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ABSTRACT

Transcriptome-wide Analysis of Protein-coding Genes
and Non-coding RNAs in Response to Nitrogen Supply

Status in Rice

Sang-Yoon Shin

Major in Applied Life Chemistry
Department of Agricultural Biotechnology
The Graduate School

Seoul National University

Nitrogen is a key nutrient in plant growth and development, and usage of
nitrogen fertilizer is directly involved in crop yields. To increase crop yield, the
enormous amount of chemical nitrogen fertilizer has been used. However,
limitation on nitrogen-use-efficiency of crop plant make amounts of fertilizer to
be remained in soil, and leaching of those remaining nitrogen sources to river and

ocean occur environmental problems, such as eutrophication.



Non-coding RNAs, including miRNAs and long non-coding RNAs, are a class
of RNAs that are not be translated into protein. In recent studies, it is known that
some of those miRNAs and long non-coding RNAs function as key regulator and
regulate expression level of its target gene through various molecular mechanisms.
Moreover, most of those non-coding RNAs also respond to various stimuli and
stresses, and they could control the changes of plant physiology in response to
those stimuli and stresses. However, roles of non-coding RNASs on nitrogen supply
status in rice have not been deeply studied yet.

To comprehensively investigate and understand transcriptome-wide responses
of rice to nitrogen starvation, multimodal RNA-Seq methods were applied: strand-
specific RNA-Seq, small RNA-Seq, and 2P-Seq. Using strand-specific RNA-Seq,
expression profiling and analysis of annotated genes including nitrogen
metabolism-related genes were performed. Also, nitrogen-responsive miRNAS
were identified in nitrogen-starved rice roots, and the relationship between
representative nitrogen supply status-responsive miRNA, miR169, and its target
genes, NF-YAs, were analyzed by expression pattern analysis and 5’ RLM-RACE.
Using strand-specific RNA-Seq dataset, identification of putative INncCRNA-
deriving loci and analysis of their expression patterns were performed. Moreover,
identifying 3’ end of transcripts was tried by analyzing 2P-Seq data and those sites

detected by 2P-Seq were confirmed by 3’ RACE against putative INncCRNA



candidate. Dataset analyzed in this study will be used as a fundamental dataset for
further studies about roles of genes and non-coding RNASs in response of rice to

change of nitrogen supply status.

Keyword: Rice, Nitrogen, Strand-specific RNA-Seq, Small RNA-Seq, 2P-

Seq, MicroRNA, Long non-coding RNA
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INTRODUCTION

Rice and Nitrogen

Rice is one of the major crops worldwide and is important food source for half
of people in the world, especially in East Asia. Also, rice is one of important model
plants for researching monocot species because of small, fully-sequenced genome.
Many researchers in the world are studying and genetically engineering the rice
for increasing rice productivity and developing stress-resistant rice, because of its
importance as a major food source.

Nitrogen (N) is one of a key macronutrient of crop plant growth and
development. In addition, supplement of N is closely involved with crop
productivity. Due to the importance of the amount of available N in the growth
and yield of crop plant, application of chemical N fertilizers on fields have greatly
increased during the past five decades. These have resulted in significant increase
of crop yield. However, due to low limitation of crop plant on soil N-use-efficiency
(NUE) (Hoque et al., 2006), the proportion of available soil N used by crop plants
is less than half of the available amount of N in soil, which leads to the reduction
of N-fertilization efficiency of crop productivity (Tilman et al., 2002). In addition,
leaching of remaining N into groundwater, river and ocean, causes various
aqueous environmental problems such as eutrophication.

Increasing necessities of reducing the chemical N fertilizers usage have



facilitated studies to better understand mechanisms of plant in regulating NUE and
to develop NUE-improved crop plant including rice. In recent years, researchers
have attempted to make NUE-improved transgenic crops by ectopic over-
expression of N metabolism-involved genes or N-responsive genes in rice (Hoque
et al., 2006; Bi et al., 2009; Cai et al., 2009; Cai et al., 2010; Brauer et al., 2011;
Fang et al., 2013), and to find candidate NUE-involved rice genes in a genome-
wide level, microarray technology has been applied. Lian et al. (2006) profiled
expression level of 10,422 genes in rice seedlings at early stage of low N stress
using microarray, and Bi et al. (2009) performed cDNA microarray against N-
starved rice, and showed improved NUE in OsSENOD93-1 overexpressing rice.
However, those microarray experiments were only focused on previously known
protein-coding genes, and could not detect novel transcripts or non-coding RNAs
that might be involved in response of rice on N starvation or NUE. In recent studies,
researchers prefer another transcriptomic approach, called RNA-Seq, rather than
microarray, because of advantageousness of RNA-Seq relative to microarray;
high-throughput  dataset, single-nucleotide resolution, low background.
Nevertheless, none of studies applying that advantageous technology in
identifying rice genes and other novel transcripts responding to N-starvation have

been reported yet.
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Non-coding RNAs

Recent studies have discovered thousands of novel genomic loci from various
organisms that are transcribed into transcripts having little or no protein-coding
potential, called non-coding RNAs (Claverie, 2005; Mattick, 2005). These non-
coding RNAs can be classified according to its transcript lengths, as small RNAs
(18-40 nts), short RNAs (50-200 nts), and long non-coding RNAs (IncRNAs,
longer than 200 nts). They are further classified by biogenesis pathways
(miRNA/endo-siRNA/piRNA/dIRNA) or genomic locations (lincRNA/incRNA/
cis-NAT/NAT-miRNA). Most of those non-coding RNAs have function in
regulating gene expression level, and they play key roles in manipulating diverse
spectrum of biological phenomenon, such as embryonic stem cell pluripotency,
cell-cycle regulation, disease and stress-response, with a various molecular
mechanisms. Discoveries of functionally important IncRNAs imply that numerous
unknown, functional non-coding RNA genes exist in the genomic region referred
to as “dark matter” (Johnson et al, 2005; Riddihough, 2005; Kapranov and St.
Laurent, 2012). Because of this, a great number of researchers are trying to

discover novel non-coding RNAs and identify their mechanisms and functions.

MicroRNAs

MicroRNA (miRNA) is a one of small non-coding RNA classes, which
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negatively regulates the expression level of its target genes by destabilizing
transcript and inhibiting protein synthesis. In plants, miRNA genes have their own
transcription units which are transcribed by RNA polymerase Il as primary
miRNAs. The stem-loop structures in the primary miRNAs are then cleaved by
DICER-LIKEL (DCL1) into precursor miRNAs (pre-miRNAs), which is cleaved
again by DCL1, deriving 21-nt-long RNA duplexes, or cleaved by DCL4, deriving
24-nt-long RNA duplexes. Those 21 to 24-nt miRNA duplexes are stabilized by
2’-O-methylation of 3’ end, which is catalyzed by Hua Enhancer 1 (HEN1), and
transported from the nucleus to the cytoplasm by HASTY. One of the duplex
strands is then incorporated into the Argonaute (AGO), and those miRNA-AGO
complexes, called RNA-induced silencing complex (RISC), then negatively
regulate its target genes by complementary binding between miRNA and target
transcript.

Roles of plant miRNAs on plant abiotic stress responses and resistances have
been suggested by the identification of linkages between miRNA and its stress
response-related target genes, such as miR399-PHO2 in phosphate deficiency
stress (Bari et al., 2006), miR398-CSD1/miR398-CSD2 in oxidative stress (Sunkar
et al., 2006), miR395-SULTR2;1 in sulfate deprivation (Liang and Yu, 2010), and
mMiR393-AFB3 and miR167-ARF8 in N starvation stress (Gifford et al., 2008;

Vidal et al., 2010). In those previous studies, the expression levels of miRNAs
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have dynamically changed in response to stress treatment, and those expressional
changes have also affected on the expression level of its target genes which is
closely involved in those stresses, suggesting that plant miRNAs serve as core
regulator of plant’s response to various stresses.

To understand responses and roles of plant miRNAs in N deficient stresses and
N homeostasis, expression levels of miRNAs have been examined in plants and
crops with using transcriptomic approaches such as microarray (Cai et al., 2012;
Nischal et al., 2012) and small RNA-Seq (Jeong et al., 2011; Liang et al., 2012;
Zhao et al., 2012). However, previous studies on rice miRNAs responding to N
starvations were mainly focused on a few N starvation conditions or on a singular
miRNA cases (Yan et al., 2014), thus could not provide sufficient information to

understand dynamic, genome-wide changes of the miRNA pool.

Long non-coding RNASs

LncRNAs are generated from various genomic regions including intergenic /
intronic region and opposite strand of protein-coding gene regions. According to
their genomic origin, these INCRNAs are respectively classified as long intergenic
non-coding RNA (lincRNA), intronic non-coding RNA (incRNA) and natural
antisense transcript (NAT). Although imperfect action of transcript machineries

can generate spurious, non-functional RNAs resembling INCRNAs, recent studies
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have shown that some INncCRNAs clearly have functions. Because of this,
researchers are trying to identify novel IncRNAs in a genome-wide level, and
investigate their mechanisms and functions both in animal and plant (Rinn et al.,
2007; Franco-zorrillaetal., 2007; Huarte et al., 2010; Heo and Sung, 2011; Ulitsky
et al., 2011; Jabnoune et al., 2013; Li et al., 2014). Especially, one of plant
IncRNAs, cis-NATpHo1;2, Which is expressed by phosphate starvation, participates
in regulating phosphate homeostasis of rice by enhancing translationn of
OsPHO1;2 genes. This case suggests that IncRNAs could respond to and play a
role in plant nutrient-deficient stresses.

Properties of these INCRNAs are similar to common features of mMRNA,; they
are mostly 5’ capped, and even are polyadenylated and spliced, implying that the
common mRNA biogenesis machineries are shared in the biogenesis of IncCRNAs.
Because of these structural similarities between mRNA and IncRNA, IncRNAs are
discovered in typical cDNA cloning, tiling array, and RNA-Seq datasets used in
detecting and quantifying the expression level of mRNA (Okazaki et al., 2002;
Carninci et al., 2005). Due to this, genome-wide identification of novel INcRNAs
have been tried in Arabidopsis (Liu et al., 2012; Wang et al., 2014), maize (Li et
al., 2014), wheat (Xin et al., 2011) and rice (Lu et al., 2012) using RNA-Seq
methods. However, none of transcriptomic approaches on N starvation-responsive

IncRNAs in rice had been tried yet.
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Purpose of this study

Since transcriptomic researches through RNA-Seq on various N supply
condition-treated rice had not been tried, this study was aimed to investigate and
comprehensively understand responses of rice to N starvation in a transcriptome
level using RNA-Seq. To do this, multimodal RNA-Seq methods were applied in
this study: strand-specific RNA-Seq, small RNA-Seq, and 2P-Seq. Using strand-
specific RNA-Seq, expression profiling and analysis of annotated genes including
N metabolism-related genes were performed. Also, N-responsive miRNAs were
identified from N-starved rice roots, using small RNA-Seq dataset. Using strand-
specific RNA-Seq dataset, | tried to identify novel, putative INCRNA-deriving loci
and analyze their expression patterns in roots and leaves of N-starved rice.
Moreover, genome-wide identification of polyadenylated transcripts’ 3* ends was
tried by analyzing 2P-Seq, and 2P-Seq signal-detected sites on putative intergenic

IncRNA locus was validated by 3° RACE.
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MATERIALS AND METHODS

Plant materials and growth conditions

Rice (Oryza sativa cv Nipponbare) was grown under solution described in
Yoshida et al. (1976), containing 0.513mM K>SO4, 0.998 mM CacCl», 1.643 mM
MgSOa, 0.075 pM (NH4)sM07024, 0.25 mM NaSiOs, 0.009 mM MnCly, 0.019 uM
H3BOs3, 0.155 uM CuSOs4, 0.152 uM ZnSOs4, and 0.125 mM EDTA-Fe, 0.323 mM
NaH2PO4, 1.425mM NHsNO3. Germinated seeds were grown in soil for 5 days
and then transferred into tap water for 3 days before transferred to a NH4NOz3-
containing or NHsNOs-removed solution. After growing rice on NHsNOzs-
containing (+N condition) or NHsNOs-removed (-N condition) solution for 10
days, those were transferred to NH4sNOs-removed (-N) and NH4NOs-containing
(+N) solution, respectively. Rice transferred to NHsNOz-removed (-N) were
grown for 1 day, 3 days, 5 days and 7 days, and rice transferred to NH4NO3-
containing (N-resupply) solution were grown for 6 h, 12 h, 24 h, 36 h, 48 h, and
72 h. 3 biological replicates were generated for each time points of N starvation

and resupply, and those replicates were mixed into one.

Total RNA isolation

Roots and leaves of N-starved rice sample were harvested and ground with

liquid N using mortar and pestle. Total RNA was extracted from ground tissue
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using the TRI Reagent (Ambion), according to the manufacturer’s instructions.
The integrity and quality of the extracted total RNA was checked using NanoDrop
2000 spectrophotometer and non-denaturing agarose gel electrophoresis. Total
RNAs that the value of A260/A280 ratio was >1.8 after DNase | treatment were

only used in library construction.

Strand-specific RNA-Seq library construction, sequencing and analysis

Strand-specific RNA-Seq libraries were constructed according to a modified
protocol of Zhong et al. (2011). Briefly, poly-(A)+ RNA was selected from 5 ug
of total RNA using Dynabeads oligo(dT)2s (Invitrogen). Poly-(A)-selected RNA
was fragmented by incubating at 94 < for 5 min and 1%-strand cDNA was
generated using SuperScript 111 (Invitrogen). 2"-strand cDNA was generated
using dUTP instead of dTTP, which was removed by Uracil DNA Glycosylase
(Enzymatics) reaction after adapter ligation. During a final PCR enrichment, each
library was indexed using barcode sequences-containing primers (6-mer DNA
sequence) for multiplex sequencing. Constructed libraries were analyzed by 101-

cycle paired-end sequencing on the Illumina HiSeq 2500 at the NICEM.

Small RNA-Seq library construction, sequencing and analysis

Small RNA libraries were constructed using size-fractionated small RNAs

17



(from 18 to 30 nt) from 20~25 ug of root total RNA. 1%-strand cDNA was
generated using SuperScript 111 (Invitrogen) after 3’ adapter and 5’ adapter were
sequentially ligated to 3’ end and 5’ end of fractionated small RNAs, respectively.
Synthesized cDNA was amplified by Phusion polymerase (NEB), and amplified
small RNA-Seq libraries were purified on 6% native PAGE-gel and analyzed by

51-cycle single-end sequencing on the Illumina HiSeq 2500 at the NICEM.

2P-Seq library construction, sequencing and analysis

2P-Seq libraries were constructed using poly-(A)+ RNA selected from
approximately 60 ug of WT root total RNA and WT leaf total RNA, and pooled
total RNA mix (including all samples in Figure 1A), respectively. RNA was treated
with 0.5 U of RNase T1 (biochemical grade, Ambion) for 20 min at 22 <C. The
reaction was quenched and precipitated using the T1 Precipitation/Inactivation
Buffer. Partially digested RNA was reverse-transcribed using 2P-RT1p primer and
SuperScript I (Invitrogen). Alkaline hydrolysis was performed to remove remain
RNA, and 1%-strand cDNA corresponding to around 200-nt of single-stranded
DNA ladder was purified on a 6% urea-PAGE gel. Purified cDNAwas circularized
using CircLigase Il (EpiBio) and amplified by 12 cycles of PCR using Phusion
polymerase (NEB). Amplified 2P-Seq library was purified on a 6% native-PAGE

gel, and libraries were analyzed by 101-cycle single-end sequencing on the
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[llumina HiSeq 2500 at the NICEM, with using custom sequencing primer (2P-

seqg-PE1.1).

Mapping of sequenced reads and measuring expression levels

To analyze strand-specific RNA-Seq dataset, analyses were performed using
the Cufflinks package (Trapnell et al., 2012) and using the rice reference genome
(IRGSP-1.0) and gene model annotation file (GFF file) from RAP-DB (http://
http://rapdb.dna.affrc.go.jp/). After aligning strand-specific RNA-Seq reads using
TopHat and assembling transcript models using Cufflink, with providing gene
model annotation file from RAP-DB, transcript abundance (FPKM, Fragments Per
Kilobase of exon per Million reads) was estimated using Cufflinks.

To analyze small RNA-Seq dataset, small RNA-Seq dataset were analyzed
using FASTX toolkit, to remove 3’ adapter sequences from small RNA reads and
low-quality reads. Refined reads were then compared with sequences of rRNA,
tRNA, snRNA and snoRNA to remove those non-coding RNA-matched reads,
then remaining reads were aligned to rice reference genome using MicroRazerS
program. Expression level of mapped small RNA reads were calculated as RP30M
(reads per 30 million reads).

To analyze 2P-Seq dataset, 2P-Seq reads ranging from 20 to 95-nt were selected

after additional oligo(dT) and ‘VN’ sequences were sequentially removed. Those
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reads were mapped onto rice reference genome (IRGSP-1.0) using TopHat.
Estimation of gene expression level were performed using RAP-DB gene model

and calculated in RPKHM (reads per kilobase of exon per hundred million reads).

Gene Ontology (GO) analysis with AgriGO

Gene Ontology analysis was performed using singular analysis enrichment
(SEA, Fisher’s test, P < 0.05, False Discovery Rate (FDR) < 0.05) on AgriGO
website (http://bioinfo.cau.edu.cn/agriGO/). Since AgriGO support the form of
both IRGSP gene locus ID and TIGR-MSU gene locus ID but GO term description
of TIGR-MSU version is more substantial than IRGSP GO term description,
TIGR-MSU gene locus ID corresponding to IRGSP gene locus ID was used in

analysis.

5’ RLM-RACE and 3’ RACE

To identify the both 5’ and 3’ end of the putative INCRNA, transcript specific 5’
RNA ligase-mediated rapid amplification of cDNA ends (5 RLM-RACE) and 3’
RACE was performed, simultaneously, using GeneRacer Kit (Invitrogen). 5 ug of
total RNA extracted from the rice roots or leaves was ligated to 0.25 ug of
GeneRacer RNA oligo 5’ adapter. 5’ adapter-ligated total RNA was then reverse-

transcribed using SuperScript Il (Invitrogen) and oligo(dT)2s-containing RT
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primer (60-mer) supplied in GeneRacer Kit. To amplify the 5°/3” end of the cDNA,
touchdown PCR was performed using GeneRacer 5°/3’ Primer and gene-specific
touchdown PCR primer, and PCR product was further amplified by nested PCR
using GeneRacer 5°/3’ Nested Primer and another gene-specific nested PCR
primer, with 2X PCR pre-mix (Solgent). Amplified PCR product was then
subcloned into TA vector (RBC) and transformed to DH10B. Plasmid was

extracted from transformed DH10B and then sequenced.

Strand-specific RT-PCR of cis-NATosamt1.1

Transcripts of OsAMT1.1 and cis-NATosamT1.1 Were reverse-transcribed with
gPCR0026 and gPCRO0010, respectively, using SuperScript Il (Invitrogen) from
1 ug of total RNA extracted from ReN-0Ohr leaves. Synthesized 1%-strand cDNA of
OsAMT1.1 and cis-NATosamT1.1 Were then respectively amplified using 3 pairs of
primers (P1 (gPCR0009-gPCR00010), P2 (qPCR0027-qPCR0028), P3
(gPCR0005-gPCR0006) in Figure 11A), and amplicons generated by 30-cycle of

PCR were resolved in 1.5% agarose gel.
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RESULTS AND DISCUSSION

Profiling the changes of annotated gene expression level in the nitrogen-

starved leaves and roots using strand-specific RNA-Seq

To analyze the effects of N starvation on the transcriptome of rice, strand-
specific RNA-Seq libraries were constructed using roots and leaves of N-starved
(Stv) and re-supplied (ReN) rice (Figure 1). By analyzing 24 libraries using
[llumina HiSeq 2500, approximately 1 billion reads were obtained (Table 2), and
reads were mapped onto the rice genome (International Rice Genome Sequencing
Project (IRGSP)-1.0). Reference annotation-based transcript (RABT) assembly
was performed using the Cufflink package to count expression level of IRGSP-
annotated genes (Trapnell et al., 2012). Abundance of assembled transcripts was
estimated by FPKM (fragment per kilobase of exon per million reads) using the
Cufflink package.

To analyze the expression patterns of annotated genes respond to N starvation
treatment, differential gene expression analysis was performed; expression levels
of genes at four N-starved samples (Stv-1D, Stv-3D, Stv-5D, Stv-7D) were
compared with that of Stv-0D (non-starvation-treated). Annotated genes expressed
more than 3 FPKM in at least one of two compared samples, and genes up-

regulated or down-regulated by more than 2-fold comparing to Stv-OD were used
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in analysis.

In the leaves, 1,547 and 1,244 genes were up-regulated and down-regulated,
respectively, in response to various N starvation conditions (Figure 2A, 2B, 2C).
Of those, 200 and 240 of genes were respectively up-regulated and down-regulated
in Stv-1D leaves, whereas 640 and 541 of genes were respectively up-regulated
and down-regulated in Stv-3D leaves. Associated with the results that there were
little overlaps of up-regulated and down-regulated genes between Stv-1D leaves
and Stv-3D leaves (Figure 2B), and 849 genes were up-regulated and 651 genes
were down-regulated in a Stv-3D leaves compared to Stv-1D leaves
(Supplementary Figure 1A), these results suggest that dramatic changes occurred
between Stv-1D leaves and Stv-3D leaves. In the up-regulated genes, several
genes encoded glutamine amidotransferase, peptidase, pectinesterase, cellulase, B-
1,3-glucanase, xyloglucan endotransglycosylase and chitinase. It is known that the
leaves are main storage place of N during vegetative stage, and N sources stored
in the form of proteins are remobilized through protein degradation pathway to
seed and other organs during leaf senescence, mainly in the form of amino acids
(Hirel et al., 2007; Gregersen et al., 2008; Kant et al., 2011). Peptidase genes are
involved in protein degradation during leaf senescence to release amino acids
(Gregersen et al., 2008), and glutamine amidotransferase removes ammonia group

from glutamine, releasing ammonium ion. Consistent with the up-regulation of
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those genes, several amino acid transporters and two ammonium transporters
(OsAMT1.1 and OsAMT1.2), which is related in translocation of amino acid and
ammonium ion, were also up-regulated in Stv-3D leaves. The transcript level of
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) is also down-
regulated. Since RuBisCO is major protein where leaf N is stored (20~30% of total
leaf N in C3 plant) and whose degradation is important to N remobilization (Xu et
al., 2012), down-regulated transcript level of RuBisCO would reduce its protein
level, indicating storage of N in leaf would be inhibited and N sources derived
from degradation of RuBisCO by above-described pathway would be remobilized.
These results suggest that dismantling of various cell components and
remobilization of N sources occurred on Stv-3D leaves. Other hydrolytic enzymes
mentioned above could promote these actions by depolymerizing and hydrolyzing
cell wall components, resulting the modification and degradation of cell wall
structure during leaf senescence (Lee et al., 2007; Breeze et al., 2011), which also
could be involved in leaf senescence process for remobilization of N sources.
Discoloration of leaf and reduced photosynthesis, meaning destabilization of
chloroplasts in leaf, are major phenotypes caused by N starvation (Gregersen et
al., 2008). Consistent with these N starvation phenotypes, Gene Ontology (GO)
analysis performed against subset of down-regulated genes in Stv-3D leaves

revealed a significant overrepresentation of genes related in thylakoid and plastid
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components, associated with down-regulation of photosynthesis-related genes
such as PsbP(Photosynthesis 11 complex assembly/stability-related), Photosystem
I, thioredoxin and ferredoxin (Figure 3A).

Interestingly, 562 (47.8%) of 1,181 differentially expressed genes in Stv-3D
leaves, including some of above-mentioned genes involved in N remobilization
and photosynthesis, were also differentially expressed after 5-day and/or 7-day
nitrogen starvation (Figure 3B). GO analysis of up-regulated and down-regulated
genes in Stv-5D leaves and/or Stv-7D leaves showed that transport-related genes
and plastid-related genes (including Photosystem IlI, chlorophyll a/b-binding
protein and ATP synthase) were significantly overrepresented (Supplementary
Figure 1B, 1C, 1D). These results suggest that the responses starting from 3-day
after nitrogen starvation were continued and even were amplified in proportion to
increases of N starvation period.

In the roots, 2,838 and 1,670 genes were up-regulated and down-regulated,
respectively (Figure 2A, 2D, 2E). Relative to expression level changes in Stv-1D
leaves, 713 and 556 genes were up- and down-regulated, respectively, which
means the gene set in the roots responded to N starvation earlier than leaves, which
IS not so surprising because of the importance of root in sensing and uptake of
external N. In the Stv-1D roots, several genes encoding Cytochrome P450 and

peroxidase were induced (Figure 3C, 3D). It is reported that reactive oxygen
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species (ROS), which play important roles in signal transduction pathways, have
been increased in response to N starvation in Arabidopsis roots, and along with
increase of ROS, peroxidase and AtNRT2.1 has also been induced (Shin et al.,
2005). Moreover, OH production mediated by peroxidase could induce cell wall
loosening, which is necessary for cell extension, has been reported in maize roots
(Liszkay et al, 2004). These previous reports and induction of these genes in 1-day
nitrogen-starved roots could be coupled with the elongation of primary root, which

is one of the known major phenotype of N-starved roots.

Analysis of expression patterns of nitrogen metabolism-involved genes in
roots

The intake and assimilation of external N sources primarily occurs in the roots,
and involved genes are known to dynamically respond to N supply state (Sonoda
et al., 2003a; Sonoda et al., 2003b; Ishiyama et al., 2004; Araki and Hasegawa,
2006; Feng et al., 2011; Li et al., 2012). To understand the response of N metabolic
pathway-involved genes in the N-starved roots, expression profiling of these genes
was performed.

Most of genes involved in N uptake and assimilation were highly expressed in
the roots of Stv-0D than in the leaves, except for OsGS2, Fd-GOGAT and NADH-
GOGAT2 (Figure 4B). Moreover, expression level of these genes in the roots

changed more dramatic than that in the leaves (Figure 4B). Because of these points,
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expressional analysis was mainly focused on changes in the roots.

Of the 7 nitrate transporter genes in rice, OsNRT2.1, OsNRT2.2, OsNRT2.3a,
OsNRT2.3b(splicing variant of OsNRT2.3a) and OsNAR2.2 were induced in
response to N starvation, whereas NRT/CHL (AtNRT1.1 homolog) and CLCa
genes were down-regulated (Figure 4C). Two nitrate transporters, OsNRT2.1 and
OsNRT2.2, were up-regulated until 5 days after N starvation. Unexpectedly,
however, expression level of these genes was recovered in 7-day N-starved roots,
whereas isoforms of OsNRT2.3 were gradually up-regulated until 7 days after
nitrogen starvation. AtCLCa, nitrate/proton antiporter specifically localized in
vacuole membrane, is known to accumulate nitrate on vacuole in Arabidopsis
(Angeli et al., 2006). Downregulation of rice CLCa homolog would release the
vacuole-accumulated nitrate to the cytoplasm, which could be one of the resistant
responses upon nitrogen starvation. Interestingly, rice CLCa homolog was down-
regulated both in the roots and the leaves, indicating that CLCa was regulated both
in the roots and the leaves.

Among the 9 ammonium-transporter genes, OSAMT1.2, OsAMT1.3, OsAMT2.2,
OsAMT3.1 and OsAMT3.3 were differentially expressed in at least one of four N
starvation time points (Figure 4C). OsAMT1.2 (Os059g0620500) and OsAMT1.3
(Os05g0620600) showed reciprocal expression patterns; OSAMT1.2 was induced

whereas OsAMT1.3 was reduced in the N-starved roots. Previous study revealed
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that OsAMT1.1 and OsAMT1.3 are positively regulated by internal glutamine
concentration, whereas OSAMT1.2 is negatively regulated (Sonoda et al., 2003b)
and induced by N starvation (Sonoda et al., 2003a; Li et al., 2012). These results
and previous reports indicate that internal glutamine concentration might be
reduced. Similar with the reciprocal responses of OsAMT1.2-OsAMT1.3,
0sGS1.1-0sGS1.2 (glutamine synthetase) also showed reciprocal responses.
0sGS1.1, which exhibits lower Km and higher Vmax value on ammonium ion than
0sGS1.2 (Ishyama et al., 2004), was gradually induced ranging from 1-day
nitrogen starvation to 7-day nitrogen starvation. Whereas, less-efficient OsGS1.2
was dramatically down-regulated in 1-day nitrogen-starved roots and increased
again in 3-day and 5-day nitrogen-starved roots (Figure 4C). Expressional
inversion from less-efficient form to more-efficient form in the roots suggests that
the rate and efficiency of ammonium ion assimilation increased in the nitrogen-
starved roots to capture available ammonium ion as much as possible. Although
uptake efficiencies of OsSAMT1 family members remains to be elucidated, increase
of the OsAMT1.3 and decrease of the OsAMT1.2 would improve ammonium
uptake efficiency when the available ammonium ion does not exist or exist in a
low level. Overall, these results suggest that N uptake and assimilation system in

roots were modulated in a transcript level, in response to N starvation.
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Expression profiling of miRNAs and its target genes in nitrogen-starved and

re-supplied rice roots

To understand the responses of miRNAs on N starvation and N re-supply, small
RNA-Seq libraries were constructed using rice roots of 13 N-starved and re-
supplied samples, and constructed libraries were analyzed using Illumina HiSeq
2500. Raw sequenced reads ranging from 11,206,654 to 49,709,205 were obtained
from each library, and 168,054,637 of total reads were mapped onto the
International Rice Genome Sequencing Project-1.0 (IRGSP-1.0) after trimming 3’
adapter sequence and removing small RNA reads matching structural non-coding
RNAs (rRNA, tRNA, snRNA) (Table 3). The abundance of small RNA reads of
each library was estimated by RP30M (reads per 30 million reads).

Distribution of mapped small RNA reads obtained from roots revealed that
most of the reads had a length of 21 and 24 nucleotides. Major peaks were formed
in 21-U and 24-A, which represent miRNA and siRNA pool, respectively (Figure
5). Previous reports have showed that 20 nucleotide-length small RNA reads were
significant in rice roots (Jeong et al., 2011; Secco et al., 2013). However,
significant expression of 20 nucleotide-length small RNA reads was not observed
in our dataset.

To analyze the response of miRNA pool to N supply status, differential

expression analysis between N-starved roots and N-supplied (or re-supplied) roots
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was performed. 4 timepoints (Stv-0D, Stv-7D, ReN-0h, ReN-72h) described in
Figure 1A were chosen for analysis and the expression level of miRNAs were
compared except for the comparison between Stv-7D and ReN-72h.

Three combination of differential expression analysis revealed that, of 147
distinct miRNA sequences expressed more than 150 RP30M at least 1 of 4 libraries,
82 distinct miRNAs were differentially expressed in at least 1 of 3 combination of
differential expression analysis (Figure 6A). As expected, miRNAs down-
regulated in response to N starvation treatment were significantly overlapped with
up-regulated miRNAs in ReN-72h (N re-supplied condition) compared with ReN-
Oh (N-starved condition) (Figure 6B). Consistent with above-mentioned results,
most of up-regulated miRNAs in Stv-7D and/or ReN-Oh roots were also
overlapped with down-regulated miRNAs in ReN-72h roots (Figure 6C). These
results indicate that the great portion of differentially expressed miRNAs was
directly regulated by N supply status.

A number of miRNAs were mainly down-regulated upon N starvation
condition (Stv-7D and ReN-0hr). Of those, most of miR169 family members were
significantly down-regulated in the roots of Stv-7D and ReN-Ohr, whereas up-
regulated in ReN-72hr roots (Figure 6B, 7A). miR169, one of the conserved
mMiRNAs found in diverse plant species, has been reported as representative N-

responsive miRNAs in Arabidopsis (Zhao et al., 2011; Liang et al., 2012) and
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maize (Zhao et al., 2012), which has not been reported in rice. Expression profiling
against miR169 family members showed that the expression level was changed in
proportion to treatment period of N starvation and re-supply, except for the change
between ReN-Ohr and ReN-6hr. Down-regulation of miR169 expression level on
ReN-6h was unexpected. However, considering that the expression levels of
miR169 family members increased gradually after 6 hr re-supply of N, this could
be the result of extreme early time response, which was not expected and had not
been previously reported.

It is known that miR169 mainly regulates the expression level of Nuclear
transcription Factor Y subunit A (NF-YA), the conserved target gene of miR169
in plant species including rice, by complementary pairing with 3> UTR binding
site of NF-YA transcript. In rice, 10 annotated and 1 putative NF-YA genes exist,
and 8 of those 11 NF-YA genes were predicted as target of miR169 in miRNA
target prediction result (Figure 7B). To identify whether miR169 cleaves NF-YA
genes, 5> RLM-RACE was performed against NF-YA5, the most up-regulated NF-
YA gene in Stv-7D (6.9-fold up-regulated). 5’ end sequence tags were significantly
detected between 10 and 11-nt distant from 5’ end of predicted miRNA sequence,
indicating that miR169 regulates NF-YAS by cleaving NF-YAS transcript (Figure
7D). Consistent with this result, expression level of NF-YA5 was dramatically and

gradually induced in N-starved roots, which was reciprocal to expression patterns
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of miR169 family members (Figure 7C). Moreover, this reciprocal expression
pattern between NF-YA gene and miR169 was observed in most of other NF-YA
genes targeted by miR169 (Figure 7C), suggesting that the changes on the level of
miR169 upon N starvation is involved in increase of NF-YA genes.

It is interesting that the expression of miR169 is regulated not only by N supply
status but also by various abiotic stresses such as high salinity and drought (Li et
al., 2008; Zhao et al., 2009; Zhang et al., 2011), and the regulation of NF-YA genes
by miR169 is closely involved in the resistance or sensitivity on those abiotic
stresses. These connections between miR169, NF-YA genes and multiple abiotic
stresses suggest the importance of miR169 - NF-YA regulatory pathway on the

abiotic stress responses of plants’, including N-starvation.

Identification of putative INCRNA candidates in rice using strand-specific
RNA-seq

To identify putative IncRNA deriving loci, reference annotation-based
transcript (RABT) assembly was performed using the Cufflink package. To
assemble accurate transcript models and identify N starvation stress-regulated
transcripts, transcript assembly was performed against RNA-Seq data from leaves
and roots, respectively.

69,848 and 70,322 of transcript models were assembled from leaves and roots,
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respectively. Of those, 4,161 and 4,635 of novel transcript models that did not
overlap RAP-DB annotated gene loci were identified from leaves and roots,
respectively. To refine novel, putative INCRNA loci, assembled transcript models
were filtered using following criteria: (1) remove transcripts overlapping MSU(v7)
gene loci, another rice gene annotation differ from RAP-DB; (2) remove
transcripts overlapping known miRNAs and structural ncRNAs (tRNA, rRNA,
SnRNA, snoRNA, and other structural RNASs); (3) remove transcripts that Coding
Potential Calculator (CPC) score is > -1.0; (4) remove transcripts shorter than 200-
nt (Figure 8A, Table 5). 5,261 of transcript isoforms passing through (1) and (2)
were obtained from the roots and leaves. Those isoforms derived from the same
locus were then integrated (Table 5, Step 5). After integration, CPC score of
isoforms were calculated (Kong et al., 2007). Considering that CPC compares
predicted open reading frame (ORF) of query sequence with annotated ORF
sequences in protein database (Swiss-Prot database in this study), and most of rice-
only annotated ORF sequences were just computationally predicted and had not
been confirmed by experiment, transcript isoforms representing CPC score > 0 in
1%-round CPC analysis were further analyzed using rice ORF sequences-excluded
Swiss-Prot database. After 2"9-round CPC analysis, loci not containing isoforms
having CPC score < -1.0 were filtered out, and filtering out of short transcript-

deriving loci (< 200-nt) was followed. In total, 1,840 putative IncRNA loci
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deriving 2,869 transcript isoforms were finally obtained (Table 5, Step 8). Of those
filtered putative IncRNA loci, 1,458 loci were located on intergenic region
(unannotated region), and 382 loci were located on the antisense strand of RAP-
DB annotated gene loci (Figure 9B). Sequence composition analysis showed that
the average A/U content of putative INcRNAs was placed between that of
CDS/5’UTR and that of 3°UTR, and was larger than those of introns of protein-
coding genes and IncRNAs, which were previously reported in other INCRNA
studies (Ulitsky et al, 2011; Nam et al, 2012). Of those 1840 loci, 1,173 loci
contained repeat sequence including simple repeat of nucleotide sequences, and

844 (45.8%) of those were containing transposable element sequence.

Expression profiling of putative INcRNA candidates

To analyze expression patterns of putative INCRNAs, expression level was
calculated by FPKM (fragment per kilobase of exon per million reads) using the
Cufflink package. Expression analysis was performed using expression data
obtained from roots and leaves of Stv-0D, Stv-1D, Stv-3D, Stv-5D, Stv-7D, and
wild type. Most of putative IncRNA candidates were expressed in a low level
relative to protein-coding gene group (Figure 8D). 38% (703) and 62% (1,141) of
putative IncRNA-deriving loci were expressed more than 1 and 0.5 FPKM,

respectively, in at least 1 of 12 libraries.
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Organ-preferential expression of putative IncRNAs (2-fold cutoff) was
observed both in Stv-OD and four N starvation-treated samples. Of those loci
expressed more than 0.5 FPKM, 309 and 252 loci were preferentially expressed,
respectively in leaves and roots of Stv-OD, and 252 and 250 loci were
preferentially expressed respectively in leaves and roots of N-starved set ((average
FPKM of four N-starved samples) > 0.5 FPKM).

To analyze the expression patterns of putative INCRNAs in N-starved condition,
FPKM-estimated expression level of four N-starved time points (Stv-1D, Stv-3D,
Stv-5D, Stv-7D) were compared with that of Stv-0D. Considering low expression
level of putative IncCRNA candidates relative to protein-coding genes, putative
IncRNA loci expressed > 0.5 FPKM in at least one of two compared samples were
used in expression analysis. In total, 838 (including 694 intergenic loci and 144
antisense loci) of putative InNcRNA loci were differentially expressed (> 2-fold-
change) in leaves and roots. Of those, 553 intergenic and 119 antisense loci were

differentially expressed in organ-preferential pattern (Supplementary Figure 2).

Analysis of 2P-Seq results

To identify 3’ end of transcripts and find alternative polyadenylation pattern
upon changes of N supply status in a genome-wide level, three 2P-Seq libraries

were constructed using pooled total RNA from 22 of roots and leaves (Total-Pool)
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of N-starved/resupplied rice, and total RNA of wild type roots and leaves (WT
(Lf+Rt)), respectively. In total, 161,280,481 reads were obtained by analyzing
libraries with Illumina HiSeq 2500 (Table 4). Of those, reads between 20-nt and
95-nt were aligned to genome, and 123,264,021 (49,924,828 of Total-Pool and
73,339,193 of WT(Lf+Rt)) reads were mapped to rice genome (IRGSP-1.0)
(Figure 9A, Table 4). Most of genome-mapped reads were aligned on genic region
(Figure 9B), and reads ranging from 6.86% to 7.39% were aligned on intergenic
region. Those reads aligned to genic region were significantly detected in the 3’
UTR region (31,723 of 44,540 RAP-DB transcript models), followed by intronic
and exonic region (Figure 9C).

To confirm the correlation of transcript abundance estimated using strand-
specific RNA-Seq and 2P-Seq, those reads mapped to RAP-DB gene models were
calculated by RPKHM (reads per kilobase of exon per hundred million reads).
Comparison between average RPKHM of 24 libraries and Total-Pool 2P-Seq
library showed that they were correlated (r> = 0.82, Figure 9D). These results

suggest that 2P-Seq results could partly represent transcript expression level.

Identification of putative long non-coding RNA’s 3’ end using 2P-Seq and
validation of 2P-Seq signal-detected sites using 3° RACE

7.39% and 6.86% of 2P-Seq reads derived from Total-Pool and WT (Lf+Rt)
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were mapped onto intergenic region (Figure 9B), representing possibilities of 2P-
Seq data application on defining 3’ end of poly-(A)-tailed putative long non-
coding RNA. Of those selected 1,840 putative IncRNA loci, 2P-Seq signals were
detected in 55% (1,020) loci (Figure 10A). Of those 2P-Seq signal-detected loci,
N starvation-responsive Chr04G0191 (Chr4:27219529-27220526) were selected.
Chr04G0191 was expressed specifically in roots, and was down-regulated in
response to N starvation (Figure 10B). 2P-Seq signal of Chr04G0191 were
detected only in Total-Pool 2P-Seq library, and two distinct clusters of 2P-Seq
signal were detected (2P-1 and 2P-2, Figure 10C). To confirm whether those two
putative 3’ ends could be detected by other method, 3 RACE was performed
against Chr04G0191 (Figure 10C). Since 2P-Seq use oligo(dT)-priming on reverse
transcription step like 3° RACE, 2P-Seq signals would be also detected by 3’
RACE. As expected, 1 and 5 of 3’ RACE tags were confirmed where 2P-1 and 2P-
2 sites were detected (Figure 10C, 10D). These results indicate that 2P-Seq dataset
could be applicable method in defining 3’ ends of poly- (A)-tailed putative

IncRNAs in a genome-wide level.

Identification of cis-NATosamT1.1 USing strand-specific RNA-Seq and 2P-Seq

The ability to detect and measure expression level of two independent

transcripts derived from different strands on the same genomic loci is one of
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powerful advantages of strand-specific RNA-Seq. Also, 2P-Seq sequencing was
performed with 101-cycle single-end analysis, sequenced reads of 2P-Seq also has
orientation information of transcript. Relying on these strand-specificity of two
RNA-Seq methods, | found that cis-NATosamt1.1 (Os0490509500) was expressed
on the opposite strand of OSAMT1.1 (Os04g0509600) (Figure 11A, 11C).

The expression level of cis-NATosawr1.1 Was low relative to that of OSAMTL1.1,
but interestingly, the expression pattern of cis-NATosamt1.1 in leaves was
concordant with that of OsAMT1.1, and this concordance was observed
exclusively in leaves (Figure 11B). It is possible that the generation of cis-
NATosamt11 and the expressional concordance between OsAMT1.1 and cis-
NATosamt11 are due to RNA-dependent RNA transcription by RNA-dependent
RNA Polymerases (RdRPs), which leads to production of siRNA by DCL3b and
DCL4 and down-regulation of its template RNA by inducing cleavage on template
RNA (Song et al., 2012a; Song et al., 2012b). However, transcripts derived by the
actions of RdRPs do not have poly-(A)-tail structure in general. Since 2P-Seq
signals were detected exactly on the 3’ end region of cis-NATosamT1.1 both in WT
(Lf+Rt) and Total-Pool (red box on 2P-Seq signal in Figure 11A), it looks like cis-
NATosamtr1 Wwas transcribed by one of DNA-dependent RNA polymerase,
possibly by RNA polymerase II.

Since RNA-Seq read-mapped region on minus strand (colored by red in Figure
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11A) was broader than the genomic location of annotated cis-NATosamT1.1
(Os0490509500), 5 RLM-RACE was performed to identify 5’ transcription start
site precisely. Also, to confirm the expression of cis-NATosamT1.1 0N Minus strand,
strand-specific RT-PCR was performed using gene-specific primers. 5” end of cis-
NATosamt21 confirmed by 5° RLM-RACE located ~290-bp downstream of
0s04g0509500, which matched with 5’ end of strand-specific RNA-Seq read-
mapped region (Figure 11D). In addition, strand-specific RT-PCR results also
showed that strand-specific RNA-Seq result was valid. These results suggest that
strand-specific RNA-Seq and 2P-Seq could contribute to predict precise gene
models of cis-NATs.

Since the sequence of OsAMT1.1 is well-conserved in diverse plant species, it
is natural that the antisense strand of OSAMT1.1 is also conserved. To check the
possibility whether cis-NATaur1.1 IS annotated on or expressed in other plant
species, genomic synteny between rice and other plants was investigated by
genomic region comparison serviced by EnsemblPlants
(http://plants.ensembl.org/). Comparing OSAMT1.1 — cis-NATosamT1.1 region with
8 Oryza species and 7 other plants, | found that cis-NAT of AMT1.1 homologs
were annotated in Arabidopsis (At4g13510 (AtAMT1.1)-At4g13505 (cis-NAT)),
Oryza brachyantha (OB04g25450 — OB04G25460 (cis-NAT)) and Zea mays

(GRMZM2G118950 — GRMZM2G420059 (cis-NAT) and GRMZM2G175140 —
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GRMZM2G474905 (cis-NAT)) (Figure 12). Although evidences supporting their
expression were only found in case of GRMZM2G420059 (supported by
expressed sequence tag), possibilities of their expression in N starvation condition

have not been examined before, and still exist.
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SUMMARY

By applying multimodal RNA-Seq methods and analyzing data derived from
RNA-Seq, | could obtain large-scale transcriptomic dataset about N-starved and
resupplied rice. Using strand-specific RNA-Seq, expression profiling and analysis
of annotated genes including nitrogen metabolism-related genes were performed.
Numbers of annotated genes were up-regulated and/or down-regulated in response
to nitrogen starvation stress. Of those, genes involved in transport and assimilation
of nitrogen were dynamically changed in roots rather than leaves, in response to
nitrogen starvation stresses. Also, reciprocal expression changes between
0sGS1;1 and OsGS1;2 and between OSAMT1;2 and OsAMT1;3 were observed in
Stv-1D roots.

By analyzing data from small RNA-Seq, 82 nitrogen-responsive miRNAs were
identified in nitrogen-starved rice roots. Also, relationship between one of N
supply status-responsive miRNA, miR169, and its target genes, NF-YA, were
analyzed by comparison of expression pattern and 5> RLM-RACE.

Using strand-specific RNA-Seq dataset, genome-wide identification of novel,
putative IncRNA-deriving loci were performed. In total, 1,458 intergenic and 382
antisense putative IncRNA-deriving loci were identified. | analyzed their
expression patterns in roots and leaves of nitrogen-starved rice, and observed their

N-responsive expression patterns and organ-preferential patterns.
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Moreover, identyfing 3’ end of putative long non-coding RNA was tried by
analyzing 2P-Seq dataset. To validate signals detected by 2P-Seq, one N-
responsive putative intergenic INcRNA was chosen and 2P-Seq signals were
validated by 3> RACE against putative INCRNA candidate. Together, analysis
results of dataset derived by multimodal RNA-Seq methods gave a lot of
information about the rice transcriptome pool in response to change of nitrogen

supply status.
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Figure 1. Experimental scheme and multimodal transcriptomic analysis used
in this study. (A) Nitrogen starvation and re-supply treatment scheme. (B)

Multimodal transcriptomic methods used in this study.
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Figure 2. Profiling of differentially expressed genes in nitrogen-starved leaves
and roots. (A) Number of > 2-fold up-regulated and down-regulated genes in roots
and leaves. Red / green bars indicate up-regulated in roots and leaves, blue / orange
bars indicate down-regulated genes in roots and leaves. (B)(C)(D)(E) Overlaps
between (B)(D) up-regulated genes, and overlaps between (C)(E) down-regulated

genes.
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Figure 3. Analysis of differentially expressed genes in leaves and roots. (A)
AgriGO representation of the overrepresented GO terms in the down-regulated
genes in Stv-3D leaves was generated using singular analysis enrichment (Fisher’s
test, P < 0.05, FDR < 0.05). Numbers in parenthesis represents the FDR value. (B)
Heatmap representation of gene expression patterns of differentially expressed
genes in Stv-3D. (C) AgriGO representation of the overrepresented GO terms in
the up-regulated genes in Stv-1D roots. (D) Heatmap representation of genes’

expression patterns overrepresentated in (C).

49



(A)

Oxaloacetate Transport

External Glu 2-0G
area ‘\r— ‘Wl
R (cocarT) [AspAT]
) ain— \e G —

. 1 No{ \ ’ Root

Peptide
synthesis

] 3 ] 4 ] 5 | G I 7
(B) "
& e“”\e“é
T R P T T T 2 e % 05’0
S A RSN S
ELEE ﬁt:\v‘*} SESSSSE S ¢ o"e" LIRS ‘\v"‘,@oo vg,q @@
RootiLea! NN EEEEINESE BN BEEOOECE B -sw-nn

Stv-1D
Leaf Stv-3D
Stv-5D
Stv-7D
Stv-1D
Root Stv-3D
Stv-5D
Stv-7D
1 2 3 4 5 6

-3 0 3
Log,

(C) ‘T 5 4
o5 2 2
2e Seo
58 ° 0=5
og g5
25 8
Lé’z -2 g,,,

-a a
5
A ® s R TR TR K T S N SR Y
& o o "" e? '?‘ N P P O PP P U O
& & ¢ FEEEEEEE s
’ 3 4 5 3
2 B 2

Fold Change
(Log,(/Stv-0D))
o
-
||
o
(tao-nsN)6o)
abueyg plog

-4 -4
& & N s v A N s N U ] ~ 43
¥ 8 & 06,"‘} & & & d-,v’-\ oc,\’@ & &£ & F LR
& L S
S [N <)
¢ & &
¥ [ Stv-1D = Stv-3D = Stv-5D u Stv-7D
50

A E sk



Figure 4. Profiling of nitrogen metabolism-involved genes in leaves and roots.
(A) Transportation and assimilation pathwas of nitrogen in roots. (B) Organ-
preferentail expression and response to nitrogen starvation of nitrogen
metabolism-invloved genes. Blue numbers indicate genes involved in each step of
nitrogen assimilation pathway in (A). (C) Expressional changes of genes in

nitrogen-starved roots relative to Stv-0D.
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Figure 5. Normalized small RNA read distribution of 13 small RNA-Seq
libraries. (A) Distribution of RP30M-normalized small RNA reads on nitrogen-

starved (Stv) roots and (B) nitrogen-resupplied (ReN) roots.
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Figure 6. Profiling of nitrogen-responsive miRNASs in roots. (A) Heatmap
representation of nitrogen-responsive miRNAs. (B) MiRNAs down-regulated in
nitrogen starvation and up-regulated in nitrogen re-supply (2-fold cutoff). (C)
MiRNAs up-regulated in nitrogen starvation and down-regulated in nitrogen re-

supply (2-fold cutoff).
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Figure 7. Expression patterns of miR169 family and that of its target genes,
NF-YAs. (A) Heatmap representation of miR169 family expression patterns (log-
2 scale). (B) Target prediction result of miR169 and its target gene, NF-YA genes.
(C) Reciprocal patterns of miR169h-m and NF-YAs. (D) 5° RLM-RACE results

of NF-YAS.
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Figure 8. Identification of putative long non-coding RNA loci in rice. (A)
Pipeline for identification of IncRNA using strand-specific RNA-Seq data. (B)
Genomic position of identified putative IncRNAs. (C) AU/GC content of exon and
intron of putative INcRNA loci, compared to that of whole genome and CDS /
5°UTR / 3°’UTR / intron of annotated protein-coding gene. (D) FPKM value
distribution of annotated protein-coding genes and putative INCcRNAs. Box plots
and bars respectively indicate 25" / 501" (median) / 75" percentiles and 10" / 90™"
percentiles. (E) Organ-preferenrtial expression of putative INCRNAs. (F) Number
of > 2-fold up-regulated and down-regulated putative INcRNAs in roots and leaves
(> 0.5-FPKM cutoff at least one of two compared time points). Red / green bars
indicate up-regulated in roots and leaves, blue / orange bars indicate down-

regulated genes in roots and leaves.
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Figure 9. Results of 2P-Seq data analysis. (A) Read length distribution of
sequenced 2P-Seq libraries. (B)(C) Genomic positional distribution of 2P-Seq
reads (cutoff =50 normalized 2P signal). (D)(E) Expressional correlation between
two different RNA-Seq, strand specific RNA-Seq and 2P-Seq (RPKHM = reads

per kilobase of exon per hundred million reads).
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Figure 10. 2P-Seq could detect 3’ end of putative long non-coding RNA. (A)
Number of 2P-tag detected putative INCRNA loci; High : (normalized 2P signal) >
50; Mid : 10 < (normalized 2P signal) < 50; Low : (normalized 2P signal) < 10 (B)
Expression pattern of Chr04G0191 in N-starved leaves and roots. (C) 3> RACE
result. (D) ssRNA-Seq and 2P-Seq signal distribution on putative IncRNA

deriving loci.
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Figure 11. Expression of cis-NATosamt1. (A) Distribution of strand-specific
RNA-Seq reads and 2P-Seq reads on the OsSAMT1.1 genomic locus. (C) Strand-
specific RT-PCR result. (D) 5 RLM-RACE PCR result. (E) Position of sequenced

5’ RLM-RACE tags.
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Figure 12. Genome comparison of AMT1.1 locus between rice and other
plants. (A) Cis-NATaurz1 (OB04G25460) in Oryza brachyantha. (B) Cis-
NATamti1  (AT4G13505) in Arabidopsis thaliana. (C) Cis-NATawTL1

(GRMZM2G420059) and (D) Cis-NATamt1.1 (GRMZM2G474905) in Zea mays.
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TABLES

Table 1. List of oligonucleotide sequences used in this study.
Name Sequence (5" to 3)

AATGATACGGCGACCACCGAGATCTACAC-
-TCTTTCCCTACACGACGCTCTTCCGATC*T

TruSeq_PCR1

CAAGCAGAAGACGGCATACGAGATCGTGATGTG-

TruSeq PCR2.1 -ACTGGAGTTCAGACGTGTGCTCTTCCGATCHT

CAAGCAGAAGACGGCATACGAGATACATCGGTG-

TruSeq PCR2.2 -ACTGGAGTTCAGACGTGTGCTCTTCCGATC*T

CAAGCAGAAGACGGCATACGAGATGCCTAAGTG-

TruSeq PCR2.3 -ACTGGAGTTCAGACGTGTGCTCTTCCGATC*T

CAAGCAGAAGACGGCATACGAGATTGGTCAGTG-

TruSeq PCR2.4 -ACTGGAGTTCAGACGTGTGCTCTTCCGATCHT

CAAGCAGAAGACGGCATACGAGATCACTGTGTG-

TruSeq PCR2.5 -ACTGGAGTTCAGACGTGTGCTCTTCCGATC*T

CAAGCAGAAGACGGCATACGAGATATTGGCGTG-

TruSeq PCR2.6 -ACTGGAGTTCAGACGTGTGCTCTTCCGATC*T

CAAGCAGAAGACGGCATACGAGATGATCTGGTG-

TruSeq PCR2.7 -ACTGGAGTTCAGACGTGTGCTCTTCCGATCHT

CAAGCAGAAGACGGCATACGAGATTCAAGTGTG-

TruSeq PCR2.8 -ACTGGAGTTCAGACGTGTGCTCTTCCGATC*T

CAAGCAGAAGACGGCATACGAGATCTGATCGTG-

TruSeq PCR2.9 -ACTGGAGTTCAGACGTGTGCTCTTCCGATC*T

CAAGCAGAAGACGGCATACGAGATAAGCTAGTG-

TruSeq PCR2.10 -ACTGGAGTTCAGACGTGTGCTCTTCCGATCHT

CAAGCAGAAGACGGCATACGAGATGTAGCCGTG-

TruSeq PCR2.11 -ACTGGAGTTCAGACGTGTGCTCTTCCGATC*T

CAAGCAGAAGACGGCATACGAGATTACAAGGTG-

TruSeq PCR2.12 -ACTGGAGTTCAGACGTGTGCTCTTCCGATC*T

CAAGCAGAAGACGGCATACGAGATTTGACTGTG-
-ACTGGAGTTCAGACGTGTGCTCTTCCGATC*T

(p : monophosphate / * : phosphorothioate)

TruSeq PCR2.13

(Continue)

68



Table 1. (Continue)
Name Sequence (5" to 3")

CAAGCAGAAGACGGCATACGAGATGGAACTGTG-
-ACTGGAGTTCAGACGTGTGCTCTTCCGATC*T

TruSeq PCR2.14

CAAGCAGAAGACGGCATACGAGATTGACATGTG-

TruSeq PCR2.15 -ACTGGAGTTCAGACGTGTGCTCTTCCGATC*T

CAAGCAGAAGACGGCATACGAGATGGACGGGTG-

TruSeq PCR2.16 -ACTGGAGTTCAGACGTGTGCTCTTCCGATC*T

CAAGCAGAAGACGGCATACGAGATCTCTACGTG-

TruSeq PCR2.17 -ACTGGAGTTCAGACGTGTGCTCTTCCGATC*T

CAAGCAGAAGACGGCATACGAGATGCGGACGTG-

TruSeq PCR2.18 -ACTGGAGTTCAGACGTGTGCTCTTCCGATC*T

CAAGCAGAAGACGGCATACGAGATTTTCACGTG-

TruSeq PCR2.19 -ACTGGAGTTCAGACGTGTGCTCTTCCGATC*T

CAAGCAGAAGACGGCATACGAGATGGCCACGTG-

TruSeq PCR2.20 -ACTGGAGTTCAGACGTGTGCTCTTCCGATC*T

CAAGCAGAAGACGGCATACGAGATCGAAACGTG-

TruSeq PCR2.21 -ACTGGAGTTCAGACGTGTGCTCTTCCGATC*T

CAAGCAGAAGACGGCATACGAGATCGTACGGTG-

TruSeq PCR2.22 -ACTGGAGTTCAGACGTGTGCTCTTCCGATC*T

CAAGCAGAAGACGGCATACGAGATCCACTCGTG-

TruSeq PCR2.25 -ACTGGAGTTCAGACGTGTGCTCTTCCGATC*T

CAAGCAGAAGACGGCATACGAGATGCTACCGTG-

TruSeq PCR2.24 -ACTGGAGTTCAGACGTGTGCTCTTCCGATC*T

TruSeq_Upper
adapter

TruSeq_Lower
adapter

Small RNA marker-
18nt

Small RNA marker-
30nt

(p : monophosphate / * : phosphorothioate / underline : complementary sequences)

(Continue)

ACACTCTTTCCCTACACGACGCTCTTCCGATC*T

PGATCGGAAGAGCACACGTCTGAACTCCAGTCA*C

GGUGGACAUCACUUACGC

AGUAUGGGCAUUUCGCAGCCUACCGUGGUG
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Table 1. (Continue)

Name Sequence (5" to 3)
Small RNA 3 (rApp) TGGAATTCTCGGGTGCCAAGG(dAC)
Adapter
Small RNAS GUUCAGAGUUCUACAGUCCGACGAUC
Adapter
Small RNA RT CCTTGGCACCCGAGAATTCCA
primer
AATGATACGGCGACCACCGAGATCTACAC-
RP_Forward -GTTCAGAGTTCTACAGTCCGA
— CAAGCAGAAGACGGCATACGAGATCGTGATGTG-
- -ACTGGAGTTCCTTGGCACCCGAGAATTCCA
RPI 02 CAAGCAGAAGACGGCATACGAGATACATCGGTG-
- ACTGGAGTTCCTTGGCACCCGAGAATTCCA
RPI 03 CAAGCAGAAGACGGCATACGAGATGCCTAAGTG-
- -ACTGGAGTTCCTTGGCACCCGAGAATTCCA
=PI 04 CAAGCAGAAGACGGCATACGAGATTGGTCAGTG-
- -~ACTGGAGTTCCTTGGCACCCGAGAATTCCA
RPI 05 CAAGCAGAAGACGGCATACGAGATCACTGTGTG-
- ACTGGAGTTCCTTGGCACCCGAGAATTCCA
RPI 06 CAAGCAGAAGACGGCATACGAGATATTGGCGTG-
- -ACTGGAGTTCCTTGGCACCCGAGAATTCCA
PTGGAATTCTCGGGTGCCAAGGAACTCCAGT-
2P-RT1p _CAC(iSp18)CACTCA(iSp18)CTTTCCCTACACGAC-
-GCTCTTCCGATCTTTTTTTTTTTTTTTTITTTTVN
2P PCR.F 1 AATGATACGGCGACCACCGAGATCTACAC-
: TCTTTCCCTACACGACGCTCTTCCGATCT
2P-PCR.RPIL CAAGCAGAAGACGGCATACGAGATCGTGATGTG-
-ACTGGAGTTCCTTGGCACCCGAGAATTCCA
2P-PCR.RPI? CAAGCAGAAGACGGCATACGAGATACATCGGTG-

-ACTGGAGTTCCTTGGCACCCGAGAATTCCA

(rApp : adenylated / ddC : dideoxycytidine / iSp18 : hexaethyleneglycol)

(Continue)
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Table 1. (Continue)

Name

Sequence (5" to 3)

2P-Seq-PE1.1

ACACTCTTTCCCTACACGACGCT-
-CTTCCGATCTTTTTTTTTTTTTTTITTTTT

GeneRacer 5°

CGACUGGAGCACGAGGACACUGA-

Adapter -CAUGGACUGAAGGAGUAGAAA
GeneRacer RT GCTGTCAACGATACGCTACGT-
primer AACGGCATGACAGTG(T)24

GeneRacer 5° Primer

CGACTGGAGCACGAGGACACTGA

GeneRacer
5° Nested Primer

GGACACTGACATGGACTGAAGGAGTA

GeneRacer 3° Primer

GCTGTCAACGATACGCTACGTAACG

GeneRacer
3" Nested Primer

CGCTACGTAACGGCATGACAGTG

3'RTP(Chr04G0191)

CATTAGTGGCAGACGATGTGTC

3'RNP(Chr04G0191)

CTAGCTGCTGCTTAAGCCCT

5MiRTP(OsNFYAS)

ACATGAGCAACTGAGAAGCAGTTTGC

5miRNP(OsNFYAS)

GCAGTTTGCATCAGTTGCATGAAATTG

5CapRTP
(cis-NATosamTL.1)

GCGCTCTTCGCGAGGCAGAAGTACGT

5CapRNP
(cis-NATo0sAMT1.1)

GCGAGGCAGAAGTACGTCGAGGAGATCT

gPCRO0005

GGGTTGGTGGGTTCATGCT

(Continue)
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Table 1. (Continue)

Name Sequence (5" to 3%)
gPCR0006 CGAGATCGGAGAGGGAGAGAA
gPCR0009 GAATCTTCCGTGGTGGAGGG
gPCR0010 GACATGACACAGGGAGCGAA
gPCR0026 CTAACCTCTGATTCTTCCCACCT
gPCR0027 TGAATCCGTACCAGCCGAAC
gPCR0028 GCTCCGGTGTCATCGACTTC
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Table 2. Read distribution of strand-specific RNA-Seq libraries

Library Raw Reads Genome-alined
Root_Wt 44,982,276 41,256,577
Leaf Wt 40,340,692 38,708,625
Root_Stv-0D_Repl 46,305,580 42,353,950
Root_Stv-0D_Rep2 47,098,224 44,077,358
Root_Stv-1D 39,422,438 36,753,294
Root_Stv-3D 40,470,104 37,454,123
Root_Stv-5D 36,666,360 31,713,237
Root_Stv-7D 46,180,760 40,346,856
Leaf Stv-0D 43,182,458 41,372,279
Leaf Stv-1D 48,712,784 46,806,348
Leaf Stv-3D 42,041,466 40,433,735
Leaf Stv-5D 35,885,362 34,529,262
Leaf Stv-7D 49,096,674 46,999,841
Root_ReN-6h 44,282,622 39,087,824
Root_ReN-12h 48,919,356 42,526,145
Root_ReN-24h 43,026,228 38,924,707
Root_ReN-36h 32,133,870 27,768,488
Root_ReN-48h 40,900,256 36,502,573
Leaf ReN-Oh 45,592,994 43,504,013
Leaf ReN-6h 45,748,360 43,518,529
Leaf ReN-12h 37,412,294 35,767,362
Leaf ReN-24h 35,258,524 33,647,410
Leaf ReN-36h 41,749,172 39,975,434
Leaf ReN-48h 46,389,370 44,257,668
Total 1,021,798,224 948,285,638



Table 3. Read distribution of small RNA-Seq libraries

Library Raw Reads Adapter-clipped Genome-alined
Root_Wt 47,428,219 47,339,177 24,396,955
Root_Stv-0D 38,497,507 38,433,809 19,205,706
Root_Stv-1D 39,380,343 39,314,156 24,152,785
Root_Stv-3D 38,403,526 38,338,837 23,262,781
Root_Stv-5D 40,219,110 40,147,608 21,379,565
Root_Stv-7D 49,797,334 49,709,205 20,976,033
Root_ReN-0h 21,492,871 21,457,033 7,663,338
Root_ReN-6h 18,654,336 18,623,048 4,532,445
Root_ReN-12h 18,022,328 17,991,395 3,732,108
Root_ReN-24h 18,129,332 18,098,595 4,103,845
Root_ReN-36h 16,187,683 16,160,256 3,752,082
Root_ReN-48h 21,411,453 21,375,750 5,982,864
Root_ReN-72h 11,225,723 11,206,654 4,914,130
Total 378,849,765 378,195,523 168,054,637

Table 4. Read distribution of 2P-Seq libraries

Library Raw reads 20nt < (Read) < 95nt Genome-alined

Mixed total 69,184,708 59,082,152 49,924,828

WT_LF/RT 92,095,773 78,823,319 73,339,193
Total 161,280,481 137,905,471 123,264,021
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Table 5. Summary of putative long non-coding RNA loci identification results

Step Filter Condition Leaves Roots
1 Assembled transcript models 69,848 70,322
2 Not matched with RAP-DB gene models 4,161 4,635
3 Not overlapping MSU(v7) gene models 2,628 2,718
4 Not overlapping miRNAs / structural RNAs 2,587 2,674

Identical intron-exon transcript models

between leaves and roots Loed
Unique transcript models 4,232
5 Integration Intergenic Antisense
Genomic location of transcript models 3,025 1,207
Integrate putative INCRNA loci 2,446 990 V
Loci
(CPC value) 2 0 701 344
(1)
CPC analysis Loci
6 with rice gene-included '-1.0 < (CPCvalue) <0 570 356
Swiss-Prot DB 1)
i Loci 1,175 290
Coding (CPC value) < -1.0 (@) (b)
Potential
Calculator L
oci
(CPC) 151 133

(CPC value) 2 0

CPC analysis against (1)

S Loci
7 with rice gene-excluded . 815 475
Swiss-Prot DB -1.0 < (CPC value) <0

Loci 305 92
(CPC value) < -1.0 (c) (d)
. . 1,480 382
- ~ < - ’
6-7 CPC-cleaned putative IncRNA loci ( = -1.0) (@+c) (b+d)
8 Loci containing transcript = 200-nt 1,458 382
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Supplementary figure 1. Additional analysis results of differentially
expressed genes in leaves and roots. (A) Number of genes differentially
expressed between two adjacent N-starved roots and leaves. (B) AgriGO
representation of the overrepresented GO terms in the 264 down-regulated genes
in Figure 3B was generated using singular analysis enrichment (Fisher’s test, P <
0.05, FDR < 0.05). Numbers in parenthesis represents the FDR value. (C) AgriGO
representation of the overrepresented GO terms in the up-regulated genes in Stv-

5D leaves and (D) in Stv-7D leaves.
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Supplementary figure 2. Expression profiling of N-responsive putative
INcCRNAs. (A) Expression patterns of 694 N-responsive putative intergenic
InNcRNAs in N-starved roots and leaves. (B) Expression patterns of 144 N-

responsive putative antisense INCRNASs in N-starved roots and leaves.

92



ABSTRACT IN KOREAN

AAB) B4 7 A& BF 24 W] e
¥ #7232} 2 Non-coding RNAS W3} #3z

ARG BEAY] Ask 9 Aa PR EEE e 54 o3t 5o #A
2 Qlsto], Z=9 AA ol& ag dd A9 ZoA 9 A A
7F S7Fskal QAT

Non—coding RNA+ @S Fastalbx] ¢k RNA AAME, FH2
t}oFst AGE =3 miRNA 2 long non—coding RNA 52 non—

coding RNAZ} %4 #3249 49 24 AARA, thefet w7

8l - AE Wl T @Al st Atz v RaEa gl
53] 21&2 non—coding RNAES 9% 29 AEHAE ¥ 4
G 2Ef A Ao tiE whg 9 oS 7] &) dojats dow o



g A

ok

1 5 Zdo] 3 ¥ non—coding RNA 4t
3 2 oJ3lol 3t transcriptome—widedr = w R SE AbEjo]t)

T dTE AL e 249 Wske] mE W AAA £Eo vk

1o

THAeR #F gl olsstaxt spglon, ofE flete] vt I
&

RNA-Seq 7I¥¢] A5 9lth. Strand—specific RNA=Seqs ©]&-3}

S =] o A~
gel 4l FAES 43

of fFdate B 5kl 2. ™, putative long

o

non—coding RNA deriving loci &S ST E3 small

RNA—-Seq #4& F3dto] miRNA 28 +F 305 T3l A4 35

=
%
Auj
P}
Jo
2
2
fo
1o
i
[18{_'4

=l
it
Sh
>

g
]
=
—
=
v
>
@)
il
off
(%
o

A AZL syt npxer o7 2P—Seq HolE B4 F3qE& =3
strand—specific RNA—Seq= &3] ¥=%¥ putative long non—coding
RNA X = 3} transcript® 3’ end¢l] signalS #elstgion, 3

RACEE dsto] Holele] a4+ ATstaltt. & d+5 &l

ol
gh?

2 SR dolE Mol Ak T A Asel hE WA FE

1o
'
o
2
=
o
o
o,
[
A
=
Jo
2

A2} non—coding RNA2] & ste] tff

o F7HAQL A E Ak dle] glo] V& ARz dgH Jlow

94



	ABSTRACT
	CONTENTS
	LIST OF TABLES AND FIGURES.
	LIST OF ABBREVIATIONS.
	INTRODUCTION
	MATERIALS AND METHODS.
	RESULTS AND DISCUSSION.
	SUMMARY.
	FIGURES AND LEGENDS.
	TABLES
	REFERENCE.
	SUPPLEMENTARY FIGURES AND LEGENDS.
	ABSTRACT IN KOREAN.


<startpage>5
ABSTRACT 1
CONTENTS 4
LIST OF TABLES AND FIGURES. 5
LIST OF ABBREVIATIONS. 7
INTRODUCTION 9
MATERIALS AND METHODS. 16
RESULTS AND DISCUSSION. 22
SUMMARY. 41
FIGURES AND LEGENDS. 43
TABLES 68
REFERENCE. 76
SUPPLEMENTARY FIGURES AND LEGENDS. 88
ABSTRACT IN KOREAN. 93
</body>

