots was still under assimilation

instead of being stored, so the turning point of nitrate content was delayed and could not

be observed within two hours.

As for the relative expression of marker genes in shoots, although there was no

dramatic difference between wild type and double mutant under both high- and low-

affinity, the marker genes all peaked between 35 to 60 minutes under high-affinity

condition (Figure 31), but under low-affinity condition, only PHOSPHOGLYCERATE

MUTASE peaked at 35 minutes, and the relative expression of other marker genes kept at

high level and did not drop to initial level (Figure 33). The primary nitrate response in

shoots has not been well documented, and this study provides a view of it that under high-

43

d0i:10.6342/NTU201703166



affinity nitrate condition, the examined marker genes would show a peak like it in roots,

and under low-affinity nitrate condition, the expression level of marker genes might keep

at maximum level up to 2 hours.

In clca/clch, the fold changes of CHL1 were higher under both high- and low-affinity

conditions (Figure 30 and 32), which means the nitrate treatment induced a higher degree

of changes of CHL1 expression in the double mutant. Nonetheless, when the relative

expression of marker genes was normalized to the 0 time point of wild type, the relative

expression levels in clca/clch were overall lower compared to wild type, and this might

suggest that the initial mRNA level before nitrate treatment was already different between

wild type and double mutant.

As mentioned above, the nitrate was started to be accumulated in roots after 45

minutes under low-affinity condition (Figure 28A) and after 60 minutes under high-

affinity condition (Figure 27A), which means the defect of nitrate storage in clc mutants

would only show up after one hour; therefore, the internal nitrate level might not have

impact on nitrate sensing in short-term primary nitrate response, and it would be

interesting to investigate the pattern of clc mutant in long-term nitrate response, as the

plants already show internal nitrate difference.
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Table 1. 18 NPF members selected according to the data from Arabidopsis e-FP

Browser.

Published Mainly Expression level Highest

AGI code | NPF names
names expressed in leaf expression in leaf
At3g47960 = AtNPF2.10 GTRI1 Leaf 452~876 Old leaf
At1g52190 | AtNPF1.2 | NRTI1.11 Petiole 218~764 Mature leaf
NRTI1.1
Atlgl2110 | AtNPF6.3 Leaf 309~676 Old leaf
(CHL1)

At3g21670 = AtNPF6.4 NRT1.3 Sepal 153~596 Old leaf
At1g69870 = AtNPF2.13 | NRT1.7 Sepal 106~506 Old leaf
At1g22570 | AtNPF5.15 Leaf 93~460 Old leaf
At2g26690 & AtNPF6.2 NRT1.4 Petiole 158~408 Mature leaf
At5g62680 | AtNPF2.11 GTR2 Root 115~359 Old leaf
At1g69850 | AtNPF4.6 NRT1.2 Leaf 105~340 Old leaf
At2g02040 @ AtNPF8.3 PTR2 Leaf 157~250 Old leaf
At1g62200 = AtNPF8.5 PTR6 Pollen 100~230 Old leaf
At1g68570 = AtNPF3.1 Sepal 89~207 Old leaf
At3g16180 = AtNPFI.I | NRTI1.12 | 2" internode 87~191 Mature leaf
At3g53960 = AtNPF5.7 Leaf 48~173 Old leaf
At3g54140  AtNPFS.1 PTR1 Root 41~172 Old leaf
At2g40460  AtNPF5.1 Silique 38~120 Old leaf
At1g22540 = AtNPF5.10 Root 62~101 Old leaf
At5g13400 | AtNPF6.1 Flower 68~100 Old leaf

The gene express level in leaves was retrieved from Arabidopsis e-FP Browser. A cutoff

of gene expression level in leaf at 100 was made; therefore, the listed 18 genes were

selected.
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Table 2. MPSS of 28 NPF members showing expression in leaves.

Callus Inflorescence Leaves Root Silique

At1gl12110 678 38 246 962 26
At5g62680 14 186 189 535 239
At1g52190 0 192 119 5 194
At1g18880 6 18 66 592 42
At1g32450 0 108 40 2148 8
Atl1g72140 101 0 40 100 0
At2g02040 89 27 37 50 42
At1g22540 42 10 36 42 12
At3g53960 0 26 29 2 11
At1g72130 0 0 21 20 8
At1g62200 33 30 20 24 0
At2826690 2 4 19 0 0
At5g14940 6 36 17 17 1
At2g40460 3 74 16 5 34
At5g13400 15 35 16 0 23
At1g22550 39 15 13 44 4
At3g45680 0 29 11 15 68
Atdg21680 356 0 10 3 0
At5g01180 2 0 9 0 62
At5g46050 0 2 7 4 0
At1g22570 6 0 6 4 0
At1g68570 0 44 6 0 20
At2g02020 0 0 3 25 2
At3g01350 0 2 3 21 0
At3g45710 0 0 2 70 2
At1g27040 0 19 1 0 0
At1g59740 257 146 1 2 6
At1g72120 90 18 1 12 16

Genes marked with light grey were chosen based on the criterion that the abundances of

signature in leaf had to be larger than 40% of that in the most abundant tissue.
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Figure 1. Venn diagram of selected NPF genes from three databases.

The numbers following the name of databases were the number of selected genes. All

genes chosen based on e-FP Browser and genes in the intersection of MPSS and RT-PCR

results were selected to conduct following experiment (marked in red).
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Figure 2. Nitrate content and biomass analysis of npf3.1-1.
Left panels presented nitrate content (A, C, and E) and right panels showed corresponding

dry weight (B, D, and F) of wild type and npf3.1-1 mutant from three independent
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experiments. A and B were from batch 1, C and D were from batch 2, and E and F were

from batch 8. L1 to L7 are true leaf numbers, where L1 is the oldest true leaf. Plants were

grown hydroponically with 2 mM KNOs. Each data represents the mean of 3 to 5 different

plants and error bar is the standard deviation.
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Figure 3. Nitrate content and biomass analysis of npf5 .1-1.

Left panels presented nitrate content (A and C) and right panels showed corresponding
dry weight (B and D) of wild type and npf5.1-1 mutant from two independent experiments.
A and B were from batch 4, and C and D were from batch 8. Experiment details are

described in Figure 1.
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Figure 4. Nitrate content and biomass analysis of npf5.7-1.
Left panels presented nitrate content (A and C) and right panels showed corresponding
dry weight (B and D) of wild type and npf5.7-1 mutant from two independent experiments.

A and B were from batch 9, and C and D were from batch 10. Experiment details are

described in Figure 1.
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Figure 5. Nitrate content and biomass analysis of npf5.8-1.
Left panels presented nitrate content (A and C) and right panels showed corresponding
dry weight (B and D) of wild type and npf5.8-1 mutant from two independent experiments.

A and B were from batch 5, and C and D were from batch 8. Experiment details are

described in Figure 1.

64

d0i:10.6342/NTU201703166



>
vy)

— B wild type
2 2000 1.5
> I npf5.10-1
ey )
_Ea 1500 1 l I E— ‘0.
;E, 1000 .
E I gus- I I
a 097 g a1 &1 I
=]
B L1 L2 L3 L4 L5 L6 L7 0.0~

L1 L2 L3 L4 L5 Le L7

old <4—————p» young old <¢————p» young

O
O

s 1.5-
= 2000

o

© 1500- I l | El

§_ I E- 1.0+
— -t

- L=

£ 1000 I =l

£ s

s 0.5-
© 500 I el

§ -]

€ 0 0.0

L1 L2 L3 L4 L5 L6 L7 L1 L2 L2 L4 LS Le L7

old <«——» young old <¢————» young

Figure 6. Nitrate content and biomass analysis of npf5.10-1.

Left panels presented nitrate content (A and C) and right panels showed corresponding
dry weight (B and D) of wild type and npf5.10-1 mutant from two independent
experiments. A and B were from batch 6, and C and D were from batch 8. Experiment

details are described in Figure 1. (*, p<0.05, compared to wild type based on Student’s t

test)
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Figure 7. Nitrate content and biomass analysis of npf5.15-1.

Left panels presented nitrate content (A and C) and right panels showed corresponding

dry weight (B and D) of wild type and npf5.15-1 mutant from two independent

experiments. A and B were from batch 9, and C and D were from batch 10. Experiment

details are described in Figure 1.
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Figure 8. Nitrate content and biomass analysis of gtrl.

Left panels presented nitrate content (A and C) and right panels showed corresponding

dry weight (B and D) of wild type and gtrl mutant from two independent experiments. A

and B were from batch 9, and C and D were from batch 10. Experiment details are

described in Figure 1.
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Figure 9. Nitrate content and biomass analysis of sper3-3.

Left panels presented nitrate content (A and C) and right panels showed corresponding
dry weight (B and D) of wild type and sper3-3 mutant from two independent experiments.
A and B were from batch 8§, and C and D were from batch 9. Experiment details are

described in Figure 1.
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Figure 10. Nitrate content and biomass analysis of ptrl-1.

Left panels presented nitrate content (A and C) and right panels showed corresponding
dry weight (B and D) of wild type and ptrl-1 mutant from two independent experiments.
A and B were from batch 6, and C and D were from batch 10. Experiment details are

described in Figure 1. (*, p<0.05, compared to wild type based on Student’s t test)
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Figure 11. Nitrate content and biomass analysis of ptr6-1.
Left panel presented nitrate content (A) and right panel showed corresponding dry weight

(B) of wild type and sper3-3 mutant from batch 10. Experiment details are described in

Figure 1.
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Figure 12. Nitrate content and biomass analysis of nrtl1.4-2,
Left panels presented nitrate content (A, C, and E) and right panels showed corresponding
dry weight (B, D, and F) of wild type and nrtl.4-2 mutant from three independent

experiments. A and B were from batch 1, C and D were from batch 2, and E and F were
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from batch 8. Experiment details are described in Figure 1. (*, p<0.05, compared to wild

type based on Student’s t test)
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Figure 13. Nitrate content and biomass analysis of npf5.11-1.
Left panels presented nitrate content (A, C, and E) and right panels showed corresponding
dry weight (B, D, and F) of wild type and npf5.11-1 mutant from three independent

experiments. A and B were from batch 6, C and D were from batch 7, and E and F were
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from batch 10. Experiment details are described in Figure 1. (*, p<0.05, compared to wild

type based on Student’s t test)
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Figure 14. Nitrate content and biomass analysis of npf5.12-1.

Left panels presented nitrate content (A, C, and E) and right panels showed corresponding
dry weight (B, D, and F) of wild type and npf5.12-1 mutant from three independent
experiments. A and B were from batch 5, C and D were from batch 7, and E and F were
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from batch 10. Experiment details are described in Figure 1. (*, p<0.05, compared to wild

type based on Student’s t test)
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Figure 15. Nitrate content and biomass analysis of aitl-1.
Left panels presented nitrate content (A, C, and E) and right panels showed corresponding
dry weight (B, D, and F) of wild type and aitl-1 mutant from three independent

experiments. A and B were from batch 1, C and D were from batch 4, and E and F were
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from batch 8. Experiment details are described in Figure 1. (*, p<0.05, compared to wild

type based on Student’s t test)
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Figure 16. Nitrate content and biomass analysis of npf6.1-1.
Left panels presented nitrate content (A, C, and E) and right panels showed corresponding
dry weight (B, D, and F) of wild type and npf6.1-1 mutant from three independent

experiments. A and B were from batch 3, C and D were from batch 7, and E and F were
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from batch 8. Experiment details are described in Figure 1. (*, p<0.05, compared to wild

type based on Student’s t test)
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Figure 17. Nitrate content and biomass analysis of ptr2-1.

Left panels presented nitrate content (A and C) and right panels showed corresponding
dry weight (B and D) of wild type and ptr2-1 mutant from two independent experiments.
A and B were from batch 6, and C and D were from batch 8. Experiment details are

described in Figure 1. (*, p<0.05, compared to wild type based on Student’s t test)
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Figure 18. Nitrate content and biomass analysis of nrtl1.7-2.

Left panels presented nitrate content (A and C) and right panels showed corresponding

dry weight (B and D) of wild type and nrtl.7-2 mutant from two independent experiments.

A and B were from batch 4, and C and D were from batch 7. Experiment details are

described in Figure 1. (*, p<0.05, compared to wild type based on Student’s t test)
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Figure 19. Nitrate content and biomass analysis of chl1-5.
Left panels presented nitrate content (A, C, and E) and right panels showed corresponding
dry weight (B, D, and F) of wild type and chl1-5 mutant from three independent

experiments. A and B were from batch 4, C and D were from batch 8, and E and F were
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from batch 10. Experiment details are described in Figure 1. (*, p<0.05, compared to wild

type based on Student’s t test)
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Figure 20. Nitrate content and biomass analysis of gtr2-1.

Left panels presented nitrate content (A, C, and E) and right panels showed corresponding

dry weight (B, D, and F) of wild type and gtr2-1 mutant from three independent

experiments. A and B were from batch 1, C and D were from batch 2, and E and F were
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from batch 3. Experiment details are described in Figure 1. (*, p<0.05, compared to wild

type based on Student’s t test)
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Figure 21. GTR2 was expressed in roots, root tips, root-shoot junction, and young

leaves.

Plants were grown on MS plates under continuous light. The whole plant (A), old leaf

(B), big leaf (C), cotyledon (D), young leaf (E to G) were presented. Scale bars are 5 mm

(A to C), and 1 mm (D to G).
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Figure 22. More N was accumulated in young leaf in gtr2-1.

17-day-old plants were grown hydroponically and then transferred to 2 mM KNOs
hydroponic medium containing a 49% excess of '°N for 5 min, and then individual leaves
were collected. L1 to L7 are true leaf numbers, where L1 is the oldest true leaf. Each data
represents the mean of 4 different plants and error bar is the standard deviation, and the
similar pattern was observed in two additional independent experiments. (*, p<0.05,

compared to wild type based on Student’s t test)
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Figure 23. GTR2 expression in leaves under different nitrate conditions.

Wild type plants were grown hydroponically with 0.2 mM or 5 mM KNO;3 for 17 days.

L1 to L7 are true leaf numbers, where L1 is the oldest true leaf. GTR2 expression was

analyzed with gene-specific primers and was normalized to UBQ10. Each data represents

the mean of 3 different plants and error bar is the standard deviation, and the similar

pattern was observed in two additional experiments. The differences were compared

using one-way ANOVA with Tukey HSD test at p<0.05.
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Figure 24. Nitrate content and biomass of wild type and gtr2-1 under different
nitrate concentrations.

Left panels presented nitrate content (A, C, and E) and right panels showed corresponding
dry weight (B, D, and F) of wild type and gtr2-1 mutant under different nitrate

concentration conditions as indicated in one experiment. L1 to L7 are true leaf numbers,
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where L1 is the oldest true leaf. Plants were grown hydroponically for 17 days. Each data

represents the mean of 7 different plants and error bar is the standard deviation. (*, p<0.05,

compared to wild type based on Student’s t test)

91

d0i:10.6342/NTU201703166



S 2000

)

9

S 150043 * I *

5 Lk |

+ 10004f" ! :

8 1 [ I ] *

3 * ] I

- 500 I ! i l l

E a I i [ i_ I l:;j I h IIZ:I

AT L2 L3 LI L5 L6 L7

old = » young
B

61'5- # # #

E ' ,, "

%1.0- l] "

£ |, (L L

0.5 + 1 l

g [ L
o L1 L2 L3 LA L5 L6 L7

old = » young

wild type O hr
wild type 4 hr
wild type 24 hr
gtr2-1 0 hr
gtr2-1 4 hr
gtr2-1 24 hr

Figure 25. Nitrate content and biomass of wild type and gtr2-1 under starvation.

Upper panel presented nitrate content (A) and lower panel showed corresponding dry

weight (B) of wild type and gtr2-1 mutant in one experiment. L1 to L7 are true leaf

numbers, where L1 is the oldest true leaf. Plants were grown hydroponically with 2 mM

KNO:3 for 17 days and then shifted to nitrate-depleted medium for another day. Samples

were collected at 17" day before shifted to nitrate-depleted medium, and 4 and 24 hours

after shifted. Each data represents the mean of 6 different plants and error bar is the

standard deviation. (*, p<0.05, compared to corresponding time point of wild type based
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on Student’s t test; ¥, p<0.05, biomass increased at 4 hour and 24 hour compared to that

at 0 hour, respectively, based on Student’s t test)
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Figure 26. Primary root length of wild type and gtr2-1 grown under different

nitrogen sources.

Seedlings were grown under 0.2 mM KNOs3 (A), 5 mM KNOs3 (B), and 5 mM ammonium

succinate (C) for 10 days. Each data represents the mean of 18 different plants and error
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bar is the standard deviation. The pattern was also observed in two additional independent

experiments. (*, p<0.05, compared to wild type based on Student’s t test)
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Figure 27. Nitrate content analysis of cIc mutants grown with sufficient nitrate.
Upper panel presented nitrate content (A) and lower panel showed corresponding dry
weight (B) of wild type and clca, clcb, clca/clcb mutant in one experiment. L1 to L7 are
true leaf numbers, where L1 is the oldest true leaf. Plants were grown hydroponically
with 2 mM KNOs. Samples were collected at 17™ day. Each data represents the mean of
4 different plants and error bar is the standard deviation. (*, p<0.05, compared to wild
type based on Student’s t test; #, p<0.05, comparison between clca and clca/clch based
on Student’s t test)
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Figure 28. Nitrate content accumulation of clca/clch mutant after high-affinity

The nitrate content was analyzed in 9-day-old wild type and clca/clcb mutant by HPLC

in one single experiment. Plants were grown in Magenta vessels in 12.5 mM ammonium
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succinate medium, pH 6.5, and shifted to pH 5.5 for two treatments, 16 hours and 3 hours

respectively. After treated with 200 uM KNO3 pH 5.5 medium, the medium was refreshed

every 30 minutes and the samples of roots and shoots were collected at time as indicated

after washed twice in 0.1 mM CaSOs. Each data represents the mean of 4 biological

replicates, each with about 60 plants, and error bar is the standard deviation. (*, p<0.05,

compared to wild type based on Student’s t test)
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Figure 29. Nitrate content accumulation of clca/clch mutant after low-affinity nitrate

induction.

Experiment details are described in Figure 27 but with the treatment of 25 mM KNOs3,

pH 5.5 medium. Each data represents the mean of 4 biological replicates, each with about
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60 plants, and error bar is the standard deviation. (*, p<0.05, compared to wild type based

on Student’s t test)
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The expression of marker genes was analyzed in 9-day-old wild type and clca/clch mutant

by qRT-PCR in one single experiment. Plants were grown in Magenta vessels in 12.5

mM ammonium succinate medium, pH 6.5, and shifted to pH 5.5 for two treatments, 16

hours and 3 hours respectively. After treated with 200 uM KNOs pH 5.5 medium, the

medium was refreshed every 30 minutes and the total RNA was collected from roots at

the time as indicated. Expression of marker genes was analyzed with gene-specific

primers and was normalized to UBQ10. Relative expression of marker genes was

normalized to 0 time point of wild type (left panels) and the fold change was normalized

to self 0 time point (right panels). Each data represents the mean of 4 biological replicates,

each with about 60 plants, and error bar is the standard deviation. (*, p<0.05, compared

to wild type based on Student’s t test)
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Figure 31. Shoot primary nitrate response of clca/clcb mutant after high-affinity

nitrate induction.

The experiment details are described in Figure 29. Each data represents the mean of 4

biological replicates, each with about 60 plants, and error bar is the standard deviation.

(*, p<0.05, compared to wild type based on Student’s t test)
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Figure 32. Root primary nitrate response of clca/clcb mutant after low-affini

nitrate induction.
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The experiment details are described in Figure 29 with 25 mM KNOs treatment instead

of 200 uM KNOs. Each data represents the mean of 4 biological replicates, each with

about 60 plants, and error bar is the standard deviation. (*, p<0.05, compared to wild type

based on Student’s t test)
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Figure 33. Shoot primary nitrate response of clca/clcb mutant after low-affinity

nitrate induction.

The experiment details are described in Figure 29 with 25 mM KNOj treatment instead

of 200 uM KNOs. Each data represents the mean of 4 biological replicates, each with

about 60 plants, and error bar is the standard deviation. (*, p<0.05, compared to wild type

based on Student’s t test)

108

d0i:10.6342/NTU201703166



6. Appendix

Supplementary Table 1. Primers used in genotyping.

AGI code

NPF names

Primers (from 5’ to 3°)

At2g02040

AtNPF8.3

P4473-ATGGGTTCCATCGAAGAAGAAG
P4474-GAAGCTTTCTTTTGCTTATACC
P5264-ATGGGTTCCATCGAAGAAGAAGCA
P5265-GCAGCAGAGAAGAAGTAAACCGCC
LB-TGGTTCACGTAGTGGGCCATCG

At1g62200

AtNPF8.5

P4475-ATGGTGAATTCGAATGAAGAAG
P4476-AAAGCCTTCTTCTTTGTGT
P5266-TTCGAATGAAGAAGACGAAAGGAG
P5267-CAAAGCCTTCTTCTTTGTGTGCTT
LB-CCCATTTGGACGTGAATGTAGACAC

At1g68570

AtNPF3.1

P973-CCCTCCTGGCTAATGCCATTT
P974-AAACACCTTTATAACCACTTCAAA
P5253-ATGGAGGAGCAAAGCAAGAACAAG
P5254-CCTTGCTATGATGAACCTGAACCGG
LB-TGGTTCACGTAGTGGGCCATCG

At2g40460

AtNPF5.1

P855-TGTTCAAATGGAGGCCAAAGCCTT
P856-TAGAATCCAAGCAACATAAT
P5269-GGAGGCTGCAAAAGTTTACACAC
P5270-CTAAGAGGAGATGTGTCTAAGGC
LB-TGGTTCACGTAGTGGGCCATCG

At3g53960

AtNPFS5.7

P4700-CGGCTAGCTTTGTCAACAATC

P4701-GGACTTGGAATTCAGTTCTGTAAGATG

P5251-ATGGAGCACAACAAGGTTGATACA
P5252-CGTAAACTTGGACGTGTTATTCGTCC
LB-TGGTTCACGTAGTGGGCCATCG

At5g14940

AtNPF5.8

P983-TAGCTTCCGACATATCATCTGCAAAC
P1018-ATGGCTGGAGGAGAGAAAAG
LB-TGGTTCACGTAGTGGGCCATCG
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RO10-ATCCGCTCCAAAAGCCTGAA
P750-CACGAACGTCGCTGATTTTA
At1g22540 | AtNPF5.10 P5271-GTCGATCTCCGGCGCTGTTGAT
P5272-CTGGTGTCGAGCCTTTTAGAGACG
LB-TGGTTCACGTAGTGGGCCATCG

P751-GAAATTTCAGGCCGACAGTG
P752-CAAAATTCCCGGGAGAAATA
At1g72130 | AtNPF5.11 P5275-ATGGCTATCACCTACTCCTCCGC
P5276-GACTTGGCGAACCATAAGTAGAAG
LB-TGGTTCACGTAGTGGGCCATCG

P510-GGACTTGGGCTGCTTACGTT
At1g72140 | AtNPF5.12 P511-GGAGTTTGTCGCCGGTTTCT
LB-TAGCATCTGAATTTCATAACCAATCTCGATACAC

P4692-TACCCAAAGGGACATCATGAG
P4693-TTGGTCTAGCCGACGATACAC
P5255-AAGATACCAGAGGAAGAAGTTGC
LB-AACGTCCGCAATGTGTTATTAAGTTGTC

At1g22570 | AtNPF5.15

MO021-GATAGCTCGGTACTTGTACC
R095-AGCTTTCACAAGCAGTGAGT
P5257-CCTCAAAATTGTACCCAATTG
LB-TGGTTCACGTAGTGGGCCATCG

At5g13400 | AtNPF6.1
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At2g02040 2162bp

P5264
- P5265

N / P4474

—
L

P4473/P4474 P4473/LB P4474/LB

WT m WT m WT m

P5264/P5265

uBQio

Supplementary Figure 1. T-DNA insertion site in ptr2-1 mutant.

Gene structure was shown in upper panel, including exons (orange arrow), T-DNA

insertion site (green line), forward primer, and reverse primer (green arrows). Genomic

DNA PCR was performed with two out of three primers, gene specific primers and left

border primer of T-DNA, to confirm the genotype of mutant (bottom left). RT-PCR

analysis was performed with primers indicated, and UBQ10 was used as control.

Sequence of the primers were listed in Supplementary Table 1. WT, wild type; m, mutant;

LB, left border primer of T-DNA.
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At1g62200 2188bp

P5266
— LB
P4475 £
E l_,r\ ' | B 3 B | P“?,s
S Vv I //,
v P5267
l | |
0 1 2 kb

P4475/P4476 P4475/LB  P4476/LB

WT m WT m WT m

P5266/P5267
2000
1500

1000
750

uBQ10

Supplementary Figure 2. T-DNA insertion site in ptr6-1 mutant.

Experiment details are described in Supplementary Figure 1.
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At1g68570 3414bp

LB
Y
Y = [ b )
d d/ P974 d ¥ J"\P5254
| l l l |
0 1 2 3 3.5kb

Po73/P974  P973/LB P974/LB
WT m WT m WT m WT m

P5253/P5254

Supplementary Figure 3. T-DNA insertion site in npf3.1-1 mutant.

Experiment details are described in Supplementary Figure 1.
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At2g40460 4894bp LB

P5269

P855/P856  P855/LB P856/LB
WT m WT m WT m WT m

P5269/P5270

Supplementary Figure 4. T-DNA insertion site in npf5.1-1 mutant.

Experiment details are described in Supplementary Figure 1.
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At3g53960 2886bp

LB
P5251 P4T00 £
— —3
_b I B I
» = E—
, _

rd o] ‘\\
P5252

L | l

3'UTR

P4701

pa700/Pa701 P4700/LB P4701/LB
WT m WT m WT m

uBQio

WT m

Supplementary Figure 5. T-DNA insertion site in npf5.7-1 mutant.

Experiment details are described in Supplementary Figure 1.
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At5g14940 2565bp

J T P983

—

0 1 2 2.5kb

WT m

P1018/P983 P1018/LB P983/LB
WT m WT m WT m

P1018/P983

uBQ10

Supplementary Figure 6. T-DNA insertion site in npf5.8-1 mutant.

Experiment details are described in Supplementary Figure 1.
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At1g22540 2500bp

p5271
P750 LB P
.
b }
) ) D) ..
e } -
5UTR p, B dpsan2
| ! ! |
0 1 2 2.5kb

P750/R010  P750/LB RO10/LB
WT m WT m WT m wT m

P5271/P5272 _

Supplementary Figure 7. T-DNA insertion site in npf5.10-1 mutant.

Experiment details are described in Supplementary Figure 1.
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At1g72130 2358bp

/ﬁ% ) | > >
dapsz?s

5'UTR J ~ P752
L | l I
0 1 2 2.4 kb

P751/P752 P751/LB P752/LB

WT m WT m WT m

P510/P511

uBQi1o0

Supplementary Figure 8. T-DNA insertion site in npf5.11-1 mutant.

Experiment details are described in Supplementary Figure 1.
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At1g72140 2470bp

P510 | LB
hY

"
4 P51

0 1 2 2.5kb

P510/P511  P510/LB P511/LB

WT m WT m WT m

WT m

Supplementary Figure 9. T-DNA insertion site in npf5.12-1 mutant.

1000
750
500

250

Experiment details are described in Supplementary Figure 1.
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At1g22570 1954bp

P5255 P4692 B LB

P4692/P4693 P4692/LB  P4693/LB

WT m WT m WT m

P5255/P4693

WT m

Supplementary Figure 10. T-DNA insertion site in npf5.15-1 mutant.

Experiment details are described in Supplementary Figure 1.
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At5g13400 2998bp

P5257 LB LB R095

e
L

5'UTR

0 1 2

p5257/M021 P5257/LB  MO021/LB
WT m WT m WT m WT m

Supplementary Figure 11. T-DNA insertion site in npf6.1-1 mutant.

Experiment details are described in Supplementary Figure 1.

121

d0i:10.6342/NTU201703166



Y20 247440_al  AINFFLET Arabidopsis eFP Browser at bar uloronto.ca

’ @ Winier ef a, 2007, P10 One 2(3) ¢718
emD ﬁ D %
= 06006000

WQQQ%Q“

1574 4B
1417 03
1253568
1ozaz
o944 £2

Tar.aa
62979
472.34
31482
157.44

Supplementary Figure 12. Pictographic data presented from the AtGenExpress
Consortium (Arabidopsis e-FP Browser).

Tissue-specific gene expression level is shown in the graphic illustration, including root,
leaf, silique, flower and other tissues. In this figure, GTR2 (NPF2.11/NRT1.10) is shown
as an example. The old leaves are leaf number 1 and 2, the mature leaves are leaf number

4 to 8, and the young leaves are leaf number 10 and 12.
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At5g01180
At3g54140
At2g02020
At1g62200
At2g02040
Atdg21680
Atlg32450
At5g19640
At5g46050
At5g46040
At2g40460
At3g53960
At2g37900
Atlg72140
At1g72130
At1g22540
At1g22570
Atlg22550
At1g72115
At1g72125
At5g14940
At3g01350
At3g54450
At2g26690
Atlg12110
At3g21670
At1g27040
At1g69850
At5g62730
At3g25280
At3g25260
At1g59740
Atlg33440
At1g27080
At1g69870
At1g69860
At5g62680
At3g47960
At1g18880
At5g28470
At3g16180
At1g52190
At5g11570
At3g45690
At3g45680
At3g45700
At3g45710
At3g45720
At3g45660
At3g45650
Atlge8570
At2g38100
At5g13400
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Supplementary Figure 13. Tissue-specific expression pattern of 53 NPF members

published in 2007 (Tsay et al., 2007).

The expression of genes was normalized with UBQ10 and the sum of expression of all

tissues for each gene was set as 100%. The expression level was shown as circles and the

corresponding raw data was showed in the table. Genes marked with light grey were
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chosen based on the criterion that the value in the shoots at least had to be 40% in the

most abundant tissue.
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Supplementary Figure 14. Nitrate content and biomass analysis of npf mutants of

ten batches.
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Left panels presented nitrate content and right panels showed the corresponding dry
weight of wild type and npf mutants in ten batches. Plants were grown hydroponically
with 2 mM KNOs. Samples were collected at the 17" day for batch 1-7 and at the 18"
day for batch 8. Each data represents the mean of 3 to 5 different plants and error bar is

the standard deviation. (*, p<0.05, compared to wild type based on Student’s t test)\
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Supplementary Figure 15. Nitrate content and biomass analysis of wild type in ten

batches.

Upper panel presented nitrate content (A) and lower panel showed corresponding dry

weight (B) of wild type in ten batches. Plants were grown hydroponically with 2 mM

KNOs. Samples were collected at 171 day for all batches, except that samples in batch 8

was collected on 18" day. Each data represents the mean of 3 to 5 different plants and

error bar is the standard deviation.
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