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Premature leaf senescence affects plant growth and yield in rice. NAD plays critical roles in cellular redox reactions and remains
at a sufficient level in the cell to prevent cell death. Although numerous factors affecting leaf senescence have been identified,
few involving NAD biosynthetic pathways have been described for plants. Here, we report the cloning and characterization
of Leaf Tip Senescence 1 (LTSI) in rice (Oryza sativa), a recessive mutation in the gene encoding O. sativa nicotinate
phosphoribosyltransferase (OsNaPRT1) in the NAD salvage pathway. A point mutation in OsNaPRT1 leads to dwarfism and
the withered leaf tip phenotype, and the Its1 mutant displays early leaf senescence compared to the wild type. Leaf nicotinate
and nicotinamide contents are elevated in Its1, while NAD levels are reduced. Leaf tissue of Its1 exhibited significant DNA
fragmentation and H,O, accumulation, along with up-regulation of genes associated with senescence. The IfsI mutant also
showed reduced expression of SIR2-like genes (OsSRT1 and OsSRT2) and increased acetylation of histone H3K9. Down-
regulation of OsSRTs induced histone H3K9 acetylation of senescence-related genes. These results suggest that deficiency in
the NAD salvage pathway can trigger premature leaf senescence due to transcriptional activation of senescence-related genes.

Leaf senescence is the final stage of leaf development
wherein the expression levels of numerous genes change
radically (Lim et al.,, 2007). Cellular components and
metabolism are altered during senescence. For example,
macromolecules such as proteins, nucleic acids, and
carbohydrates are hydrolyzed (Woo et al., 2001; Kim
et al., 2006). Leaf senescence is beneficial for nutrient
recycling from source to sink tissues and contribute to
reproductive success (Yang et al., 2011; Guo et al., 2015).
This process is developmentally regulated during plant
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growth. Despite numerous studies investigating senes-
cence in leaves, the underlying molecular mechanism
remains largely unknown due to its complexity.

NAD and its derivative NADP are crucial metabo-
lites for redox reactions in living organisms and form a
basis for almost every metabolic pathway in the cell
(Berger et al., 2004; Hunt et al., 2004; Noctor et al., 2006).
There is increasing evidence that the biosynthesis,
degradation, and recycling of NAD(P)(H) are associ-
ated with signal transduction, developmental regula-
tion, and stress resistance (Amor et al., 1998; Imai et al.,
2000; North et al., 2003; Mittler et al., 2004; Sanchez
et al., 2004; Chai et al., 2005, 2006; De Block et al., 2005).
The amount of NAD(P)(H) should be sufficient for
preventing cell death due to NAD depletion in vivo.
Therefore, every organism must continuously resyn-
thesize NAD(P)(H) to maintain balance of the internal
environment (Hashida et al., 2009).

Like other organisms, Arabidopsis (Arabidopsis thali-
ana) contains two NAD(P)(H) biosynthetic pathways:
the de novo and salvage pathways (Katoh et al., 2006;
Wang and Pichersky, 2007). In the salvage pathway,
nicotinate mononucleotide (NaMN; an intermediate in
the de novo pathway) is formed from nicotinamide (a
product of NAD degradation) through two enzymatic
steps (Katoh et al., 2006; Wang and Pichersky, 2007).
Specifically, nicotinamide is hydrolyzed to nicotinate
by nicotinamidase and is converted to NaMN by
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nicotinate phosphoribosyltransferase (NaPRTase; Wang
and Pichersky, 2007; Hashida et al., 2009). NaPRTase is
believed to be the rate-limiting enzyme in the NAD
salvage pathway (Magni et al, 1999). Homologs of
NaPRTase are found in plants like Arabidopsis and rice
(Oryza sativa; Katoh and Hashimoto, 2004). However,
very little has been learned about their physiological
functions and how the activity of NaPRTase is regulated
in plants.

On the other hand, new functions of NAD and its
derivatives in the salvage pathway have been found
involving the regulation of complex cellular pro-
cesses, including transcriptional regulation via NAD-
dependent deacetylation and poly(ADP-ribosylation)
(Imai et al., 2000; North et al., 2003; Sanchez et al., 2004;
De Block et al., 2005). For instance, NAD can be broken
down into nicotinamide by silent information regulator
2 (SIR2) and poly(ADP-ribose)polymerase. SIR2 fam-
ily (or sirtuin) proteins are NAD-dependent histone
deacetylases involved in chromatin silencing at the
mating-type loci in yeasts (Frye, 2000; Moazed, 2001).

From archaea to humans, SIR2 family proteins can
generally be divided into four classes, I to IV (Brachmann
et al., 1995; Frye, 2000). Yeast SIR2 belongs to class I of
sirtuin genes and plays important roles in transcriptional
silencing, genome stability, and longevity (Blander and
Guarente, 2004). Histone H3 and H4 hyperacetylation of
the mating-type loci is induced when yeast SIR2 is de-
leted (Robyr et al., 2002). Hyperacetylation of histones
leads to active transcription, while hypoacetylation
of histones results in repressed expression of genes
(Carrozza et al., 2003). SIR2 family members in mam-
malian cells, designated SIRT1 to SIRT7, are categorized
into four classes (Frye, 2000). The nearest human homo-
log, SIRT1, a negative regulator of p53, inhibits apoptosis
through deacetylation of this transcription factor. Fur-
thermore, SIRT6 deacetylates H3K9 and plays an im-
portant role in repressing aging-related gene expression
and preventing genome instability (Luo et al., 2001;
Vaziri et al., 2001; Michishita et al., 2008; Dang et al., 2009;
Tennen and Chua, 2011).

Plant genomes contain fewer SIR2 homologs than an-
imal genomes (Hu et al., 2009). Arabidopsis contains two
SIR2 family genes (designated AtSRT1 and AtSRT?2) be-
longing to two of the four classes of this family (Pandey
et al, 2002). Similarly, rice contains two SIR2 family
genes: the class IV gene OsSRT1 and the class II gene
OsSRT2 (Pandey et al., 2002). Additionally, OsSRT1 is
directly responsible for histone H3 Lys 9 (H3K9) deace-
tylation, a process required for transcriptional repression
of transposable elements, metabolism, and apoptosis-
related genes (Huang et al., 2007; Zhong et al., 2013).

Since deacetylation of SIR2 is NAD dependent, the
NAD de novo and salvage pathways play crucial roles in
regulating the activity of SIR2 enzymes. Regulation of
SIR2 activity can be achieved by intermediates in the NAD
salvage pathway and NAD metabolites/derivatives
(Schmidt et al., 2004). A nuclear NAD salvage pathway
in yeast has been implicated as a regulatory control
point for SIR2 (Smith et al., 2000; Anderson et al., 2002;
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Bitterman et al., 2002; Sandmeier et al., 2002). Increasing
doses of several salvage pathway genes or NAD flux in
yeast results in increased gene silencing and life span
extension via the activation of SIR2 (Anderson et al.,
2002). Moreover, altering the level of cellular nicotina-
mide in yeast cells, either genetically or by exogenous
addition, strongly inhibits gene silencing, increases
rDNA recombination, and shortens the replicative life
span of the yeast to that of the sir2 mutant (Bitterman
et al., 2002). SIRT1-mediated deacetylation of p53 can
be inhibited by nicotinamide both in vitro and in vivo
(Luo et al., 2001). Changes in both free nicotinamide
and NAD levels provide the greatest contribution to the
cellular activity of SIR2, but nicotinamide has a more
dramatic effect in the presence of smaller fluctuations in
concentration (Schmidt et al., 2004).

In this study, we cloned and characterized a new
gene encoding OsNaPRT1 (O. sativa NaPRTase 1),
designated Leaf Tip Senescence 1 (LTS1), in rice. A mu-
tation in LTS1 resulted in dwarfism and withered leaf
tips. We describe the characterization of the physio-
logical function of OsNaPRT1 in rice and how this
protein dominates other intermediates and genes in the
NAD salvage pathway.

RESULTS

The lts1 Mutant Exhibits Dwarfism and Withered
Leaf Tips

The Its1 mutant, with dwarf stems and withered leaf
tips, was isolated from a mutant population of japonica
rice variety Nipponbare. Each internode of ItsI was
almost uniformly shortened, resulting in an elongation
pattern similar to that of the wild type. However, the
leaves and grains of Ifs1 were smaller than those of the
wild type (Fig. 1, A-D).

Leaf lesions of Its1 appeared at 4 weeks post-
germination under natural field conditions (25-35°C).
Initially, a few yellow spots emerged at the tip of each
leaf approximately 30 d postgermination. As the
plants grew, the spotted areas withered at the tillering
stage (50 d postgermination), and the leaves shriv-
eled in the area of senescence progressively over time
(Fig. 1E).

Transmission electron microscopy (TEM) analysis
revealed that numerous starch grains accumulated in
mesophyll cells in the spotted leaf area of Its1, whereas
few were detected in the wild type. This observation
suggests that starch degradation is reduced in the mu-
tant compared to the wild type. Additionally, the
number of osmiophilic globules was obviously elevated
in the spotted leaf area of Ifs1, representing a charac-
teristic of ongoing cell senescence (Fig. 1F).

LTS1 Encodes a NaPRTase

To isolate LTS1, we crossed the Its1 mutant with indica
cultivar Taichung Native 1 to generate a segregation
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Figure 1. Phenotypic characteristics of the wild type and ts7. A, Wild-
type and [ts1 plants at the tillering stage. Inset shows a magnified view of
a leaf tip of /ts1. B, Wild-type and ItsT leaves at the tillering stage. C,
Wild-type and ltsT grains (top); wild-type and /ts7 brown rice (bottom).
D, Wild-type and ItsT stems. E, Kinetic phenotypes of wild-type and /tsT
leaves. Insets show magnified views of leaf tip in ts7: a to d, at 30, 50,
70, and 90 d postgermination, respectively. F, TEM analysis of cells
close to leaf tips of the wild type and /tsT at the tillering stage. SG, starch
grain; OG, osmiophilic globule. Bars=10cminAand B and2 mminC.

population for gene mapping. The F1 plants from the
cross were normal, and segregation occurred in the F2
generation. Among the F2 individuals, 556 showed the
wild-type phenotype and 177 showed the mutant
phenotype. This result is in accordance with a segre-
gation ratio of 3:1 (y* = 0.28 < x* 0.05 = 3.84), indicating
that the phenotype shown by Its1 is caused by a single
recessive mutation.

The LTSI locus was roughly mapped on chromo-
some 3. Subsequent fine mapping delimited the LTSI
locus to a 46-kb region between markers P4 and P5 (Fig.
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2A). DNA sequencing analysis of the entire region in
Its1 revealed a single C-to-T nucleotide substitution in
the first exon of LOC_0s03¢62110 (MSU Rice Genome
Annotation Project; http:/ /rice.plantbiology.msu.edu/).
This point mutation resulted in a Pro-to-Leu substitution
at the 21th residue, causing the expression of the gene at
the transcriptional level to decline by ~40% in fully ex-
panded leaves of Its1 compared to the wild type (Fig. 2, B
and D).

To investigate the linkage of the ItsI mutation and
LOC_0Os03¢62110, we transformed the mutant with a
genomic fragment encompassing the wild-type gene in-
cluding its native promoter. Forty-three T,-independent
transformants were obtained, all of which resembled
the wild type (Fig. 2C; Supplemental Fig. S2). None of
the progeny plants (T1 and T2) containing the transgene
exhibited the dwarfism or withered leaf tip phenotypes,
and the expression of LTSI in these transgenic plants
was approximately 2-fold higher than that of the wild
type (Fig. 2D).

We then performed western-blot analysis using
specific antibodies against LTS1. The expression of
LTS1 was obviously reduced in Its1 but returned to
normal wild-type levels in the complementation and
overexpression lines (Fig. 2E). These results confirm
that LTS1 is LOC_Os03g62110, whose repression causes
premature leaf senescence in [ts1.

The open reading frame of LTS1 is predicted to encode
a protein of 560 amino acids that is a rice NaPRTase
(OsNaPRT). To confirm that NaPRTase activity is af-
fected by the mutation of LTSI, we measured the
NaPRTase activity in leaf tissues of wild-type, Ifs1,
complementation, and overexpression plants. The re-
sults show that NaPRTase activity was lower in Its1 than
in the other lines (Fig. 2F). We then measured the content
of NaMN, which is produced by the enzymatic reaction
involving NaPRTase, finding that Its1 had significantly
lower NaMN levels at 50 d postgermination compared
to the wild type (Fig. 2G).

Sequence analysis revealed the presence of two
copies of OsNaPRT in the rice genome (designated
OsNaPRT1/LTS1 and OsNaPRT2). Protein sequence
alignment showed that almost 95% of amino acids
are conserved in the two encoded proteins (data not
shown). Compared to homologous proteins from
other species (sorghum [Sorghum bicolor], maize [Zea
mays], barley [Hordeum wvulgare], turnip [Brassica
rapa], and Arabidopsis), almost 90% of amino acids
throughout the protein are conserved in OsNaPRT1,
as revealed by ClustalW alignment (Supplemental
Fig. S1).

Expression of OsNaPRT1 in Different Rice Tissues

Real-time PCR experiments revealed that OsNaPRT1
is widely expressed in different rice tissues. The highest
level of OsNaPRT1 transcript was detected in leaves,
followed by leaf sheaths and panicles; low levels of
OsNaPRT1 were detected in stems and roots. The same
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Figure 2. Molecular characteristics of LTST. A, A Marker

- T T o 3
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Fine mapping of LTS1. Markers used for mapping Chrur:::some s 33855 35105 35176 35222 35457
are indicated. Numbers in parentheses indicate Rec. ‘ 22) ® ) @ 18)
the number of recombinants. AC092557 and
AC104487 are accession numbers of BACs. B,
Schematic representation of LTST. Black rectan- BAC clone
gles represent exons. C, Complementation of /ts1 ARan2eaT
by genomic DNA of OsNaPRT1/LTS1. Bars = AC104487
10 cm. D, Quantitative RT-PCR analysis of OC 0s03g62100 LOC Os03g62120
OsNaPRT1/LTS1 expression levels in fully ex- Gene — 20O F Iy 050
panded leaves of wild-type, Its1, comple- L Loc‘&?;f;mw SERCREEREE
mentation, and overexpression lines at 80 d ATG TAG
postgermination. Data are the mean values. Error LTS1 gene r—.—-iﬂ--l—-—-I-I—I-‘- —
bars refer to sp of three biological repeats. E, 600bp
Western-blot analysis of OsNaPRT1 in fully ex- WT  ccg cgg g‘r(';a acg

panded leaves of wild-type, Its1, comple-
mentation, and overexpression lines at 80 d
postgermination. F, Enzyme activity of NaPRTase
in wild-type, lts7, complementation, and over-
expression lines determined in leaves of 50 d
postgermination. Data are the mean values. Error
bars refer to s of three biological repeats. FW,
fresh weight. G, Leaf contents of NaMN in 50-d-
old wild-type and lts7 plants. Data are the mean
values. Error bars refer to sp of three biological
repeats. **P = 0.01; Student’s t test.

Anti-OsNaPRT1

Anti- B-Actin

expression pattern was observed in I/ts1 and the wild
type (Fig. 3A). We then examined OsNaPRT1 expres-
sion in fully expanded leaves at different develop-
mental stages, finding that OsNaPRT1 transcript levels
exhibited similar reductions at 50 d postgermination
and later stages, when compared with those in the wild
type (Fig. 3B).

To detect the subcellular localization of OsNaPRT1,
the coding region of the cDNA was fused to an eGFP-
coding sequence under the control of two 355 promoters
for transient expression analysis in rice protoplasts.
The fusion protein was localized to the nucleus,
cytoplasm, and cell membrane. Similar results were
obtained from tobacco (Nicotiana benthamiana) leaf
epidermal cells that contained the same constructs

(Fig. 3C).

Down-Regulation of OsNaPRT1 Leads to Leaf Senescence

To investigate the role of OsNaPRT1 in leaf senes-
cence, we incubated young leaf tips of the wild
type and [ts1 in 3,3'-diaminobenzidine (DAB) and
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nitrotetrazolium blue chloride (NBT), revealing H,O,
production in numerous leaf tip cells in Its1 at 50 d
postgermination (Fig. 4A). We then measured the con-
centrations of senescence-related substances, including
H,0, and malondialdehyde (MDA), as well as catalase
(CAT) activity. The results showed that concentrations
of both H,0, and MDA were higher in /ts1 leaves than
in the wild-type leaves and the activity of CAT was
lower in the mutant (Fig. 4, B and C). Therefore, the
withered leaf tip phenotype in Its1 plants suggests
that down-regulation of OsNaPRT1 could initiate cell
senescence in rice.

To confirm that down-regulation of OsNaPRT1
induces cell death, leaf tissues of wild-type, Its1,
and complementation plants at 50 d postgermination
were subjected to a terminal deoxyribonucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL)
assay. The same leaf sections were simultaneously
stained with 4',6-diamino-phenylindole to reveal the
nuclei (blue) in each section. Few of the nuclei in leaf
sections of the wild-type and complementation plants
were TUNEL positive, whereas numerous nuclei in leaf
sections of Its1 were TUNEL positive (green; Fig. 4D).

Plant Physiol. Vol. 171, 2016
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These results indicate that down-regulation of OsNaPRT1
generally induces DNA damage and accelerates cell
senescence in [ts1leaf tissues.

Inhibition of OsSRTs Expression in Its1

Because NaPRTase is the rate-limiting enzyme in
the NAD salvage pathway, we investigated whether
down-regulation of OsNaPRT1 would affect the con-
tents of specific intermediates in this pathway. Mea-
surement of leaf tissue contents revealed that /fs1 had
significantly higher nicotinate and nicotinamide levels
but lower NAD levels at 40 d postgermination com-
pared to the wild type (Fig. 5A). Additionally, we ex-
amined the expression levels of three critical genes in
the salvage pathway, OsNIC and OsSRTs (OsSRT1 and
OsSRT2). These genes were obviously down-regulated
in Its1 compared to the wild type (Fig. 5B). These results
suggest that the mutant form of OsNaPRT1 disrupts the
NAD salvage pathway.

As nicotinate is the substrate of OsNaPRT1, it is un-
derstandable that the level of nicotinate increased
because of the weakening of OsNaPRT1 in Its1. There-
after, we measured nicotinate levels in leaf tissue,
finding that the complementation and overexpression
lines had lower nicotinate levels than Its1 (Fig. 6A). To
explore the effects of abnormal nicotinate levels in the
mutant on the intermediates and key genes in the NAD
salvage pathway, we germinated wild-type seedlings

Plant Physiol. Vol. 171, 2016

on half-strength Murashige and Skoog (MS) medium
for 10 d, followed by growth on medium containing
different concentrations of nicotinate for 1 week. The
results show that with increasing nicotinate concen-
tration, the expression of OsNIC gradually decreased
(Fig. 6D). The results indicated that higher concentra-
tions of nicotinate can inhibit the expression of OsNIC.
Additionally, as the concentration of nicotinate in-
creased, plants growth was inhibited, but no obvious
leaf senescence was observed except for the plants
grown under the maximum concentration of nicotinate
(Fig. 6, B and C). These results indicate that abundant
nicotinate can negatively regulate the height of plants
but does not have an obvious effect on senescence of
leaf in rice.

Afterward, we measured the content of nicotinamide in
the plants that were treated with different concentrations
of nicotinate, which revealed increasing nicotinamide
levels in response to treatment with increasing con-
centrations of nicotinate (Fig. 6E). Thus, the rise of
nicotinamide, the substrate of OsNIC, was likely due to
the repression of OsNIC expression by high concentra-
tions of nicotinate. In yeast and mammalian cells, high
concentrations of nicotinamide can inhibit SIR2 activity;
to test whether this is also the case in rice, we placed wild-
type seedlings in media with increasing concentrations of
nicotinamide and examined the levels of OsSRT expres-
sion a week later using real-time PCR. The results showed
that, with the increased nicotinamide concentration, the
level of OsSRTs decreased (Fig. 7C). The degree of leaf tip
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senescence became more severe with the elevation of
nicotinamide concentration but the height of plant wasn’t
impacted (Fig. 7, A and B). These results suggest that leaf
senescence in the mutant is caused by the accumulation of
nicotinamide and the down-regulated OsSRTs indirectly.
Furthermore, we measured the nicotinamide contents
in wild-type, ItsI, complementation, and overexpression
lines. The nicotinamide level was lower in complemen-
tation and overexpression lines than in the /ts1 mutant,
but the expression of OsSRTs was higher (Fig. 7, D and E).
All of these results indicated that the accumulation of
nicotinamide inhibits the expression of OsSRTs and leads
to senescence in rice leaves.

Activation of Senescence-Associated Genes Revealed by
Transcriptomic Analysis

To further characterize senescence in Its1, we inves-
tigated the expression of three established senescence
marker genes by quantitative real-time PCR. The
senescence-associated genes (SAGs) Osh36, Osl57, and
Osh69 were expressed at higher levels in fully expanded
leaves of the I/ts1 mutant than in those of the wild type
(Fig. 8A). This result indicates that the transcriptional
levels of the three SAGs were higher and the leaf se-
nescence process was significantly accelerated in Its1
compared to the wild type.

To investigate the effects of down-regulation of
OsNaPRT1 on gene expression, we performed a
genome-wide analysis of ItsI using an Affymetrix
whole-genome microarray. In total, 625 differentially
expressed genes (DEGs) were up-regulated and 256

1090

DEGs were down-regulated in Its1 compared to the
wild type (Supplemental Table S1). We conducted
functional classification of these DEGs using the bio-
logical process category of the Rice Gene Ontology. We
found that many of the DEGs are related to oxidation
reduction and transcriptional regulation (Supplemental
Table S1). This result suggests that the function of oxi-
dation reduction is disturbed in the mutant due to the
reduced transcription of OsNaPRT1.

Additionally, various DEGs were categorized to the
metabolism of proteins, carbohydrates, macromole-
cules, and amino acid derivatives, and a number of
genes involved in ion transport and transmembrane
transport were notably up- or down-regulated in Its1
(Supplemental Table S1). These results indicate that
the mutation of OsNaPRT1 contributes to the metab-
olism and remobilization of nutrients during the
senescence process. Importantly, according to the re-
sults of microarray analysis, some of the DEGs are
related to cell senescence (i.e. response to oxida-
tive stress, defense response, and cell death), includ-
ing more up-regulated than down-regulated genes
(Supplemental Tables S1 and S2). The results indicate
that the degree of leaf senescence is higher in /ts1 than
in the wild type, which is in agreement with the ex-
pression patterns of the three SAGs (Osh36, Osl57, and
Osh69).

Histone H3K9 Acetylation of SAGs in Ifs1

In light of the down-regulation of OsSRTs, we wan-
ted to investigate whether the H3K9 deacetylation
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activity of OsSRTs is reduced in Its1. Thus, we per-
formed western-blot analysis using antibodies raised
specifically against acetylated histone H3 and acety-
lated H3K9, using dimethylated H3K9 as a sup-
plement. The results show that total histone H3
acetylation was not significantly affected in /ts1 com-
pared to the wild type. However, acetylation of H3K9
was induced, while its dimethylation was clearly de-
creased in the mutant (Fig. 8B), suggesting that the
ability of OsSRTs to deacetylate H3K9 is impaired in the
mutant.

OsNaPRT1 Leads to the Withered Leaf Tips in Rice

Figure 5. Leaf contents of intermediates and
expression levels of key genes in the salvage
pathway. A, Leaf contents of nicotinate (Na),
nicotinamide (Nam), and NAD in 40-d-old
wild-type and lts7 plants. Data are the mean
values. Error bars refer to sb of three biological
repeats. **P = 0.01; Student’s t test. FW, fresh
weight. B, Leaf expressional levels of OsNIC,
OsSRT1, and OsSRT2 in lts1 plants at 30, 50,
and 70 d postgermination. The corresponding
transcription levels of genes in the wild-type
plants were set at 1.0. Data are the mean
values. Error bars refer to sp of three biological
1 repeats.

WT Its1

OsSRT2

30

50 70 (days)

To determine whether the activation of senescence-
associated genes in the mutant is due to increased
H3KO9 acetylation via down-regulation of OsSRTs, we
performed chromatin immunoprecipitation (ChIP)
assays. Chromatin fragments were isolated from
3-week-old leaves of wild-type and Its1 plants and
immunoprecipitated with antibodies against acety-
lated histone H3 or acetylated H3K9. We analyzed
precipitated chromatin DNA by real-time PCR to test
for enrichment relative to nonprecipitated (input) ge-
nomic DNA. H3K9 acetylation was clearly induced in

Figure 6. Inhibition of seedling growth and
expression of OsNIC in wild-type plants grown
on nicotinate. A, Leaf contents of nicotinate in
40-d-old wild-type, lts1, complementation,
and overexpression lines plants. Data are the
mean values. Error bars refer to so of three bi-
ological repeats. **P = 0.01; Student’s t test.
FW, fresh weight. B and C, Ten-day-old seed-
lings of wild-type plants were transferred from
half-strength MS medium to medium supple-
mented with different concentrations of nico-
tinate and grown for an additional 7 d (the
concentration of nicotinate for the seedling
was 0, 1, 5, 10, and 15 mm from left to right).
Close-up of the leaf of the seedling grown on
15 mm nicotinate is shown in C. Bar=5cm. D,
The expression of OsNIC in the leaves of
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seedlings treated with different concentrations
of nicotinate. Data are the mean values. Error
bars refer to sp of three biological repeats. E,
The contents of nicotinamide in the leaves of
seedling treated with different concentrations
of nicotinate. Data are the mean values. Error
bars refer to sp of three biological repeats. FW,
fresh weight.
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Figure 7. Phenotype of leaf tip and expression of OsSRTs in wild-type plants grown on nicotinamide. A and B, Ten-day-old
seedlings of wild-type plants were transferred from half-strength MS medium to medium supplemented with different concen-
trations of nicotinamide and grown for an additional 7 d (the concentration of nicotinamide for the seedling was 0, 1, 5, 10, and
15 mm from left to right). Close-up of the senescent leaf tips of the seedling indicated by the white arrowheads is shown in order in
B. Bar =5 cm. C, The expression of OsSRTs in the leaves of seedling treated with different concentrations of nicotinamide. Data
are the mean values. Error bars refer to sp of three biological repeats. D, Leaf contents of nicotinamide in 40-d-old wild-type, Its1,
complementation, and overexpression lines plants. Data are the mean values. Error bars refer to sp of three biological repeats. **P =
0.01; Student’s t test. FW, fresh weight. E, Leaf expressional levels of OsSRTs in wild-type, lts1, complementation, and over-
expression lines at 40 d postgermination. Data are the mean values. Error bars refer to sp of three biological repeats.

the selected senescence-related genes of Its1 (Fig. 9),
which is in agreement with the expression data from
Affymetrix whole-genome microarray analysis. These
results suggest that down-regulation of OsSRTs leads
to up-regulated expression of SAGs in Ifs1.

DISCUSSION

Mutant OsNaPRT1 Disturbs the NAD Salvage Pathway
and Leads to Multiple Abnormal Phenotypes in Rice

Many organisms, including plants, have evolved an
NAD salvage pathway that reuses nicotinamide re-
leased from NAD to maintain NAD(P)(H) balance
(Ashihara et al., 2005). Previous studies have investi-
gated the biological significance of some genes associ-
ated with NAD(P)(H) biosynthesis in plants, including
NMNAT, AtNIC1, NADK2, and so on (Hashida et al.,
2007, 2009; Wang and Pichersky, 2007). Here, we
demonstrate that a mutation in OsNaPRT1, which en-
codes a NaPRTase capable of converting nicotinate to
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NaMN in the salvage pathway of NAD biosynthesis,
accelerates the progress of leaf senescence in rice.
Sequence analysis revealed the presence of two genes
encoding NaPRTase in the rice genome, i.e. OsNaPRT1
(LOC_0Os03¢62110) and OsNaPRT2 (LOC_0Os04¢35060).
Protein sequence alignment showed that amino acids
are highly conserved in OsNaPRT1. Similar results
were obtained from the alignment of homologs in
sorghum, maize, barley, turnip, and Arabidopsis
(Supplemental Fig. S1). Relative RNA expression
analysis demonstrated that the expression level of
OsNaPRT1 was reduced by approximately one-third in
Its1 compared to the wild type, while the level of
OsNaPRT1 protein was even more reduced (Fig. 2, D
and E; Supplemental Fig. S1). Meanwhile, the expres-
sion of OsNaPRT2 exhibited no obvious difference
between Its1 and the wild type (data not shown).
Compared to the wild type, the abnormal phenotypes
of dwarf stems and withered leaf tips in the /fs1 mutant
are only due to the change of a single conserved amino
acid at the beginning of the OsNaPRT1 sequence. These
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results suggest that OsNaPRT1 plays an indispensable
role in the development of rice plants.

TEM observation, histochemical analysis, TUNEL
assays, and senescence marker gene expression analysis
showed that cell senescence was induced in lfs1, result-
ing in withered leaf tips (Fig. 1F, 4, and 8A). Moreover,
Its1 showed multiple phenotypes different from those of
the wild type, such as dwarf stems and small grains (Fig.
1, C and D). We hypothesize that the deficiency of
OsNaPRT1 leads to a disturbance of the NAD salvage
pathway in leaf tissues of Its1 and affects redox reactions
in vivo leading to pleiotropic phenotypes.

Subsequent assays of intermediates and examination
of the expression of pivotal genes in the NAD salvage
pathway demonstrated that these parameters are sig-
nificantly altered in Its1 compared to the wild type (Fig.
5A). Furthermore, microarray analysis showed that a
number of DEGs encoding oxidation-reduction pro-
teins were up- or down-regulated in Its1 (Supple-
mental Table S1). These results suggest that numerous
oxidation-reduction reactions are indeed altered in the
mutant due to the deficient NAD salvage pathway.
Considering the important contribution of this path-
way to metabolism, the decrease in NAD levels should
alter metabolic processes. The up- and down-regulation
of numerous genes involved in various metabolic pro-
cesses confirms that the metabolism in Its1 is disturbed.
These disorders in redox reactions and metabolism are
likely the main reasons for the abnormal phenotypes of
this mutant.

Our TEM data show that abundant starch grains
accumulated in mesophyll cells of Its1 (Fig. 1F), indi-
cating that the carbohydrate metabolic process is
blocked in this mutant. Since carbohydrates are the

Anti-aceH3K9
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Figure 8. Expression of three SAGs in
Its1 and acetylation and dimethylation
of total H3K9 in [ts7. A, Relative
transcript levels of Osh36, Osl57, and
Osh69 in wild-type plants were set at
1.0. Data are the mean values. Error
bars refer to sp of three biological re-
peats. **P = 0.01; Student’s t test.
B, Western-blot analysis of histone
extracted from wild-type, ftsT, com-
plementation, and overexpression
lines with antibodies against acety-
lated histone H3, acetylated H3K9,
and dimethylated H3K9.
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major source of energy for the plant, a carbohydrate
deficiency would inevitably affect plant development.
Consequently, a lack of essential nutrients is likely one
of the reasons for the multiple defective phenotypes of
Its1 compared to the wild type.

OsNaPRT1 Deficiency Initiates Leaf Cell Senescence by
Altering Nicotinamide Contents

Nicotinamide is thought to function as an initial
signal in the defensive response to DNA strand break-
age caused by oxidative stress and/or specific chemi-
cals (Berglund et al., 1996). In this study, histochemical
staining showed that H,O, production in leaf cells oc-
curred at higher level in the /ts1 mutant than in the wild
type. H,O, production is an indicator of hypersensitive
senescence in plant cells during incompatible plant-
pathogen interactions (Brodersen et al.,, 2002). The
TUNEL-positive signals detected in nuclei indicate that
DNA fragmentation generally occurred in leaf cells of
Its1 (Fig. 4). Microarray analysis also showed that many
more genes involved in the response to oxidative stress
and defense were up-regulated than down-regulated
(Supplemental Table S1).

Additionally, nicotinamide promotes apoptosis in
mammalian cells by inhibiting the SIR2 homolog
SIRT1 (Luo et al., 2001; Vaziri et al., 2001; Bitterman
et al., 2002). Evidence indicates that depleting the in-
tracellular inhibitor nicotinamide is sufficient to acti-
vate SIR2, which is the mechanism by which PNC1
regulates longevity in yeast (Bitterman et al., 2002).
Moreover, PNC1 levels are elevated under every
condition known to extend the life span of cells, and
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these cells have increased rates of nicotinamide hy-
drolysis (Anderson et al., 2003). Because leaf cell se-
nescence is similar to apoptosis in mammalian cells,
we speculate that the accumulation of nicotinamide is
another key factor that contributes to the initiation of
cell senescence in rice.

The levels of two important intermediates in the
NAD salvage pathway, i.e. nicotinate and nicotinamide,
obviously increased in /ts1 leaves (Fig. 5A). However, it
was unclear whether the accumulation of nicotinamide
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aceH3K9 mock

causes leaf cell senescence. Feeding experiments using
different concentrations of nicotinate and nicotinamide
showed that nicotinamide indeed plays a role in leaf cell
senescence, but nicotinate mainly influences the height
of rice plants. The detailed mechanism underlying
how nicotinate regulates plant height in rice requires
further study.

As the key enzyme contacts nicotinate with nicotin-
amide, the nicotinamidase in Arabidopsis has been
designated AtNIC1 as the homolog of PNC1 (Wang
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and Pichersky, 2007). The level of OsNIC can be con-
trolled by excessive nicotinate via feedback regulation.
The content of the substrate nicotinamide increases
because OsNIC is repressed by the redundant amount
of nicotinate. Therefore, high concentrations of nico-
tinate can also cause the leaf cell senescence. Thus, our
findings suggest that mutant OsNaPRT1 in /ts1 affects
nicotinamide content in the leaves, thereby indirectly
accelerating leaf cell senescence. We also aimed to dis-
cover the crucial downstream factors causing cell se-
nescence in [ts1.

Repressed Expression of OsSRTs Activates Senescence-
Related Genes

SIR2 belongs to the NAD salvage pathway and plays
arole in converting NAD to nicotinamide. Rice contains
two SIR2-related genes of different classes, i.e. OsSRT1
(LOC_0Os04g20270) and OsSRT2 (LOC_0Os12g07950)
(Pandey et al., 2002). In this study, the down-regulation
of the salvage pathway led to increased nicotinamide
levels and reduced total NAD levels. According to
previous reports, nicotinamide and NAD have a strong
impact on SIR2 activity in yeast and mammals: The
latter plays a positive role, whereas the former plays a
negative role (Schmidt et al., 2004). In this study, real-
time PCR revealed that the expression levels of OsSRT1
and OsSRT2 were reduced in the /ts1 mutant (Fig. 5B).
To demonstrate that nicotinamide negatively regulates
the expression of OsSRTs in rice, we treated plants with
various concentrations of nicotinamide. We also mon-
itored the expression of OsSRTs in response to different
concentrations of nicotinate treatment because the nic-
otinamide contents also increased in response to in-
creasing nicotinate levels. We found that excessive
nicotinamide levels inhibited the expression of OsSRTs
in a dose-dependent manner. By measuring the content
of nicotinamide and detecting the level of OsSRTs in
wild-type, Its1, complementation, and overexpression
lines, we confirmed that it is effectively to promote
the expression of OsSRTs with reduced amount of
nicotinamide.

As OsSRT1 has been reported to be mainly involved
in histone H3K9 deacetylation in rice (Huang et al.,
2007), we investigated whether this activity is im-
paired in Ilts1. Molecular analysis showed that H3K9
acetylation increased while H3K9 dimethylation
decreased in Its1 (Fig. 8B). Since H3K9 acetyla-
tion is associated with active chromatin (Carrozza
et al., 2003), we examined the expression of selected
senescence-related genes using microarray analysis.
The senescence-related genes were up-regulated in /51
(Supplemental Tables S1 and S2), indicating that the
down-regulation of OsSRTs affects H3K9 deacetyla-
tion and senescence-related gene expression in rice.
ChIP assays revealed a clear increase in H3K9 acety-
lation of the tested senescence-related genes in Ifs1
(Fig. 9), which is in agreement with the transcriptional
activation of these genes. These results provide strong

Plant Physiol. Vol. 171, 2016

OsNaPRT1 Leads to the Withered Leaf Tips in Rice

evidence that the up-regulation of senescence-related
genes is a consequence of the down-regulation of
OsSRTs.

Acetylation of p53 induced by DNA damage leads
toits activation and either growth arrest or cell death
in mammalian cells (Vaziri et al., 2001; Chowdhury
et al., 2006). SIR2 protein binds and deacetylates p53
via a specific modification, which has been impli-
cated in the activation of p53 as a transcription
factor (Vaziri et al.,, 2001). In this study, OsSRTs
functioned in a similar manner to SIR2, while the
behavior of senescence-related plant genes was
analogous to that of p53. In conclusion, we used Its1
to demonstrate the role of OsNaPRT1 in cell senes-
cence in rice. We found that deficient OsNaPRT1
triggers the accumulation of nicotinamide and thus
represses the expression of OsSRTs. Meanwhile, de-
ficient OsNaPRT1 is associated with a decrease in
NAD levels. As an NAD-dependent deacetylase,
decreased NAD would result in a lower deacetylation
ability of OsSRTs. This leads to increased H3K9 acety-
lation and transcriptional activation of senescence-
related genes, thereby initiating the onset of leaf
senescence (Fig. 10).

De novo pathway

Salvage pathway Asp

l H3K9 deacetylation

Senescence Related Genes

¥

The Senescence Syndrome

Figure 10. Proposed model for the function of OsNaPRT1 in leaf se-
nescence in rice. Na, nicotinate; Nam, nicotinamide; OsNIC, O. sativa
nicotinamidase; OsSRTs, O. sativa sirtuins (NAD-dependent protein
deacetylases). The red marks show changes in the salvage pathway in
Its1.
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MATERIALS AND METHODS
Plant Materials and Culture Conditions

The Its] mutant was isolated from japonica rice (Oryza sativa) variety
Nipponbare by mutagenesis with ethyl methanesulfonate (Sigma-Aldrich).
Mutant plants were grown in the paddy field of the China National Rice Re-
search Institute in Hangzhou from May to October of each year to observe the
development of withered leaf tips and other phenotypes. To determine the fine
expression pattern of OsNaPRT1, various organs of wild-type and mutant
plants were collected starting from the heading stage. For kinetic analysis of
OsNaPRT1 expression, flag leaves of wild-type and mutant plants were har-
vested every 10 d postgermination. All experiments were repeated three times
independently.

Gene Cloning and Complementation

In total, ~1,800 F2 mutant plants were generated from the cross of Its1 with
indica rice variety Taichung Native 1 for map-based cloning. LTSI was ulti-
mately mapped to a 46-kb region on chromosome 3. The predicted LTSI locus
was PCR amplified and sequenced to detect the mutation. The DNA fragment
encompassed a wild-type copy of OsNaPRT1/LTS1 under the control of its
own promoter. The vector pCambial300 was used to produce the plasmid
1300-OsNaPRT1, which was then introduced into /fs1 mutant plants by Agro-
bacterium tumefaciens-mediated transformation for genetic complementation.
Forty-three Tj-independent transformants restored to the wild-type pheno-
types were generated. For the OsNaPRT1 overexpression construct, a 1,683-bp
fragment of full-length cDNA was amplified by PCR from the cDNA library
of Nipponbare and inserted into the overexpression vector pCambial300S
(pCambial300 containing the 35S promoter). The resulting plasmid (35S-
OsNaPRT1) was transformed into japonica cultivar Nipponbare to generate
17 Ty-independent OsNaPRT1 overexpression plants. The primer sequences
used in this study are listed in Supplemental Table S3.

Gene Expression Analysis

Total RNA was extracted from leaves and various organs of plants using
TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. The
extracted RNA was reverse transcribed using a ReverTra Ace quantitative PCR
RT Master Mix Kit with gDNA remover (Toyobo). Quantitative real-time PCR
experiments were performed using a Power SYBR Green PCR Master Mix kit
(Applied Biosystems). The rice Actinl gene was used as an internal control.
Considering that OsNaPRT?2 is highly similar to OsNaPRT1, sequences specific
to OsNaPRT1 were chosen for the real-time PCR experiments to avoid ampli-
fying OsNaPRT2. Primer sequences can be found in Supplemental Table S3.
Values are the means * sp of three biological repeats. The Student’s ¢ test was
used for statistical analysis.

Transmission Electron Microscopy

Tissue sections close to the withered leaf tips of Its1 and sections from the
same region in Nipponbare were selected at the tillering stage. The sections
were cut into 0.5- to 1-cm segments, immediately placed in precooled 2.5%
glutaraldehyde in phosphate buffer (0.1 M, pH 7.0), and fixed for at least 4 h.
After three washes with phosphate buffer (0.1 M, pH 7.0), the fixed segments
were treated overnight with 1% OsO,. Then the segments were processed as
previously described (Li et al., 2011), embedded in paraffin wax, mounted, and
observed under an H-7650 transmission electron microscope (Hitachi).

Western-Blot Analysis

Total protein extraction from leaf tissue was performed as previously de-
scribed (Rubio et al., 2005). Two to three leaves were ground into powder in
liquid nitrogen and transferred into a 1.5-mL centrifuge tube. One-half to one
milliliter of plant extraction buffer (50 mm Tris-HCI, pH 7.5, 150 mm NaCl, 0.5%
NP-40, and 1 mm PMSF) was added into the tube. The leaf tissue was grinded at
once and the extract was centrifuged at 12,000 rpm for 5 min. The supernatant
fraction was transferred into a new vial.

Histone protein extraction from leaf tissue was performed according to Tariq
et al. (2003). Three to five leaves were ground into powder in liquid nitrogen
and transferred into a 1.5-mL centrifuge tube. One-half to one milliliter of HE
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buffer (10 mm Tris-HCl, pH 7.5, 2 mm EDTA, 0.25 M HCI, 5 mm DTT, and 0.2 mm
PMSF) was added into the tube. The leaf tissue was immediately disaggregated
and the extract was centrifuged at 12,000 rpm for 10 min. The supernatant
fraction was transferred into a new vial.

Trichloroacetic acid was added to the vial to a concentration of 25% and the
mixture was centrifuged at 15,000 rpm for 30 min. After being washed with
acetone and dried, the leaf protein was resuspended in Laemmli sample buffer
(62.5 mm Tris-HCI, pH 6.8, 2% SDS, 25% glycerol, 0.01% bromophenol blue, and
10% B-mercaptoethanol). Total protein was separated by 12% SDS-PAGE and
histone protein was separated by 15% SDS-PAGE. The following steps were
performed according to a previous report (Huang et al., 2007).

NaPRTase Activity Assay

Enzyme extracts were prepared from frozen leaf tissue and all extraction
procedures were performed at 4°C. The assay was performed by following the
conversion of nicotinate to nicotinate mononucleotide. The reaction mixture
contained 0.15 mwm nicotinate, 1.5 mm 5-phosphoribosyl-1-pyrophosphate,
45 mm ATP, 50 mm potassium phosphate, 50 mm Tris-HCl, pH 7.8, and
15 mm MgCl,. Appropriate concentration of samples were added to 120 uL of
reaction mixture and incubated at room temperature (30°C) for 5 min. One unit
of enzyme activity is defined as the number of nanomoles of product formed
per minute. Specific activity is expressed as unit/gram of fresh leaves. The
detailed experimental procedure was described by Wubbolts et al. (1990).

TUNEL Assays

The TUNEL assays were performed using a Fluorescein In Situ Cell Death
Detection Kit (Roche) following the manufacturer’s instructions. The methods
used for sectioning and fluorescence labeling were described elsewhere (Huang
et al., 2007).

Histochemical Analysis, H,O, and MDA Determination,
and Detection of CAT Activity

The DAB assay was carried out according to a previous study (Thordal-
Christensen et al., 1997). Young leaves of 50-d-old plants were placed in DAB
dissolved in 10 mm PBS (1 mg/mL) for 8 h. The leaves were then boiled in 80%
ethanol for 10 min and stored in 100% ethanol. The NBT solution was prepared
following the same procedure used for DAB, except that the concentration was
0.5mg/mL. Leaves were transferred into the NBT solution for 3 h, boiled in 80%
ethanol for 10 min, and stored in 100% ethanol. The H,0O, and MDA contents
and CAT activity were determined as described by Moradi and Ismail (2007).

Metabolite Determination

Leaves of a specific age were collected and ground in liquid nitrogen. The
homogenate was immediately added to the appropriate extraction buffer. The
relative levels of metabolites were determined using an API 4000 system (Ap-
plied Biosystems). Data analysis was performed as described previously
(Schippers et al., 2008). Values are means * sp of three biological repeats. The
Student’s t test was used for statistical analysis.

Microarray Hybridization and Data Analysis

RNA samples from fully expanded flag leaves of wild-type and ItsI plants
were used for microarray hybridization in CapitalBio Corporation. Probe la-
beling and chip hybridization were carried out according to a standard protocol
through the Affymetrix custom service. To compare the samples for each set of
experiments, normalization was performed following the standard Affymetrix
protocol. DEGs in wild-type and ItsI plants were classified functionally using
the biological process category of Rice Gene Ontology (www.geneontology.
com/). Three independent biological replicates were conducted for wild-type
and Its1 plants. DEGs with log, ratios = 1.00 or = —1.00 were analyzed.

ChIP Assays

ChIP assays were performed using 3-week-old leaves of wild-type and Its1
plants (Benhamed et al., 2006). The antibodies for histone acetylation tests were
purchased from Upstate Biotech. Inmunoprecipitated DNA was analyzed by
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real-time PCR using a 7500 Fast Real-PCR System (Applied Biosystems).
Fragments (2,000 bp) of sequences upstream of ATG were chosen as the pro-
moter regions for primers design. All primers amplified 80- to 120-bp products
and were annealed at 58°C. Three independent biological repeats were per-
formed. The primer sequences are listed in Supplemental Table S3.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under the following accession numbers: OsNaPRT1 (Os03g0837300),
OsNaPRT?2 (Os04g0429800), OsSRT1 (Os04g0271000), OsSRT2 (Os12g0179800),
OsNIC (0s02g0606800), Osh36 (Os05g0475400), Osl57 (Os02g0817700), and
Osh69 (0s08g0495800).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Protein sequence alignment of OsNaPRT1 and
homologs.

Supplemental Figure S2. The phenotypes of wild type, complementation,
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