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NH,* is not only the primary nitrogen for rice, a well-known NH,* specialist, but is also the chief limiting factor
for its production. Limiting NH4 " triggers a series of physiological and biochemical responses that help rice
optimise its nitrogen acquisition. However, the dynamic nature and spatial distribution of the adjustments at the
whole plant level during this response are still unknown. Here, nitrogen-starved rice seedlings were treated with
0.1 mM (NH,4)»SO4 for 4 or 12 h, and then the shoots and roots were harvested for RNA-Seq analysis. We
identified 138 and 815 differentially expressed genes (DEGs) in shoots, and 597 and 1074 in roots following 4
and 12 h treatment, respectively. Up-regulated DEGs mainly participated in phenylpropanoid, sugar, and amino
acid metabolism, which was confirmed by chemical content analysis. The transcription factor OsJAZ9 was the
most pronouncedly induced component under low NH,* in roots, and a significant increase in root growth,
NH,* absorption, amino acid, and sugar metabolism in response to resupplied NH, " following nitrogen star-
vation was identified in JAZ90x (OsJAZ9-overexpressed) and coil (OsCOI1-RNAi). Our data provide compre-
hensive insight into the whole-plant transcriptomic response in terms of metabolic processes and signaling
transduction to a low-NH, " signal, and identify the transcription factor OsJAZ9 and its involvement in the
regulation of carbon/nitrogen metabolism as central to the response to low NH, .

1. Introduction contamination (Gruber and Galloway, 2008; Min et al., 2012; Shi et al.,

2010). Compared with NO;~, NH4* is more easily absorbed by roots

Most plants possess a fundamental dependence on inorganic ni-
trogen (N), and healthy plant growth depends upon a sufficient supply
of N (Takehisa et al., 2013). When supplies are limited, normal devel-
opment is restricted and crop biomass and yields are reduced (Good
et al., 2004). In soil, nitrate (NO3~) and ammonium (NH4;") are the
main forms of N available for plants. Nevertheless, crops use only a
small quantity of the N that is applied during a given season (Socolow,
1999), and unused portions then leak into water reservoirs or are re-
leased into the atmosphere, producing significant environmental

(Kronzucker et al., 2000). Due to the detrimental effects of adding high
NOs~ concentrations to ecosystems, the potential of NH,;" as an N
source for agriculture has received increased attention in recent years,
and the quest to improve N-use efficiency (NUE) while mitigating en-
vironmental impacts has been intensified (Sun et al., 2017; Swarbreck
et al., 2019).

Rice (Oryza sativa L.), the major cereal crop in the world, is well-
known as an NH, " specialist (Kronzucker et al., 1999, 2000). NH4* is
not only the primary nutrient for rice growth and development in

Abbreviations: GO, gene ontology; KEGG, kyoto encyclopedia of genes and genomes; N, nitrogen; NH,*, ammonium; NO3 ~, nitrate; NUE, nitrogen use efficiency

* Corresponding author.

E-mail addresses: sunli@njau.edu.cn (L. Sun), dwdi@issas.ac.cn (D.-W. Di), gjli@issas.ac.cn (G. Li), ylli@issas.ac.cn (Y. Li), herbert.kronzucker@unimelb.edu.au,

herbert.kronzucker@ubc.ca (H.J. Kronzucker), wmshi@issas.ac.cn (W. Shi).
! These authors contribute equally to this work.

https://doi.org/10.1016/j.jplph.2020.153137

Received 14 December 2019; Received in revised form 7 February 2020; Accepted 10 February 2020

Available online 22 February 2020
0176-1617/ © 2020 Elsevier GmbH. All rights reserved.


http://www.sciencedirect.com/science/journal/01761617
https://www.elsevier.com/locate/jplph
https://doi.org/10.1016/j.jplph.2020.153137
https://doi.org/10.1016/j.jplph.2020.153137
mailto:sunli@njau.edu.cn
mailto:dwdi@issas.ac.cn
mailto:gjli@issas.ac.cn
mailto:ylli@issas.ac.cn
mailto:herbert.kronzucker@unimelb.edu.au
mailto:herbert.kronzucker@ubc.ca
mailto:wmshi@issas.ac.cn
https://doi.org/10.1016/j.jplph.2020.153137
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jplph.2020.153137&domain=pdf

L. Sun, et al.

paddies, but is also the chief limiting factor for its production (Yang
et al., 2015). For rice systems, it has been estimated that less than
30-40 % of applied N fertilizer is absorbed by the crop, while most is
lost through the processes of denitrification, volatilization, leaching,
and runoff, which, in turns, causes pollution to the atmosphere and
aquatic environments (Kronzucker et al., 2000; Min et al., 2012). Thus,
improvements on N-nutrient management practices and breeding of
rice varieties with high NUE or low N requirements are crucial for
sustainable agriculture (Swarbreck et al., 2019). Limiting NH," can
trigger an array of acclimation responses at the morphological, phy-
siological, and biochemical levels, to help the plant increase N acqui-
sition. With the emergence of omic technologies, some analyses of
limiting NH4 " conditions (when NH,* is provided as the sole N source
and at low levels) at the genome-wide level have been conducted in
rice. For instance, Chandran et al. (2016) reported that the TCA cycle
and mitochondrial electron transport were affected in a tightly co-
ordinated fashion when rice roots were subjected to low NH,™", and
Yang et al. (2015) reported a coordinated regulation of carbohydrate
and amino acid metabolism in the root and shoot after 4 h under N-free
(no NH, ") conditions. Meanwhile, some genes associated with low-
NH," environments have been identified. For example, OsIDD10 reg-
ulates circuits of the metabolic and cellular response to low NH,4* by
activating the transcription of AMT1.2 and GDH2 (Xuan et al., 2013).
OsAS1 can induce the biosynthesis of asparagine in rice roots under low
NH, " (Ohashi et al., 2015). OsSAMT1.1 transgenic rice with enhanced
NH," permeability showed superior growth and higher yield under
low-NH,4* conditions (Ranathunge et al., 2014). Recently, it was shown
that OsAMT1.1 significantly contributes to NH,* uptake under low
NH,*, offering the potential of improving NUE and grain yield in rice
(Ranathunge et al., 2014). Similarly, OsAMT1.3 has been shown to
modify rice growth and carbon-nitrogen metabolic status under low-
NH," conditions (Bao et al., 2015). These studies have significantly
enhanced our understanding of the regulatory mechanisms underlying
acclimation and adaptation to limiting NH, ", and provide an important
molecular framework for improvements in NUE.

Plant fitness and survival largely depend on the ability to stage
plastic responses to a changing environment through extended and
connected signaling networks (Goossens et al., 2016). While hormones
are major players in the establishment and interconnectedness of plant
signaling networks (Verma et al., 2016). However, under limiting
NH,4*, not all phytohormones have been examined. For example, auxin
(IAA) and strigolactones are important mediators in shoot branching
suppression under low-N conditions in Arabidopsis (de Jong et al.,
2014). Auxin and ethylene response pathways are related to the gen-
otypic difference in low-N tolerance in barley (Quan et al., 2016). More
generally, the auxin and cytokinin signaling pathways are centrally
involved in regulating root elongation (Khan et al., 2015). The action of
ethylene on N uptake and root growth is independent of other phyto-
hormones, as low nitrate levels also increase cytokinins, auxin, and ABA
(Khan et al., 2015). Jasmonic acid (JA) accomplishes unique roles in
plant developmental processes including flower development, embry-
ogenesis, seed germination, fruit ripening, leaf senescence and re-
sponses to environmental stress, such as low temperature, salinity,
drought, wounding, heavy metal toxicity, and attack by pathogens and
insects (Sharma and Laxmi, 2016). However, its function in improving
NUE under limiting NH4* is not known.

To date, studies on the response to low NH,* have been limited to
specific tissues or specific metabolic changes, failing to capture whole-
plant responses and dynamic and spatial adjustments. Moreover, sig-
naling transduction changes between root and shoot, and associated
feedback mechanisms, have not been investigated. A whole-genome
analysis of the spatio-temporal responses to limiting NH, " conditions,
at more than one time point, was conducted to address this deficiency,
and provide insight into the global response of hormonal regulation
networks under this important nutritional condition. Most previous
studies considered shifts from normal N to limiting N, focusing on low-
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N stress, or shifts from N starvation to re-supply for the examination of
NUE (Chandran et al., 2016; Yang et al., 2015). To better understand
how rice tissues respond to NH, " re-supply at low levels of provision,
we utilized Illumina HiSeq™ 2000 RNA sequence (RNA-seq) and char-
acterized shoot and root transcriptomes following shifts from N-starved
conditions to re-supply of low NH, "> NH,* under such low levels of
provision in a resupply design can act to magnify signaling processes in
N utilization. We have addressed the following two key research
questions: (1) Which metabolic processes and signaling pathways are
involved in the response to low-NH, " re-supply in rice? (2) Which key
genes participate in regulating rice growth under low-NH,* condi-
tions?

2. Materials and methods
2.1. Plant growth conditions and low-NH, ™" treatment

Seeds of Oryza sativa L. were surface-sterilized with 3% H,0, for 30
min, washed extensively with distilled water, and then germinated in
distilled water at 28 °C for 2 days. Germinated seeds were transferred
into modified Johnson’s solution (2 mM MgSO,4; 1 mM CaCl,; 0.5 mM
KCl; 0.3 mM NaH,POy; 0.1 mM Fe-EDTA; 20 uM H3BO3; 9 uM MnCl,;
1.5 uM CuSOy; 1.5 pM ZnSOy; 0.5 pM Na;Mo0O4,1 mM (NH4),SO4, pH
5.5) for another 14 days. Seedlings were grown in a phytotron with 16
h/8 h (28/25 °C) day/night and a light intensity of 400 micro mol m ™2
s~ 1, as described by Sun et al. (2017). Then, 14-day-old seedlings were
transferred to O N solution for another 3 days to deplete endogenous N.
After this, seedlings were transferred to a solution containing 0.1 mM
(NH4)»S0, for further growth. The root length, fresh weights of shoots
and roots were determined. The shoot and root were collected sepa-
rately at 0, 4, and 12 h after re-supply of a 0.1 mM (NH,4),SO, treatment
and were used to RNA-Seq (Quantification) analysis.

2.2. Tissue NH;" determination

Roots (approximately 1 g) were collected and desorbed for 5 min in
10 mM CaSO,, to remove extracellular free NH,*, then were homo-
genized under liquid nitrogen by a mortar and pestle, with the addition
of 6 mL of 10 mM formic acid. Contents of free NH,* were determined
using a modified OPA (o-phthalaldehyde) method, as described else-
where (Sun et al., 2017).

2.3. Sugar, amino acid, and flavonoid content determination

For sugar analysis, 1 g fresh weight tissue was frozen in liquid ni-
trogen immediately after each treatment, then dissolved with 50 mL of
distilled water, followed by slow addition of 5 mL of zinc acetate and 5
mL of potassium ferricyanide solution. Then, distilled water was added
to produce a total volume of solution of 100 mL, and the solution was
stirred by magnetic force for 30 min. After placing the solution at room
temperature, it was filtered with dry filter paper, then about 2 mL fil-
trate was collected with a 0.45 pm microporous filter membrane for
liquid filtration and chromatography (Wang et al., 2002).

For amino acid analysis, 0.6 g (fresh weight) tissue was frozen in
liquid nitrogen immediately after each treatment. Then, 10 mL 50 %
ethanol solution (containing 0.01 mmol hydrochloric acid) was added
and subjected to a water bath and ultrasound at 4 ° C for 30 min. Then,
centrifugation occurred at 12,000 rpm at 4 ° C for 5 min, and about 1
mL of extract was filtered with a 0.22 pm filter membrane and then
used in a SYKAM Amino Acid Analyzer for further analysis (Sykam,
Germany) (del Campo et al., 2009).

For flavonoid analysis, extracts were screened for flavonoids by a
protocol described elsewhere (Ordonez et al., 2006). Briefly, 1 mL of
ammonia solution was added to 0.2 mL of extract and mixed. Then, 1
mL of concentrated H,SO4 was added to this mixture and the devel-
opment of yellow color was recorded.
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2.4. Isotope analysis

15N-labeling concentration was determined as described in (Sun
et al., 2016). Following imposition of a 3-day N-starvation protocol, 2-
week-old seedlings were transferred to nutrient solution to which 0.1
mM °(NH,),SO, was added. After 4 h of treatment, shoots and roots
were washed, separated, freeze-dried, ground into a powder, and sub-
jected to a Thermo Flash 2000 analyzer hyphenated to a Thermo Fisher
(Waltham, MA, USA) Delta-V isotope ratio mass spectrometer to de-
termine '°N abundance. Nitrogen uptake during the labeling was cal-
culated by excess atom% '°N in the plant tissue and Ngz % '°N = excess
atom% '°N in the plant tissue/excess atom % of the tracer x 100 %.

2.5. Root characteristics

Root scanning was performed prior to the sampling process using an
Epson Expression 10000XL 1.0 system (Regent Instruments Company,
Canada) as reported in (Di et al., 2018). The parameters were recorded
with a root image analysis system using the WinRHIZO software: total
root length (mm), surface area (cm?), total volume (cm?).

2.6. RNA extraction and sequencing

Total RNA was extracted with TRIzol reagent (Invitrogen, USA)
according to the protocol provided by the manufacturer. The methods
for synthesizing and purifying first-strand ¢cDNA and double-strands
c¢DNA, and sample library construction were as described in detail in a
previous study (Sun et al., 2017). The library products were further
sequenced by the Illumina HiSeq™ 2000.

2.7. Mapping of RNA-Seq reads

The sequencing data (“raw reads”), which were produced from
Mlumina HiSeq™ 2000 RNA sequencing, were subjected to QC(quality
control) to judge whether a re-sequencing step was neccesary. Then,
raw reads were further filtered into “clean reads”, and were stored in
FASTQ format (Cock et al., 2010). The gene expression (FPKM) levels
were calculated as described in a previous study (Sun et al., 2017).

2.8. Screening differentially expressed genes (DEGs) using NOISeq

DEGs were screened by the NOISeq method. The detailed steps were
described in a previous study (Sun et al., 2017). DEGs were screened
according to the default criteria, which was |log2 (fold change)|= 2-
fold and diverge probability = 0.8.

2.9. Gene ontology (GO) functional annotation

The Web Gene Ontology Annotation Plot (WEGO) was used to
perform the GO classifications. We mapped all DEGs to GO terms in the
web resource http://www.geneontology.org/, and calculated the gene
numbers for every term. DEGs were further assigned to “biological

functions”, “cellular component”, and “molecular function” categories.
The detailed method was described in Sun et al. (2017).

2.10. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis

The KEGG database (http://www.genome.jp/kegg/) was used to
acquire enzyme commission (EC) numbers of DEGs. Then, we mapped
EC numbers to the KEGG biochemical pathways and obtained KEGG
Pathway-Maps (Sun et al., 2017).
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3. The regulatory network analysis for low-NH,*-induced
transcription factors (TFs) in roots

The regulated TFs in roots (4R: 4 -h-Root; 12R: 12 -h-Root) were
chosen for the analysis if the regulatory network of TFs (q value < 0.05,
score > 20). The TFs were first classified into protein families, and the
binding sites were obtained from published studies. Then, the binding
sites were blasted from 1500-bp upstream of all regulated genes, and
the genes containing more than one binding site were selected and
connected to the TFs with lines. Circle size indicates the log2Ratio.

3.1. Quantitative real-time PCR

Total RNA was extracted from shoots and roots harvested at the
specified time points with TRIzol reagent (Invitrogen, USA). Total RNA
(1 ug) was used for reverse transcription by M-MLV Reverse
Transcriptase (Promega), and the cDNA samples were diluted 20-fold
for further experiments. For qRT-PCR, a 20-pL reaction mixture (10 pL
SYBR Premix Ex Taq (TaKaRa), 1.6 pL primers (0.8 uL/0.8 uL 10 uM
forward/reverse primer), 1.6 uL cDNA template and 6.4 uL. ddH,O were
amplified in a Light Cycler® 480II (Roche). The reaction protocol were
described as follows: initial denaturation at 95 °C for 30 s, 40 cycles of
amplification at 95 °C/60 °C for 10 s and 30 s, respectively. The melting
curve was carried out in the 65—95 °C range. Each reaction was per-
formed 3 times, and the means of data were normalized relative to
UBIL. Primer sequences were as listed in Table S1.

3.2. Statistical analysis

All statistical analyses were performed using SPSS version 13.0, and
one-way ANOVA was performed with a homogeneity of variance test,
followed by an LSD test to check for quantitative differences between
treatments. P < 0.05 was set as the significance cut-off. All data were
analyzed by Prism 6 software. One-way ANOVA was performed among
multiple groups, and P < 0.05 was considered as the significance cut-
off. Student’s t-test was used to analyze the significance between two
groups. P values refer to different significances at: *P < 0.05,
**P < 0.0land ***P < 0.001, respectively.

4. Results
4.1. Phenotypic response of N-starved rice to low NH,*

To observe the effect of low-NH,* resupply on N-starved rice,
seedlings N-starved for 3 days (17-day-old) were transferred to N-free
medium with or without 0.2 mM ammonium for another 2 days and
then analyzed the root growth. Our data show that seedlings continued
to grow under both treatments, and that root length, root area, and root
volume were increased 34.2 %, 73.2 %, and 123.9 % under 0.1 mM
(NH4),SO,4 conditions, compared with those in the 0 mM (NH4)»SO4
condition (Fig. 1 a—d). We measured endogenous free NH,* content in
the roots and found that NH,* levels were increased significantly at 4 h
and increased” up to 2.1-fold at 12 h (Fig. 1e). Then, we analyzed the
transcription levels of the genes encoding high-affinity NH,* trans-
porters from the OsAMT1 gene family by qRT-PCR. The expression le-
vels of OsAMTI1.1, OsAMT1.2, and OsAMT1.3 in the roots showed clear
induction and reached their highest levels at 4 h. OsAMTI1.1 and
OsAMT1.2 maintained their high expression levels up to 12 h, while
OsAMT1.3 held high levels up to 48 h (Fig. 1f). Hence, we selected 0, 4,
and 12 h for RNA-Seq analysis.

4.2. Identification of DEGs in response to low NH," resupply following N
starvation

18 samples were sequenced by RNA-Seq technology, and the
average number of raw sequencing reads and clean reads are shown
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(Table S2). The unique mapping ratio with the reference gene and the
average genome mapping ratio were more than 80 % (Table S2). To
judge the differences in gene expression and to define DEGs, two fil-
tering criteria were deployed in our data analysis: the fold change > 2
between any two treatments, and a p-value < 0.05. Four profiles (4S:4
-h-Shoot/12S:12 -h-Shoot and 4R:4 -h-Root/12R:12-h-Root) were uti-
lized to depict the transcripts of all of the DEGs of the three replicates at
4 h and 12 h in both shoots and roots. Moreover, the QRT-PCR results of
selected genes were in close accordance with those obtained by RNA-
seq (Fig. S1).

In all, 75 and 466 DEGs were up-regulated, and 63 and 349 DEGs
were down-regulated, based on the analysis of 4S and 128, respectively
(Fig. 2a). 179 and 418 DEGs were up-regulated and down-regulated,
respectively, for 4R compared with 316 and 758 DEGs for 12R (Fig. 2a).
To confirm both unique and common genes at the time points in both
shoot and roots, numbers were calculated and presented using a Venn
diagram (Fig. 2b-c). The results showed that 32 and 62 DEGs (> 2-fold)
were commonly induced in the shoots and the roots at different time
points, respectively. 3 DEGs (> 2-fold) were up-regulated in 4S, 4R,
12S and 12R, demonstrating a progressive biological process (Fig. 2b-
c). Moreover, 28 and 651 DEGs were unique to the shoots, compared to
34 and 233 DEGs that were uniquely induced in the roots at 4 h and 12
h, respectively (Fig. 2c).

To investigate the functions of these DEGs, we mapped them in the
GO database, and searched for obviously enriched GO terms (corrected
p-value < 0.05) (Fig. S2). According to the “biological processes”
classification, DEGs were mainly mapped to “metabolic process”, “cel-
lular process”, “establishment of localization”, “localization”, “single
organism process”, and “response to stimulus”, all constituting a high
proportion at different time points in shoots and roots, accounting for
18.9 %-28.9 %, 14.4 %-17.8 %, 5.5 %~-10.8 %, 6 %-10.8 %, 3.3 %-4.3
%, and 3.3 %-4.3 % of total DEGs, respectively. The GO terms “meta-
bolic process” and “cellular process” were enriched in both shoots and
roots at different time points. According to the “cellular component”
classification, DEGs that mapped to “cell”, “cell part”, and “organelle”
constituted a high proportion at different time points in shoots and

roots, accounting for 35 %—49.2 %, 35 %-49.2 %, and 29.1 %-41.3 %
of total DEGs, respectively. The GO terms “membrane-enclosed lumen”
was enriched in 12S and 12R. According to the “molecular function”
classification, DEGs were mainly mapped to “binding” and “catalytic
activity” at different time points in shoots and roots, accounting for
19.5 %-21 % and 22.1 %-34.1 % of total DEGs, respectively. The GO
terms “electron carrier activity”, “protein binding transcription factor

activity”, and “receptor activity” were only enriched in 12S.

4.3. Roots and shoots exhibit spatio-temporal specificity following exposure
to low NH,™" following N starvation

To understand the biological function of these DEGs and how the
DEGs interact, we then employed KEGG enrichment analysis to classify
the crucial biological processes and cardinal signaling pathways. Our
analysis shows that DEGs involved in amino acid metabolism, carbo-
hydrate metabolism, and phenylpropanoid biosynthesis (especially
flavonoids) were all up-regulated in 4R and 4S (Fig. 3). However, the
DEGs functioning in plant-pathogen interaction and hormone-signaling
pathways were only obviously regulated in 4R (Fig. 4). The transcripts
in the plant-pathogen interaction category were up-regulated, followed
by hormone-signal transduction, in particular the pathway involving
MAPK (mitogen-activated protein kinases) signaling (Supplementary
Excel S1). Furthermore, the transcription levels of DEGs related to
circadian rhythm also increased in both 4R and 4S (Supplementary
Excel S2). With prolonged supplementation, the transcripts related to
circadian rhythm were up-regulated more than 2-fold in 12S and 12R,
accompanied by increased transcription of flavonoid biosynthesis,
especially in 12S (Fig. 4). By contrast, the up-regulated DEGs involved
in plant-pathogen interaction and hormone-signaling pathways in 4R
were less induced in both 12R and 12S (Fig. 4; Supplementary Excel S2-
S4). Furthermore, with increasing time of low NH,* imposition, a set of
transcripts encoding enzymes in amino acid and carbohydrate bio-
synthesis/metabolism were significantly induced in 12S and 12R (Fig. 3
and Supplementary Excel S2). In addition, genes involved in brassi-
nosteroid biosynthesis were up-regulated only in roots, 4R and 12R.
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Fig. 2. Numbers and Venn diagram display
of DEGs in rice shoots and roots under low-
NH,* supplementation following N starva-
tion compared to N starvation (0 N). (a)
DEG number in shoots and roots at 4 h and 12
h. (R value < 0.05; genes with the ratio log =
2 or < -2 were selected). Green: down-regu-
lated. Red: up-regulated. (b) Venn diagram
shows the up-regulated and down-regulated
number of DEGs in shoots and roots at different
time points. (> 2-fold) (Blue, Pink, Green and
Yellow indicates 4S, 12S, 4R, and 12R, re-
spectively). 4S: 4 -h-Shoot; 4R: 4 -h-Root; 12S:
12 -h-Shoot; 12R: 12 -h-Root (For interpreta-
tion of the references to colour in this figure
legend, the reader is referred to the web ver-
sion of this article).

Tropane, piperidine and pyridine alkaloid biosynthesis ~Circadian rhythm - plant ‘
2 Terpenoid backbone biosynthesis

3 Fructose and mannose metabolism
4 Phenylpropanoid biosynthesis

5 Vitamin B6 metabolism

Juitery id and tritery

7 Glycolysis / Gluconeogenesis

8 Glyoxylate and di ylat
9 Flavone and flavonol biosynthesis
10 Porphyrin and phy i

11Pyruvate metabolism
12 Nitrogen metabolism

74 1 Phenylalanine metabolism
L

and other

P q

Photosynthesis

4R 12R

Circadian rhythm - plant
2 Cysteine and methionine metabolism

Taurine and hypotaurine metabolism

1 5 Fatty acid elongation

3 Fructose and mannose metabolism Flavonoid biosynthesis 24

4 Plant hormone signal transduction beta-Alani tabolism 23

5 Plant-pathogen interaction elachianine melavolsm
Ubiqui and other id-quil i is 22

Brassinosteroid biosynthesis
26 1

Flavonoid biosynthesis
Riboflavin metabolism s 28
alkaloid bi is 24
Butanoate metabolism 23

Gly/Ser/Thr metabolism 25

Arginine and proline metabolism 22
Tyrosine metabolism 21

6 Galactose metabolism

7 Giycolysis /GIuconsogsnesisGlyw'ys's / Gluconeogenesis 21

Carotenoid biosynthesis 29
8 Biosynthesis of unsaturated fatty acid

" Tropane ! alkaloid 19
9 alpha-Linolenic acid metabolism

10 Circadian rhythm-plant Fructose/mannose metabolism 1g

Nitrogen metabolism 20
Natural killer cell mediated cytotoxicity 19
SNARE interaction in vesicular transport 18

Bras?r?;\s’?el:o::e!::)bsoyl:;r:e;ls 14 Sultur metebolism
16

Ala/ASp/GIU melabolism 151413 panioas pacsnate 0"
Pentose and glucuronate interconversions

Ascorbate and aldarate metabism 17 )
Biosynthesis of unsaturated fatty acids g 15 14
Glycerolipid metabolism

3 Isoquinoline alkaloid biosynthesis
4 Galactose metabolism

5 Fatty acid elongation
6 Taurine and hypotaurine metabolism

8 Arginine and proline metabolism
9 Glutathione metabolism
10 Tyrosine metabolism

11Pentose phosphate pathway
12 phenylalaninefyrosi

13
Phenylalanine metabolism

Diterpenoid biosynthesis
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Fig. 4. Flavonoid, sugar, and amino acid analyses in shoots and roots
under low-NH,* supplementation following N starvation. (a) flavonoids,
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glutamine, and alanine) were analyzed at 4 h and 12 h in shoots and roots under
low 0.2 mM NH," supplementation following N starvation. Values are
means *+ SD (n = 3). *** indicate significant difference at P < 0.01.

Further, we measured the contents of flavonoids, sugars (sucrose,
fructose and glucose), and amino acids in shoots and roots at different
time points (Fig. 4; Table S3). Consistent with RNA-seq results, the
contents of flavonoids, sugars, and amino acids were altered 0.8,
1.1-1.3, and 0.8-1.8-fold in 4S, and 1.9, 1.5-1.9, and 2.1-14.8-fold in
4R, compared with the N-starvation (0 N) control. With prolonged
supplementation, the contents of flavonoids, sugars, and amino acids
were increased 2.9, 2.6-3.1, 2.4-8.7-fold in 12S, and 3.5, 2.9-4.5, and
5-50.1-fold in 12R compared to the N-starvation (0 N) control.

4.4. TFs (transcription factors) in hormone regulation in response to low
NH,™ following N starvation

Our data show that 26 and 33 TFs were regulated in 4R and 12R,
respectively, while only a few TFs were regulated in the shoot (3 TFs
and 15 TFs in 4S and 128, respectively) (Fig. 5; Supplemental Excel S1-
S4). TFs also exhibited spatio-temporal specificity under 0.2 mM am-
monium, indicating that 7 TFs were only induced in 12R (Supplemental
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Excel S4). Likewise, 2 TFs were only induced in 4S, while 14 were solely
expressed in 12S. TFs uncovered mainly belonged to the TIFY/ZIM
(zinc- finger protein expressed in inflorescence meristem), bHLH (basic
helix-loop-helix protein factor), MYB (MYB domain protein) and WRKY
(WRKY DNA-binding protein) families. We then further analyzed the
transcriptional regulatory network of TFs in roots. The analysis showed
that most low-NH,* responsive genes, covering plant-pathogen inter-
action, amino acid biosynthesis and metabolism, and flavonoid bio-
synthesis, might be bound by one or more TFs (Fig. 5). With prolonged
treatment time, the TFs and responsive genes were all increased
(Fig. 5b). Of them, TIFY/ZIM genes (OsJAZ9/OsTIFY11a to OsJAZ12/
OsTIFY11d), including a JA ZIM-domain (Jasmonate Zim Domain),
were up-regulated under 0.2 mM ammonium in both 4R and 12R,
especially OsJAZ9, which was most pronouncedly induced by low
NH," in 4R and 12R. Hence, it was important to investigate whether
these genes function in response to low NH, ™.

4.5. Upregulation of OsJAZ9 resulted in increased NH,* acquisition and
root growth under low NH,* following N starvation

RNA-seq results show that OsJAZ9 was induced in roots after 4 h
and 12 h of low-NH," treatment (Fig. 5). To further investigate the
function of OsJAZ9 in response to low NH,*, OsJAZ9 overexpression
(JAZ90x) material and its background (ZH11) were used. Following
imposition of 0.2 mM NH,* after N starvation, the shoot displayed
minor differences, but root growth in JAZ9ox increased remarkably
compared with the wild type ZH11 (Fig. 6a—d). Compared with the N-
starvation (0O N) control, the total root length, area, and volume were
increased 29.2 %, 43.2 %, 120.5 % in ZH11 under re-supply 0.2 mM
NH, " condition, however they were 183.2 %, 281.1 %, 386.9 % in
JAZ90x, suggesting an OsJAZ9 function in promoting root growth in
response to low NH, " treatment (Fig. 6a-d). Considering the transcript
induction of amino acid and carbohydrate metabolic genes in the low-
NH,* condition, we then analyzed amino acid and sugar accumulation
in ZH11 and JAZ9ox (Fig. 3 and Fig. 6e-f). Our data show that sugar and
amino acids contents were all increased in JAZ9ox compared with
ZH11 after re-supply of 0.2 mM NH,* (Fig. 6e-f). Furthermore, our *°N-
isotope labeling results revealed that both ZH11 and JAZ9ox had higher
excess atom% '°N and/or Ngz % '°N in tissue under 0.2 mM ammonium
compared with the N-starvation (0 N) control in roots after 4 h of
treatment, while JAZ9ox increased 41.4-fold in atom% '°N compared
with a 12.1-fold change in ZH11 under 0.2 N (Fig. 6g-h). Taken to-
gether, our results suggest that OsJAZ9 plays a positive role in shoot
and root growth, especially in roots, under N starvation followed by re-
supply of low NH,*, which results in the promotion of N absorption
and enhanced sugar and amino acid biosynthesis.

To further test the potential regulatory role of OsJAZ9, we chose
OsCOI1-RNAI (coil), which, when knocked down, results in higher ac-
cumulation of OsJAZ9 in situ (Chini et al., 2009; Yang et al., 2012).
Consistent with this, our results show that coil possesses stronger root
growth promotion compared with its background ZH11 under low
NH4* re-supply after N starvation (Fig. 7a-b). Under low-NH," re-
supply, the increase in total root length, root area, and root volume in
the coil mutant was 1.1, 1.3, 1.5 times that of ZH11 (Fig. 7c-e). The
!5N-isotope labeling data show that atom% '°N and/or Ng % "°N in-
creased 8.9-fold in ZH11, and 10.9-folds in the coil mutant after 4 h of
treatment. These data clearly show that OsJAZ9 positively regulates
NH,* acquisition under re-supply of low NH,* following N starvation.

5. Discussion

N is necessary for plant growth. However, high N-application rates
can, in fact, lead to decreased grain yields, and to drastic declines in
nitrogen-use efficiency (NUE), with the additional consequence of in-
creased N loss to the environment, polluting both the atmosphere and
water systems (Chen et al., 2013; Coskun et al., 2017). Thus, the
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development of cultivars and practices that can make the best use of
nitrogen in soil under low-nitrogen conditions, in particular for the
world's leading grain crops, is essential for the sustainability of agri-
culture (Glass et al., 2002; Shi et al., 2010). The RNA-seq analysis is an
efficient method to study genome-wide changes in gene transcription
and to screen existing gene resources in response to different N con-
centrations (Balazadeh et al., 2014; Sun et al., 2017; Yang et al., 2015).
Previous studies identified responsive genes by two approaches: One
involves reduction and/or depletion of N in the growth media, aimed to
investigate low-N stress (N starvation); the other is achieved by re-
supplying normal N to seedlings grown in media with no or little N,
focused on NUE (N supplementation). Key genes functioning in plant
survival were involved in response to N starvation, including this in-
volved in the overall stress response, chlorophyll synthesis, and N as-
similation (Chandran et al., 2016; Sun et al., 2017; Yang et al., 2015).
Furthermore, genes related to N absorption and assimilation were up-
regulated during N supplementation (Chandran et al., 2016; Sun et al.,
2017; Yang et al., 2015). However, these two approaches have not been
effective in investigating the response to low NH,* supply. Here, we
used N-starved seedlings subsequently exposed to low NH4* (0.2 mM
NH, ") at different time points (0 h, 4 h and 12 h), and then analyzed
the transcriptomic profiles in shoots and roots. Our study exposits the
global regulation of genes transcription and metabolic processes in re-
sponse to the low-NH, " signal.

5.1. Spatio-temporal specificity of genes expression in rice under low-NH,*
resupply after N starvation

When seedlings grown in N-free conditions are transferred to low
NH,*, the root system responds rapidly to the nutritional signal, and
transient and specific expression of NH,* -responsive genes is evident at
the genome-wide level (Fig. 3). In our study, we investigated DEGs in
response to low NH,* supplementation, and results show that 138 (75
up-regulated /63 down-regulated) and 597 (179 up-regulated /418
down-regulated) genes are differentially expressed in rice shoots and
roots after 4 h of low-NH4* exposure compared to control (Fig. 2). This
phenomenon implies that the rice root inherited a complex responsive
network in dealing with low NH," supplementation. Based on GO

C
| mm

two-way ANOVA following Duncan’s test.
a Error bars with different letters represent a
statistical difference (P < 0.05, Duncan’s test).

C

ON 0.2N

enrichment analysis, most of the DEGs were distributed among "cellular
process", "metabolic process", "binding", "catalytic activity”, and "cel-
lular process" (Fig. S1). This indicates that rice initiates complex and
broad metabolic processes to respond to low NH," supplementation.
Notably, as one might expect, genes encoding membrane and trans-
porter activity are also involved in the low-NH,* response (Fig. 3). In
addition, the GO terms "plant hormones signal transduction" and "plant-
pathogen interaction" were only induced in 4R, indicating these two
processes play critical roles in the early response to low NH,* in roots.
Previous studies revealed that auxin, cytokinin, and abscisic acid (ABA)
have critical roles in the plant response to fluctuating availability of
useable N (Kiba et al., 2011; Krapp et al., 2011; Sakakibara et al.,
2006). Here, hormone-related transcripts, in particular those pertaining
to the JA signaling pathway, were up-regulated significantly at 4R and
magnified at 12R (Supplementary Excel S2 and S4). Interestingly, genes
involved in BR biosynthesis, which can promote root growth, were only
induced in 4R and 12R (Kim et al., 2007; Yun et al., 2009) (Fig. 3). Still,
we also identified three genes, DR8 (0s09g0343200), and two un-
characterized genes (0s10g0506900 and Os07g0529600) that were
common induced in 4R, 4S, 12R and 12S, indicating that these genes
are involved in the synergistic regulation of shoots and roots during the
low-NH4* response (Fig.2). Interestingly, DR8 has been reported to
possess a dual function in disease resistance and thiamine accumulation
(Wang et al., 2006). These findings suggest that low-NH, " signaling
may interconnect with defense signaling, and that identification of the
function of DRS8 in the low-NH4" response might provide useful in-
formation for future studies on the intersection of nutrient and defense
signaling pathways in plants (Wang et al., 2006). Furthermore, we
compared the regulated genes under high-NH,* (Sun et al., 2017) and
low-NH4* conditions and found 98 (59 up-regulated /39 down-regu-
lated) and 117 (20 up-regulated /97 down-regulated) genes to be
commonly regulated in rice shoots and roots after 4 h/12 h of low-
NH,* and high NH,* exposure compared with control (Fig. S3 and
Table S4). Of these common genes, several expressed enzymes, trans-
porters, and transcription factors, indicating that rice might engage
similar metabolic processes and transcriptional regulatory pathways
under low NH, " and high NH,*.

In our study, low NH,* supplementation following N starvation was
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still not adequate for normal growth in the early stages of resupply, so
seedlings remaining under a low-NH,* setting were expected to remain
responsive to the “low-NH,* signal”. In this state, the plant must adjust
whole-plant growth and then utilize the limited N resource.
Furthermore, the most important adjustment in plant adaptation to
nutrient deficiency is root architecture (Clowes, 1970; Parsons and
Sunley, 2001; Ratner, 1945; Zelazny and Vert, 2014). However,
knowledge of the role of hormones and associated TFs participating in
the response to low NH, ™ is still limited. Here, increased root length of
rice under low NH4* was in agreement with many earlier reports
(Singh et al., 2015; Zhang et al., 2015). Consistent with this, 33 hor-
mone-related TFs were up-regulated, and most up-regulated genes were
concentrated in the root (Supplementary Excel 3). Furthermore, these
TFs primarily belong to the TIFY/ZIM and bHLH families involved in JA
signaling (Fig. 5). To date, 15 JAZ proteins have been identified in rice,
and many of these genes are involved in nutrient deficiencies (Singh
et al., 2015). Hakata et al. (2012) reported that overexpression of
OsJAZ10 led to higher tissue levels of the carbohydrate assimilates. 167
members of the OsbHLH family have been identified in rice, and some
of them are related to stress responses, such as OsbHLH1, which is in-
volved in cold stress, RERJ1 and OsbHLH148, which are involved in
drought stress (Song et al., 2011). This indicates a significant role of JA
signaling in the low-NH,4 " response in the rice root. In addition, ERF
genes (OsERF15, OsERFIB, and OsERF2), involved in ethylene sig-
naling, were up-regulated as well (Supplementary Excel 3); ERFs are
involved in the regulation of various stress responses and the expression
of stress-related genes to control plant metabolism, growth, and de-
velopment (Kazan, 2015; Xiao et al., 2016). OsERF2 was shown to
regulate the accumulation of sucrose and UDPG, exerting a significant
regulatory role in rice root growth (Xiao et al., 2016). Recently, ethy-
lene was reported to participate in regulation of root hair elongation
when Arabidopsis seedlings were exposed to low NH,* (Zhu et al.,
2016). Moreover, JA and ethylene, often acting cooperatively, play
essential roles in regulating plant defense responses (Kazan, 2015).
Lorenzo et al. (2003) suggested that ERFI integrates signals from
ethylene and JA pathways in the context of plant defense. Thus, JA and
ethylene signaling might jointly coordinate the adaptive process under
low NH," in rice. However, whether these genes were uniquely regu-
lated by a “low-NH,*” signal rather than a “low-N” signal is still un-
clear. So, future studies will have to be designed to screen genes
regulated by low concentrations of NO3; ™~ and other N sources, to firmly
disentangle differences between responses that are specific to NH, ™.

5.2. The biosynthesis and metabolism of flavonoid, amino acids, and sugars
are important in rice under low NH, ™" following N starvation

Flavonoids play key roles as signaling molecules, through their
ability to interact with a wide range of protein kinases, including
MAPK, which regulate key steps of cell growth and differentiation, and
response to changing environmental conditions (Brunetti et al., 2013;
Buer et al., 2010, 2007). In our study, the GO terms related to flavonoid
biosynthesis were upregulated in 4R, 12R, and 12S (Fig. S1). Consistent
with this, the flavonoid content increased at 4R and 12R, while an in-
creasing flavonoid content in shoots was only found at 128, indicating a
key role of flavonoids in the signal transduction from roots to shoots
(Fig. 3a). Furthermore, phenylpropanoid synthesis, especially flavonoid
synthesis, is also responsive to JA, suggesting that JA may function
upstream to flavonoids in the low-NH," response (Buer et al., 2007;
Pourcel et al., 2013). In addition, the GO term involved in flavonoids
was also up-regulated under NH,*-free conditions, underscoring the
important role of flavonoids in the NH, " -response process, especially in
the low-NH,4* response (Yang et al., 2015).

Upon low-NH," supplementation, N-starved seedlings showed
transient expression of NH,* ~ uptake and N-assimilation genes at both
mRNA and protein levels. Here, we determined that two known high-
affinity NH, " transporter genes, AMT1.2 and AMT1.3, were induced in
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roots, revealing that plants began to adapt to the NH,* supplement by
increasing NH,* uptake (Supplementary Excel 1). In addition, we also
identified that five N-metabolism-related early nodulin genes,
05068014220, 0s06g0142350, 0s06g0142400, Os06g0142350, and
0s06g0142200, were up-regulated in roots (Supplemental Excel S2 and
S4). We also found multiple GO terms functioning in "amino acid bio-
synthesis/metabolism" and “nitrogen metabolism” were significantly
up-regulated, indicating that increased conversion of inorganic N into
organic N products, such as amino acids, was critical. Elevated levels of
amino acids in plant cells have been correlated with improved en-
vironmental adaptation, aiding in plant water relations and in pro-
tecting key enzymes (Flowers and Colmer, 2015). RNA-seq results
suggest that 1, 2, 2 and 8 GO terms were involved in amino acid bio-
synthesis/metabolism, with Gln, aspartate (Asp), threonine (Thr), and
aromatic amino acids being predominant (Fig. S1). Accordingly, we
found Asn, Gln, Thr, and aromatic amino acids increased at 4R and then
continuously increased up to 12R (Fig. 4b; Table S3). Meanwhile, these
amino acids were also elevated at 12S (Fig. 4b; Table S3). Furthermore,
inorganic N in plants is assimilated initially to asparagine (Asn) and
glutamine (Gln), and these amino acids serve as important N carriers
(Alexova et al., 2015; Pratelli and Pilot, 2014). Aromatic amino acids
are not only synthesized into protein but also act as precursors for
secondary metabolites (Tzin and Galili, 2010). Thr might relate to plant
defenses or serve as a precursor for other amino acids such as isoleucine
(Balazadeh et al., 2014). This reveals that amino acids metabolism
plays an important role under low-NH,* supplementation after N
starvation. These observations are in agreement with reports that amino
acids production is stimulated under shifting N-utilization conditions
(Chandran et al., 2016; Pratelli and Pilot, 2014).

Previous studies suggested that activation of amino acid and storage
protein synthesis was metabolically regulated and stimulated by car-
bohydrate feeding and/or supply of carbon precursors (Lemoine et al.,
2013). Similarly, increased N supplementation also stimulated carbo-
hydrate biosynthesis and metabolism. Our data show that the GO terms
involved in sugar metabolism were enriched in all treatments. Sucrose,
fructose, and glucose all increased at 4R and then continuously in-
creased up to 12R. Meanwhile, these three sugars were also raised at
12S (Fig. 4c). Previous genome-wide transcriptome data showed that,
whether seedlings were shifted from a normal environment to limiting
N conditions or from N starvation to re-supply of normal N, the GO term
of carbon/nitrogen metabolism was induced, indicating the funda-
mentally important nature of plastic C/N metabolism pathway adjust-
ment in response to varying N conditions (Moorhead and Smith, 2003;
Perchlik and Tegeder, 2018; Raab and Terry, 1995).

6. The transcription factor OsJAZ9 mediates metabolic
reprogramming during re-supply of low NH, " following N
starvation in rice

RNA-seq is an effective method to investigate the regulation of
genome-wide transcriptome in responses to varying N conditions and
environmental stresses (Balazadeh et al., 2014; Sun et al., 2017; Yang
et al., 2015). To test with RNA-seq analysis in response to low NH, ™",
we chose a transcription factor, OsJAZ9, which was obviously up-
regulated in 4R and 12R (Fig. 5). OsJAZ9 was an important TF involved
in JA signaling pathway, and was induced by N, P, K, Zn, and Fe de-
ficiency (Singh et al., 2018; Wu et al., 2015). The mutant with over-
expressed OsJAZ9 exhibited faster growth under K* deficiency and
higher tolerance to salt stress by regulating K* transport, suggesting an
important role of OsJAZ9 in response to nutritional deficiency and
environmental stress (Singh et al., 2018). Here, we demonstrate that
OsJAZ9 might be the major TF in flexibly adjusting growth in response
to low NH," supplementation, to match anticipated changes in re-
source availability after N starvation, in rice. Our data show that low-
NH, " supplementation prompts root growth in both ZH11 and JAZ90x,
and that JAZ9ox exhibits enhanced root growth (Fig. 6b-d).
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Accordingly, we found that sugar, amino acids, and NH,* absorption in
JAZ90x under low NH,* were all increased (Fig. 6). Consistently, coil
mutant, whose mutation results in OsJAZ9 protein accumulation in situ,
also exhibited root growth promotion and then higher NH,* absorption
under low NH4* following N starvation (Fig. 7). Previous studies de-
monstrated that JAZ proteins promote growth and reproductive success
at least in part by metabolic effects inherent in an adaptive response
under stress (Seo et al., 2011; Wu et al., 2015). Hence, we conclude that
JA signaling involving OsJAZ9 plays a key role in rice in the response to
low NH," through regulating sugar biosynthesis, amino acid bio-
synthesis, and absorption of NH, ™.

7. Conclusions

In summary, RNA-seq analysis allowed us to obtain whole-genome
transcriptional regulation and processes potentially implicated in the
early response to low NH,"* supplementation following N starvation.
Our RNA-seq data indicate that JA and flavonoids are important sig-
naling molecules in response to low NH,* in roots, and that the genes
required in amino acid and carbohydrate metabolism are up-regulated
under low-NH,4 " resupply conditions. Moreover, OsJAZ9 is a critical TF
in response to low NH,* and promotes NH, " absorption, sugar and
amino acid accumulation, and root growth. More detailed experimental
exploration will be needed in order to investigate the function of the
genes involved in the low-NH,* response. Clearly, the role of NH,* as
a signal to stimulate root growth and enhanced nutrition absorption
warrants further study in the future.
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