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Abstract Flag leaf is the last leaf to senesce and its life
span plays a critical role in determining grain quality and
yield in rice. Little is known about the molecular changes
that occur and their regulation in time-dependent manner
during flag leaf senescence in rice. Several studies have
explored different aspects of miRNA functions in plant
development; however, a diminutive account is available
about their role in flag leaf senescence. With an aim to
unravel the role of miRNAs in ageing of flag leaf in rice,
four small RNA libraries were prepared from three stages
of senescence and sequenced by Illumina deep sequencing
technology. Thirty-eight known and 494 novel miRNAs
were identified in the senescing flag leaves. Digital
expression analysis revealed that 21 known and 116 novel
miRNAs were differentially expressed during senescence.
Family member(s) of miR156, miR159, miR160, miR164,
miR169, miR171, miR393, miR396, miR535, miR8§27,
miR1428, miR1432 and miR1861 were differentially
expressed in at least one stage of flag leaf senescence. The
present study has generated a repository of senescence-
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related miRNAs that can be utilized to contemplate
molecular approaches for manipulating the timing of flag
leaf senescence in rice and other related crops.
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Introduction

Life cycle of plants involves multiple growth stages, which
in turn, are governed by plethora of physiological, bio-
chemical and molecular processes. The last stage in plants’
life cycle is senescence that represents an age-dependent
complex phenomenon wherein orchestrated deterioration
occurs in cells, tissues, organs or whole organism, even-
tually leading to death (Lim et al. 2007). Around harvesting
time organismal level senescence is observed in mature
crop plants such as rice and wheat, whereas falling of
mature leaves during autumn exemplify organ level
senescence. The onset of senescence is primarily accom-
panied by greatly reduced efficiency of photosynthetic
machinery owing to degeneration of chloroplasts (Guo
et al. 2004). Although, senescence is a genetically pre-
defined phenomenon, various external components, such as
nutrient availability, pathogen infection and sub-optimal
growth conditions (temperature fluctuations, drought, high
salt and oxidative stress), are known to initiate early
senescence (Guo and Gan 2005). At the molecular level,
extensive gene reprogramming occurs during senescence
which involves change in expression of several senescence-
associated genes (SAGs). In Arabidopsis, microarray
analysis of leaves undergoing senescence revealed that
more than 800 SAGs had significant altered levels of
expression  (Buchanan-Wollaston et  al. 2003).
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Transcriptome studies in maize and cotton revealed that
many transcription factors like members of NAC, WRKY,
MYB, C2H2 zinc-finger, bZIP and AP2/EREBP families
accumulated during senescence (Zhang et al. 2014; Lin
et al. 2015). The gene ontology analysis of transcripts
which were altered during senescence in Arabidopsis and
maize indicated that most of the up-regulated transcripts
were categorized as transporters, lipid metabolism, protein
degradation, carboxylic acid catabolic process and hor-
mone metabolism. Concomitant down regulation of pho-
tosynthesis-related genes during senescence has also been
reported (Breeze et al. 2011; Zhang et al. 2014).

Small RNAs (sRNAs) play a crucial role in controlling
plant development processes. However, little is known
about the function of small RNAs in regulating senescence
in plants. Two small RNAs, miR164 and miR319, have
been shown to control leaf senescence in Arabidopsis.
miR 164, whose expression declines during senescence, is a
posttranscriptional regulator of the positive ageing regula-
tor, OREI/ANAC092 (ORESARA 1 or NAM, ATAF, and
CUC). EIN3 (ETHYLENE INSENSITIVE 2) transcrip-
tionally upregulates the transcription factor OREl by
releasing the repression by miR164. ORE] is believed to
positively regulate the expression of senescence-associated
genes (SAGs) during leaf ageing. Therefore, a trifurcate-
feed forward pathway finely regulates cell death and leaf
senescence in an ethylene-dependent manner (Kim et al.
2009). A recent study by Kim et al. (2018) shows that
PSEUDO-RESPONSE REGULATOR (PRRY9), a vital
component in circadian clock in plants, directly activates
the transcription of OREIl and indirectly suppresses
miR164, thereby unravelling the link between ageing and
circadian clocks in plants (Kim et al. 2018). Another
miRNA, miR319, which targets TEOSINTE BRANCHED/
CYCLOIDEA/PCF (TCP) transcription factor genes con-
trols the senescence program through jasmonic acid
biosynthesis, which is a positive regulator of leaf senes-
cence (Schommer et al. 2008).

Rice (Oryza sativa) is one of the major staple food crops
and cultivated throughout the world. Pre-mature senes-
cence is a major concern in several crops, including rice,
which leads to compromised growth and development,
eventually leading to lower productivity. Reduced photo-
synthetic efficiency arising due to environmentally induced
pre-mature senescence at the time of grain filling adversely
affects the yield of the plant (Luquez and Guiamét 2001;
Rampino et al. 2006). A couple of high throughput
sequencing studies have identified gene regulatory net-
works in leaf senescence in maize and rice (Xu et al. 2014;
Wu et al. 2016). Deep sequencing of small RNAs, in
combination with degradome sequencing of age-resistant
and age-sensitive rice varieties, found involvement of
members of 6 miRNA families (miR156, miR160, miR164,
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miR167, miR172 and miR1848) in flag leaf senescence,
primarily by regulating phytohormone signaling pathways
(Xu et al. 2014). A similar study in maize also identified six
miRNAs (miR159, miR167, miR171, miR172, pre-miR11
and pre-mirl31) as key regulators of leaf senescence which
potentially target hormone pathways, chlorophyll metabo-
lism and energy metabolism (Wu et al. 2016). In view of
limited information available on leaf ageing in cereals, it is
worthwhile to understand the molecular mechanisms gov-
erning leaf senescence in rice, especially flag leaf which
contributes to grain filling and plant productivity. This
would provide a platform to modulate associated molecular
components/pathways so as to delay the natural senescence
process and augment crop yield.

The present study is an attempt to explore the involve-
ment of small RNAs, especially miRNAs, at different
stages of flag leaf senescence in rice. To prepare an atlas of
miRNAs that are differentially expressed during the pro-
gression of senescence, four small RNA libraries were
constructed from three stages of flag leaf senescence fol-
lowed by their deep sequencing using Illumina’s NGS
platform. High throughput sequencing data was computa-
tionally analyzed for prediction of known and putative
novel miRNAs. The target genes of identified miRNAs
were computationally predicted, and their functional cate-
gorization was performed. The study documents an
inventory of miRNAs that exhibit differential expression
kinetics at different stages of flag leaf senescence. Our
analysis shows that in addition to the previously known
miRNAs, several novel miRNAs regulate flag leaf senes-
cence by potentially targeting members of key transcription
factor families and components of hormone pathways.

Materials and methods
Collection of tissues

Rice (Oryza sativa cv. Pusa Basmati 1) seeds were pro-
cured from National Seed Centre, Indian Agricultural
Research Institute (IARI), Delhi, India and were grown in
the field during rice-growing season. Fully expanded flag
leaves at panicle development stage and different stages of
grain filling namely, milky stage (early senescence), dough
stage (mid-senescence) and grain maturity stage (late
senescence) were collected based on their chlorophyll
content. In each case, tissues were pooled from six indi-
vidual plants, immediately frozen in liquid nitrogen and
stored at -80 °C until further use.
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Chlorophyll estimation

The chlorophyll content of leaves was estimated by using
spectrophotometric analysis (Burman et al. 2018). Briefly,
tissues (0.2 g) were incubated in 5 ml of DMSO at 65 °C
for 16 h in the dark. Subsequently, absorbance was recor-
ded at 645 nm and 663 nm using a spectrophotometer
(Bio-Rad, USA). Amount of chlorophyll was deduced
according to the following formulae.

Chl a = [(12.3A¢63 — 0.86Agus) * V]/X * 1000 x W

where V = Volume of DMSO (in ml); X = Path length i.e.
1 cm; W = Fresh weight (in grams).

Total chlorophyll content was calculated followed by
estimation of percentage chlorophyll content in senescing
tissue compared to unsenesced tissues (fully expanded flag
leaves).

RNA extraction, construction of small RNA libraries
and high-throughput sequencing

Total RNA was isolated from frozen tissues following
modified guanidinium isothiocyanate (GITC) method
(Chomzynski and Sacchi 1987). The concentration of the
isolated RNA was assessed using a spectrophotometer
(Bio-Rad, USA) followed by a quality check on MOPS-
formaldehyde-agarose gel. For the preparation of small
RNA libraries, low molecular weight RNA (LMW) frac-
tion was extracted by resolving total RNA on TBE-urea-
PAGE gel and excising 15-30 nt portion. The LMW RNA
was ligated with 5" and 3’ RNA adapters (Additional file 1:
Table S1) using T4 RNA ligase. Successively, first strand
cDNA was synthesized using Superscript III reverse tran-
scriptase (Invitrogen, USA) and 3’ adapter specific reverse
transcriptase primer (Additional file 1: Table S1). The
cDNA library was enriched using adapter-specific primers
and the amplified product was purified. Quality of the
cDNA libraries were evaluated using Bioanalyzer (Agilent
Technologies, USA). Sequencing of prepared libraries was
performed at DBT-funded high-throughput sequencing
facility at University of Delhi South Campus, New Delhi,
India on Illumina GA IIx sequencing platform as per
manufacturer’s instructions.

Computational analysis of sequencing data
and prediction of target genes

UEA small RNA Workbench (v2.4; Stocks et al. 2012) was
employed for the analysis of purity filtered raw reads.
Briefly, non-small RNA sequences were eliminated from
sequencing data, and putative small RNAs were mapped on

to the rice reference genome (Kawahara et al. 2013).
miRBase (version 21; http://www.mirbase.org/) was used
as a reference for the identification of known miRNAs. For
the identification of differently expressed miRNAs, read
counts were normalized by calculating tags per million
(TPM) and subsequently used for calculating fold change.
The small RNA sequencing data was submitted to
Sequence Read Archive (SRA) database available at
National Center for Biotechnology Information (NCBI)
(Accession number GSE123171; https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE123171).

Target prediction was carried out using plant small RNA
target finder (http://plantgrn.noble.org/psRNATarget/) tool
with default settings. Rice Genome Annotation dataset (v7,
Kawahara et al. 2013) was used as mapping reference.
Only those targets were considered which exhibited max-
imum expectation value between 0 and 3. Functional cat-
egorization of predicted target genes was performed using
MapMan annotation tool (http://mapman.gabipd.org/).

Experimental validation of miRNAs and their target
genes by qPCR

Total RNA (2 pg) was poly-adenylated using poly
(A) tailing kit (Ambion, USA) and the reaction mixture
was subsequently purified with RNAeasy Mini Elute
Cleanup Kit (Qiagen, Germany). Poly-adenylated RNA
was reverse transcribed using 1 pg RTQ primer (Addi-
tional file 1: Table S1) and Superscript III reverse tran-
scriptase (Invitrogen, USA) according to manufacturer’s
instructions. Quantitative PCR (qQPCR) was performed on
Mastercycler Realplex 2 (Eppendorf, Germany) using
SYBR green chemistry (KAPA Biosystems, USA). Rice 5S
ribosomal RNA was used as an internal control. Primers for
the amplification of miRNAs and 5S rRNA are listed in
Table S1.

For expression analysis of putative target genes, 10 ng
of total RNA was treated with DNase I (NEB, USA) and
subsequently reverse transcribed using iScript cDNA syn-
thesis kit (Bio-rad, USA). Real-time PCR was performed
on Mastercycler Realplex 2 (Eppendorf, Germany) using
SYBR green chemistry (KAPA Biosystems, USA). Rice
elongation factor 1-alpha was used as internal reference
gene for qPCR. Primers for target genes and internal con-
trol genes are listed in Table S1. Three independent bio-
logical replicates and two technical replicates were used for
all gPCR experiments.
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Results
Staging of natural flag leaf senescence in rice

Rice plants were grown under field conditions during the
growing season, and different stages of progressive natural
flag leaf senescence were identified based on total chloro-
phyll content. Fully expanded unsenesced flag leaf (US) at
panicle development stage was harvested as control, and
the chlorophyll content was considered as 100%. Flag
leaves were continuously monitored for progression of
senescence and were harvested at three different stages.
When the chlorophyll content of flag leaf was 60-80% to
that in unsenesced flag leaf, the stage was referred to as
early senescence (ES) stage. The flag leaves harvested
when the chlorophyll content was 45-60% to that of US
stage were considered in the mid senescence (MS) phase.

UsS

ES

() MS LS

Fig. 1 Flag leaf senescence in rice plants. a Morphological appear-
ance of flag leaf in field grown plants at different stages of
senescence. b Percent chlorophyll content in flag leaves harvested
at three stages of senescence. ¢ Expression profile of senescence-
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Finally, late senescence flag leaf (LS) tissue was harvested
when the chlorophyll content was 30-45% of US stage.
The morphological changes observed during the progres-
sion of senescence along with the relative chlorophyll
content are illustrated in Fig. 1a, b. At the molecular level
the progression was confirmed by performing the expres-
sion of two senescence-associated genes (SAGs), RED
CHLOROPHYLL CATABOLITE REDUCTASE (RCC
reductase) and WRKY6. It was observed that steady state
levels of both the SAG genes (RCC reductase and
WRKY6) increased in flag leaves with the progression of
senescence (Fig. 1c). The inverse correlation between the
chlorophyll content and levels of two SAGs strongly
endorses the staging of natural flag leaf senescence in the
present study.
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Fig. 2 Length distribution of putative small RNA reads obtained by
high-throughput sequencing of small RNAs in rice flag leaf senes-
cence libraries. a Reads were pooled from all the four libraries and
size distribution analysis was performed with redundant and unique

Deep sequencing and length distribution of small
RNA population in rice

To identify small RNAs associated with natural flag leaf
senescence in rice, four small RNA libraries were prepared
individually from unsenesced flag leaves (US), early
senescence flag leaves (ES), mid senescence flag leaves
(MS) and late senescence flag leaves (LS). Qualitative and
quantitative assessment of small RNA libraries was per-
formed with Bioanalyzer (Additional file 2: Fig. S1), and
the libraries were subsequently sequenced using Illumina
Genome Analyzer IIx platform. In total, 93,569,768 reads
were sequenced out of which 28,304,505 were unique. The
reads obtained from sequencing of all the four libraries
were pooled for further downstream analysis using UEA
sRNA workbench v2.4. Stepwise, the 3’ adapter was first
trimmed followed by elimination of reads with length
smaller than 16 nt (nucleotides) and longer than 30 nt.
Further, reads containing invalid nucleotides (represented
as ‘N’ in the sequence) and those with homology to other
non-coding RNAs (rRNA, tRNA, snRNA, snoRNA) were
also eliminated from the total pool of sequences. Post-fil-
tration, the remaining 19,729,356 unique reads, hereafter
referred to as putative small RNA population, were mapped
onto rice genome. Summary of filtration criteria and the
number of eliminated reads is presented in Table 1. Further
size distribution analysis performed with the putative small
RNAs revealed that the most abundant SRNA reads were in
the size range of 21 to 24 nt, which is a canonical feature of
Dicer-like processed sSRNAs (Xie et al. 2004). The 24 nt
reads were maximally represented followed by 21 nt reads,
in the individual libraries as well as in the pooled unique
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N
)
|

—_
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Number of sequence reads (M)

NN IO I I A S
Length of small RNAs (nt)

reads. b Length distribution of unique reads obtained in stage-specific
libraries. US: unsenesced rice flag leaf; ES: early senescence flag leaf;
MS: mid senescence flag leaf; LS: late senescence flag leaf. Read
counts are shown in millions (M); nt: nucleotides

putative small RNA population (Fig. 2). These results are
consistent with the earlier reports from Arabidopsis and
rice (Rajagopalan et al. 2006; Zhu et al. 2008; Xu et al.
2014; Wu et al. 2016).

Identification of known and novel miRNAs, their
chromosomal distribution, and digital expression
profile at different stages of flag leaf senescence
in rice

The unique putative small RNA population was mapped
onto rice reference genome (http://rice.plantbiology.msu.
edu/), and the mapped reads were aligned to known
miRNA sequences available in miRBase v21.0 by using
miRCAT tool of UEA sRNA workbench. Putative SRNAs
having an exact identity (0 mismatch) and up to 3 mis-
matches with miRBase entries were categorized as ‘known
miRNAs’. The remaining mapped reads (21-24 nt in
length) were scanned using miRCAT tool to fetch hairpin
foldback structure (Meyers et al. 2008). The precursor
structures were screened manually according to the criteria
proposed by Meyers et al. (2008) and the miRNAs present
within the authentic foldback structures were referred to as
‘novel miRNAs’. Among the identified known and novel
miRNAs only those miRNAs were selected for further
analysis which exhibited one or greater than one TPM in at
least one library. Our analysis identified 38 known miR-
NAs belonging to 28 miRNA families. Star sequences of
26 known miRNAs was found in the sequenced small RNA
population (Additional file 3: Table S2). Furthermore, 244
and 250 novel miRNAs with and without star sequences
were identified in the small RNA dataset, respectively.
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osa_miR159b
osa_miR167d-5p
osa_miR2870

osa_miR319a-3p
osa_miR393a

osa miR160a-3p
osa_miR162a
osa_miR168a-5p
osa_miR172a
osa_miR2873b
osa_miR394
osa_miR396¢c-5p
osa_miR529b

55 novel miRNAs

osa_miR1428e-3p
osa_miR167a-5p
osa_miR169r-5p
osa_miR171b
osa_miR171i-3p
osa_miR5513

osa_miR160a-5p
osa_miR171d-3p
osa_miR1861k

osa miR1432-5p
osa_miR160e-5p
osa_miR167d-5p

40 novel miRNAs

osa_miR166k-3p
osa miR172d-3p
osa miR1861m

osa miR2055
28 novel miRNAs

Fig. 3 Chromosomal distribution of predicted known and novel
miRNA precursors in rice. Precursors of known and novel miRNAs
were mapped onto rice chromosomes using the map tool of Oryzabase
Integrated Rice Science Database (https://shigen.nig.ac.jp/rice/

Precursors of both the known and novel miRNAs were
mapped onto rice chromosomes and the predicted precur-
sors of known miRNAs were found to be randomly dis-
tributed on all, except chromosome 10 (Fig. 3), whereas
precursors of the novel miRNAs were present on all the 12
chromosomes. Overall, the highest number (61) of pre-
cursors of known and novel miRNAs mapped onto chro-
mosome 2, followed by those on chromosome 3 and
chromosome 1, which exhibited equal number (56) of
miRNA precursors. Least number of miRNA precursors
(20) mapped onto chromosome 10 (Fig. 3).

In order to predict the possible function of miRNAs in
regulating flag leaf senescence in rice, their digital
expression levels were analyzed at different stages of
senescence and the miRNAs exhibiting > 1.5-fold change

@ Springer

10

osa_miR156k

osa_miR1425-5p
osa_miR156f-3p
osa_miR164a

osa_miR1850.1

osa miR169b
34 novel miRNAs

osa_miR171¢-3p
osa_miR1861e
osa_miR171h

osa_miR5813
44 novel miRNAs

osa_miR1846a-3p
osa_miR535-3p

osa_miR166g-3p
osa_miR167a-5p

oryzabase/). Known miRNA precursor loci are shown as unshaded
text and loci for novel miRNAs are highlighted as black shaded text.
The number of novel miRNA precursor loci is mentioned in brackets

with respect to unsenesced leaves (US), were considered as
differentially regulated. Digital expression analysis
revealed that 21 known and 116 novel miRNAs were dif-
ferentially expressed during senescence (Fig. 4, 5). Four
known miRNAs (osa_miR159b, osa_miR159f, osa_-
miR827 and osa_miR1432-5p) were up-regulated in at
least two stages of flag leaf senescence. osa_miR1432-5p
was highly induced at ES stage (4.5-fold), whereas osa_-
miR160a-5p and osa_miR827 showed 1.98 and 4.1-fold
change in the LS stage, respectively. Six known miRNAs
(osa_156f-3p, osa_miR160e-5p, osa_miR164a, osa_-
miR169r-5p, osa_miR535-3p and osa_miR1428e-3p) were
found to be down-regulated in at least two stages of
senescence (Additional file 3). Among novel miRNAs, 80
and 21 miRNAs were up-regulated and down-regulated in
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Fig. 4 Heat map illustrating the expression profiles of known miRNAs at different stages of flag leaf senescence in rice. ES: early senescence

flag leaf; MS: mid senescence flag leaf; LS: late senescence flag leaf

at least two stages of senescence in flag leaves, respectively
(Additional file 3).

Validation of expression profile of known and novel
miRNAs at different stages of flag leaf senescence
in rice

In order to validate the sequencing results and digital
expression profiles of predicted known and novel miRNAs,
we utilized quantitative RT-PCR (qPCR) based approach.
For this purpose, four known (osa_miR164a, osa_miR827,
osa_miR319a-3p and osa_miR396c¢c-5p) and four novel
(N_osa_221, N_osa_297, N_osa_445 and N_osa_524)
candidate miRNAs were randomly selected. We found that
the expression pattern of all miRNAs tested by qPCR was
largely consistent with the digital expression profile
(Fig. 6). On the basis of these results it is concluded that
osa_miR827, N_osa_524 and N_osa_297 were signifi-
cantly upregulated, whereas miR164a, miR396¢-5p and
N_osa_445 were substantially downregulated.

Computational prediction of target genes of rice
miRNAs, their functional categorization

and expression profiling during flag leaf senescence
in rice

To decipher the biological function of identified miRNAs,
putative targets of these miRNAs were predicted using
Plant small RNA Target Finder (http://plantgrn.noble.org/
psRNATarget/) tool. MSU Rice Genome Annotation v7
dataset (http://rice.plantbiology.msu.edu/) was utilized as a
reference. Computational prediction of putative targets of
known and novel miRNAs identified 386 and 3642 target
genes, respectively. To understand the miRNA-gene reg-
ulatory network in flag leaf senescence, functional cate-
gorization of target genes was performed using MapMan
annotation tool. Several of the target genes were involved
in development, signaling, transport, stress and hormone
metabolism (Fig. 7a, b). Among the transcription factors
identified as putative miRNA targets, MYB family mem-
bers were maximally represented followed by bHLH and
C2H2 zinc finger proteins (Fig. 7c, Additional file 4). Two
predicted target genes each for eight qPCR-validated
miRNAs were shortlisted for validation by qPCR, and their
expression profile was compared with the corresponding
miRNAs during the progression of senescence (Fig. 8).
Both the targets tested for osa_miR164a, N_osa_221,
N_osa_297 and N_osa_524 and one target tested for
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Fig. 5 Heat map illustrating the expression profiles of novel miRNAs
at different stages of flag leaf senescence in rice. a Expression profile
of upregulated novel miRNAs, b Expression profile of downregulated

osa_miR827 and N_osa_445 exhibited inverse correlation
in expression profile to that of miRNAs. All these results
provide us an insight into the possible involvement of
miRNAs and their target genes in regulating flag leaf
senescence in rice.

Discussion

High throughput sequencing approaches have aided func-
tional characterization of miRNAs in diverse develop-
mental and physiological processes in several plant
systems (Zeng et al. 2015; Shriram et al. 2016; Djami-
Tchatchou et al. 2017; Liu et al. 2017; Xiong et al. 2018).
However, few sequencing-based studies have been used to
associate miRNAs with regulation of leaf senescence. In
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cereal crops, flag leaf and its senescence are crucial in
deciding the grain quality and/or quantity. Therefore,
understanding the molecular basis of flag leaf senescence
could possibly be used to alter grain quality and quantity in
rice. In the present study deep sequencing was carried out
to identify the miRNAs that are differentially expressed at
different stages of flag leaf senescence in rice.

Out study reports identification of 38 known and 494
novel miRNAs in flag leaf senescence of rice. Digital
expression profiles were generated and fold change in
expression was calculated at three stages of senescence
relative to unsenesced stage. One of the known miRNAs,
osa_miR160a-5p, predicted to target ARFI18 (auxin
response factor), was highly upregulated specifically at late
stage of senescence (LS). ARFs are known to play an
important role in regulating auxin-mediated leaf
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Fig. 6 Validation of expression profile of known and novel miRNAs
in rice. a Relative expression analysis of miRNAs obtained by
quantitative PCR. b Relative expression of miRNAs from sequencing

senescence (Lim et al. 2010). Further, the expression of
two members of miR159 family, osa_miR159b and osa_-
miR159f, increased during two consecutive stages, ES-MS
and MS-LS, of senescence, respectively. These miRNAs
are predicted to target specific members of MYB family
transcription factors, which in turn are known to act as
transcriptional regulators of plant leaf senescence (Zhang
et al. 2011; Huang et al. 2015). Wu et al. (2016) reported
induction of miR159 with simultaneous downregulation of
the MYB target gene in maize inbred line, ELS-1 (early
leaf senescence-1) (Wu et al. 2016). Altered senescence
phenotypes were observed when levels of MYBH gene
were modulated in Arabidopsis (Huang et al. 2015).
Expression of another known miRNA, osa_miR827, was
high in MS and LS stages. The levels of two putative

T
X N 5 "
<y P w i
7 i

7 7 <7 <7

data. ES: early senescence flag leaf; MS: mid senescence flag leaf;
LS: late senescence flag leaf

targets of osa_miR827 were determined by qPCR and it
was found that WAK receptor like protein kinase
(WAK?20) levels were elevated at all three stages but
expression of F-box containing protein (FBX285) declined
in MS and LS, thereby indicating that F-box containing
protein could possibly a target of osa_miR827 during mid
and late phases of flag leaf senescence in rice. F-box pro-
teins have been demonstrated to be involved in diverse
biological processes of plant development, including
senescence (Kanneganti and Gupta 2008; Stefanowicz
et al. 2015). Remarkably, osa_miR1432-5p exhibited
drastic upregulation (4.5-fold) at ES and although its level
declined slightly in MS (2.9-fold) and LS (2.5-fold), its
level was significantly higher as compared to UN stage.
Multiple target genes were predicted for osa_miR1432-5p,
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Fig. 7 Functional categorization of predicted targets of miRNAs in
rice. Classification of targets of known (a) and novel (b) miRNAs
according to MapMan annotation. Classification of major

such as EF-hand family protein, alpha-amylase precursor
and serine/threonine protein phosphatase. Although no
direct evidence is available for the role of EF-hand family
proteins and alpha-amylase precursor in plant senescence,
genes encoding certain serine/threonine protein phos-
phatases such as SSPP (SENESCENCE SUPPRESSED
PROTEIN PHOSPHATASE) are known to be suppressed
during senescence, thereby negatively regulating leaf
senescence in Arabidopsis (Xiao et al. 2015).

Survey of digital gene expression analysis revealed that
three members of miR171 family (osa_miR171b, osa_-
miR171 h and osa_miR171i-3p) and osa_miR396c¢c-5p
were particularly downregulated in LS stage, while the
levels of osa_miR393a and osa_miR1861 declined only in
ES and MS stage, respectively. Expression levels of
osa_miR160e-5p and osa_miR164a declined in MS as well
as LS stages of flag leaf senescence. Interestingly,
expression of 4 miRNAs (osa_miR156f-3p, osa_miR169r-
5p, osa_miR535-3p and osa_miR1428e-3p) consistently
declined at all the three stages of senescence. miR171 and
miR164 are already known to be downregulated during
senescence in maize and Arabidopsis leaves, respectively.

@ Springer

hormone metabolism

(b)
3 not assigned
=3 RNA
e [ protein
‘\4-.33"0 B signalling
| E misc
! I stress
/ B (ransport
=1 DNA
E  development
3 cell
(d)
30
2
5 204
50
G
(=]
o]
=
5 10+
z I
0- w ‘ ' ' I
! N 5 R
\a& \\;‘»'\\ F@o\ o&‘{k @*\ & éc\ ‘9&
@ ™ o <& *02’ \‘CJ c} ©
< (ol > X0 -cﬁ & C{\
& N (OIS
© %‘) o0

Hormone pathways

transcription factors (c¢) and phytohormone pathway genes (d) iden-
tified among predicted miRNA targets

It was predicted that members of miR171 family target
scarecrow-like transcription factor genes, which are
involved in leaf development (Dhondt et al. 2010). How-
ever, whether SCARECROW proteins directly regulate
leaf senescence is still not clear. Members of miR164
family target NAC transcription factors. Our results
showed that two genes, NAM2 and NAM3, predicted as
targets for osa_miR164a were upregulated at all the three
stages of senescence, which is precisely opposite to the
expression trend of osa_miR164a. NAM2 and NAM3
belong to NAC transcription factor family, whose members
form a network and act as central regulators (both nega-
tively and positively) of leaf senescence in plants (Dhondt
et al. 2010). Overexpression of NAM2 or ONACOL11 in rice
resulted in early heading and precocious flag leaf senes-
cence, while its repression caused a delay in both heading
and natural senescence (Mannai et al. 2017).

Auxin negatively regulates leaf senescence by down-
regulating the expression of SAGs or senescence-associ-
ated genes (Kim et al. 2011; Xu et al. 2014). The
expression of auxin response genes is controlled by auxin
response transcription factors (ARFs). It would be
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Fig. 8 Expression profiling of putative target genes of identified
miRNAs during flag leaf senescence in rice. Quantitative PCR-based
expression profiles of computationally predicted targets of known

interesting to check the expression pattern of ARFs tar-
geted by osa_miR160e-5p, whose expression was consis-
tently low and osa_miR160a-5p whose expression levels
were elevated during late stages of flag leaf senescence,
respectively. The putative target genes predicted for
osa_miR393a are OsFBLs which exhibited high homology
with auxin receptor OsAFBs. Whether auxin homeostasis
and signaling mediated by ARFs and AFBs are involved in
regulating senescence needs to be addressed. Target pre-
diction analysis showed that osa_miR169r-5r may target
NF-Y (nuclear factor Y) genes which are a class of tran-
scription factors involved in regulation of diverse devel-
opmental and stress responses in plants. Upregulation of
NF-Y gene during leaf senescence is reported in Ara-
bidopsis (Breeze et al. 2011).

Prediction of targets for identified known and novel
miRNAs revealed more than 4000 target genes. Tran-
scription factors are key regulators of differential gene
expression as they bind to specific cis-regulatory elements
in the promoter regions of numerous genes leading to their

T T

P

T T T T T T T T T
SCEY SET SV

(a) and novel miRNAs (b). ES: early senescence flag leaf; MS: mid
senescence flag leaf; LS: late senescence flag leaf

activation or suppression (Zou et al. 2011). Subcatego-
rization of the transcription factors targeted by miRNAs
revealed maximum representation of MYB family mem-
bers followed by bHLH and C2H2 zinc proteins. Several
transcription factors such as NAC, WRKY, AP2, zinc
finger proteins, MYB and bZIP have previously been
implicated in plant senescence (Guo et al. 2004; Zhou et al.
2011; Koyama et al. 2013; Mao et al. 2017). Our study
identified miR156, miR159, miR160, miR164, miR171 and
miR172 as prominent miRNA family members, which
target zinc finger proteins, MYB proteins, auxin responsive
factors, NAC proteins and APETALA2 (AP2), respec-
tively. These results correlate with the previous studies on
rice and Arabidopsis and further confirms a crucial role of
miRNAs-mediated regulation of transcription factors dur-
ing natural plant senescence (Liu et al. 2008; Koyama
2014; Leng et al. 2017).

Peroxidases are antioxidative enzymes, which are
involved in the scavenging of reactive oxygen species
(ROS). An enhanced level of peroxidases was previously
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reported during senescence (Veljovic-Jovanovic et al.
2006). In our study, we found that the putative target of
N_osa_445, a peroxidase precursor was up-regulated dur-
ing senescence. In addition, novel miRNA, N_osa_297 was
found to target zinc ring finger genes. In wheat, two zinc
ring finger genes were reported to be down-regulated
during leaf senescence (Kam et al. 2007). The expression
analysis of zinc ring finger transcripts in flag leaf senes-
cence is in agreement with this report (Fig. 8b). Moreover,
zinc finger proteins and bHLH transcription factors, which
are known to be involved in leaf senescence were targeted
by novel miRNAs. For instance, N_osa_221 targets both
zinc finger protein and bHLH family members in leaf
senescence.

Plant senescence is a highly coordinated process which
involves an intricate interplay between phytohormones for
e.g., ethylene, jasmonic acid, abscisic acid, salicylic acid
and strigolactones are positive regulators, whereas cytoki-
nins and auxins are inhibitors of senescence (Pourtau et al.
2004; Schippers et al. 2007; Jibran et al. 2013; Kim et al.
2015). The Arabidopsis mutants, ethylene-receptorl-1 and
ethylene-insensitive2, display delayed senescence pheno-
type, while overexpression of FEIN3 accelerated leaf
senescence (Grbic and Bleecker 1995; Alonso et al. 1999).
The conserved nature of ethylene-mediated senescence
process in rice and Arabidopsis is demonstrated by high
degree of homology in the targets of Arabidopsis EIN3
(EIN3-SAGs or EIN3-bound SAGs) with that in rice and
presence of EIN3 core binding sites in these genes
(Goodstein et al. 2012). In the present study, the putative
targets of miRNAs included 4 AP2/ERF transcription
factors and 24 genes of ethylene pathway. Higher levels of
abscisic acid (ABA), salicylic acid (SA) and gibberellic
acid (GA) were reported in the senescing leaves of Ara-
bidopsis (Breeze et al. 2011). Signaling or biosynthetic
mutants of these phytohormones exhibited delayed leaf
senescence phenotype (Morris et al. 2000; Moore et al.
2003; Chen et al. 2014). ABA promotes leaf senescence by
regulating sugar signaling in plants (Pourtau et al. 2004).
Recent studies showed that ABA-INSENSITIVES (ABIS)
directly regulates the expression of ORESARAI, (a NAC
transcription factor which in turn regulates developmental
leaf senescence; Sakuraba et al. 2014) and STAYGREENI
(codes for chlorophyll degrading enzyme; Park et al. 2007;
Sakuraba et al. 2014). Consistent with these reports an
inverse correlation was observed in the levels of miR164a
and its targets NAC TFs (NAM2 and NAM3) during
senescence. In rice, miR159 controls GA signaling through
GAMYB protein (Aya et al. 2009). The upregulated
miR 159 family members in our study gave a clue about the
role of GA and indirectly MYB proteins in leaf senescence.
Auxin is a negative regulator of senescence, and its
exogenous application could delay leaf senescence by
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down-regulating the SAGs expression. In senescing flag
leaves alteration in expression levels of osa_miR160a-5p
and osa_miR160e-5p may modulate the levels of AUXIN
RESPONSE FACTORS (ARFs), which would regulate
auxin signaling and in turn affect plant senescence. All
these results indicate the active involvement of complex
miRNA-phytohormone gene regulatory network in con-
trolling flag leaf senescence in rice.

In the present study, several known and novel miRNAs
were found to be differentially expressed at different stages
of flag leaf senescence. Functional categorization of the
putative target genes revealed their possible involvement in
plant development and stress. It would be worthwhile to
perform functional characterization of miRNAs that are
differentially expressed during senescence and their puta-
tive targets to gain an insight into the regulation of flag leaf
senescence in rice.

Conclusions

Leaf senescence is a complex but highly orchestrated
degradation process which involves massive gene repro-
gramming and other changes at molecular level. The cur-
rent study was designed to broaden our knowledge on the
involvement of miRNAs and their putative targets during
ageing of flag leaf in rice. Several miRNAs, both known as
well as novel, were found to be differentially expressed in
senescing flag leaves of rice. Computational prediction
followed by functional categorization of target genes of
identified miRNAs revealed their involvement in signaling
and hormone pathways. These results provide valuable
information for understanding the molecular basis of
miRNA-mediated flag leaf senescence and provides a
platform for manipulating ageing of plants for augmented
crop yield.
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