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Leaf senescence represents the final stage of leaf 
development, which is an important part of a decid-
uous plant’s life cycle. The process is genetically pro-
grammed and involves a series of orderly changes that 

lead to degradation of macromolecules (e.g. proteins) 
and the mobilization of nutrients to actively growing 
organs such as young leaves, developing seeds, and 
fruits. The timing of leaf senescence is a major deter-
minant of crop yield and quality. If senescence occurs 
early (i.e. premature senescence), the plant’s overall 
capacity to assimilate CO2 can be reduced (Wingler  
et al., 2006). Conversely, if senescence is late, then  
senescence-dependent nutrient recycling is inhibited 
(Himelblau and Amasino, 2001), which is important 
for reproductive success. Thus, plasticity in the timing 
of leaf senescence and the delicate balance between 
the onset and extent of leaf senescence are essential for 
ecological success and crop yield.

Leaves undergo massive changes in gene expression 
throughout senescence (Buchanan-Wollaston et al.,  
2005; Balazadeh et al., 2008; Breeze et al., 2011). These 
expression changes are precisely altered to produce a 
genomic expression program that is customized for 
the timing, progression, and/or magnitude of leaf 
senescence in response to different environmental con-
ditions. Therefore, fine-tuning the expression of senes-
cence-related transcriptional regulators is a powerful 
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Leaf senescence is an essential physiological process in plants that supports the recycling of nitrogen and other nutrients to sup-
port the growth of developing organs, including young leaves, seeds, and fruits. Thus, the regulation of senescence is crucial for 
evolutionary success in wild populations and for increasing yield in crops. Here, we describe the influence of a NAC transcrip-
tion factor, SlNAP2 (Solanum lycopersicum NAC-like, activated by Apetala3/Pistillata), that controls both leaf senescence and 
fruit yield in tomato (S. lycopersicum). SlNAP2 expression increases during age-dependent and dark-induced leaf senescence. 
We demonstrate that SlNAP2 activates SlSAG113 (S. lycopersicum SENESCENCE-ASSOCIATED GENE113), a homolog of Arabi-
dopsis (Arabidopsis thaliana) SAG113, chlorophyll degradation genes such as SlSGR1 (S. lycopersicum senescence-inducible chlo-
roplast stay-green protein 1) and SlPAO (S. lycopersicum pheide a oxygenase), and other downstream targets by directly binding 
to their promoters, thereby promoting leaf senescence. Furthermore, SlNAP2 directly controls the expression of genes important 
for abscisic acid (ABA) biosynthesis, S. lycopersicum 9-cis-epoxycarotenoid dioxygenase 1 (SlNCED1); transport, S. lycopersicum 
ABC transporter G family member 40 (SlABCG40); and degradation, S. lycopersicum ABA 8′-hydroxylase (SlCYP707A2), indi-
cating that SlNAP2 has a complex role in establishing ABA homeostasis during leaf senescence. Inhibiting SlNAP2 expression 
in transgenic tomato plants impedes leaf senescence but enhances fruit yield and sugar content likely due to prolonged leaf 
photosynthesis in aging tomato plants. Our data indicate that SlNAP2 has a central role in controlling leaf senescence and fruit 
yield in tomato.
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strategy to manipulate senescence for agronomic pur-
poses, including increased biomass and improved crop 
yield and production traits.

In the last decade, senescence regulatory transcrip-
tion factors, particularly those from the NAC family, 
have been identified. NAC proteins (NAM, ATAF1/2, 
and CUC2) represent one of the largest plant-specific 
transcription factor (TF) families with 117 members in 
Arabidopsis (Arabidopsis thaliana), 151 in rice (Oryza  
sativa), and 101 in tomato (Solanum lycopersicum; Ooka 
et al., 2003; Nuruzzaman et al., 2010; Tweneboah and 

Oh, 2017). NAC proteins harbor a highly conserved 
N-terminal domain that serves as a DNA binding do-
main and a variable C-terminal domain that is essen-
tial for transcriptional regulation. Several members of 
the NAC TF family have been reported to be function-
ally involved in the regulation of leaf senescence in 
Arabidopsis and other plant species including wheat 
(Triticum aestivum; Uauy et al., 2006; Zhao et al., 2015), 
cotton (Gossypium hirsutum; Fan et al., 2015), and rice 
(Zhou et al., 2013; Mao et al., 2017). For example, Ara-
bidopsis AtNAP (ANAC029; Guo and Gan, 2006) and 

Figure 1. SlNAP1 and SlNAP2 are up-regulated during leaf senescence. A, Protein sequence alignment of AtNAP, SlNAP1, 
and SlNAP2. Amino acids identical in all three proteins are highlighted with a black background, while conservative substi-
tutions are shown with a gray background. Asterisks indicate the stop codons. B, Phylogenetic analysis of NAC proteins. The 
phylogenetic tree was constructed by MEGA 5.05 software using the neighbor-joining method with the following parameters: 
bootstrap analysis of 1,000 replicates, Poisson model, and pairwise deletion. SlNAP1, SlNAP2, NAC-NOR, and SlNAC3 are 
senescence-induced tomato TFs of the NAP family, while all other TFs are from Arabidopsis. Gene codes are as follows: ATAF1, 
At1g01720; ATAF2, At5g08790; AtNAC2, At5g39610; AtNAM, At1g52880; AtNAP, At1g69490; CUC2, At5g53950; NAC-NOR, 
Solyc10g006880; SlNAP1, Solyc05g007770; SlNAP2, Solyc04g005610; and SlNAC3, Solyc07g063420. The numbers at the 
nodes indicate the bootstrap values. The bar at the bottom indicates the relative divergence of the sequences examined. C, 
The left panel shows representative images of S. lycopersicum cv Moneymaker leaves at different developmental stages: young 
leaves (YL), mature leaves (ML), senescent leaves (SL), and late senescent leaves (LS). The right panel denotes the expression 
levels of SlNAP1 and SlNAP2 in such leaves, determined by RT-qPCR. The y axis indicates expression level (40-dCt). Values are 
expressed as the difference between an arbitrary value of 40 and dCt, so that high 40-dCt values indicate high gene expression 
levels. Data are means of three biological replicates ± sd. Asterisks indicate significant difference from young leaves (Student’s 
t test; **P ≤ 0.01).
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ORE1 (ANAC092; Kim et al., 2009; Balazadeh et al., 
2010) have been identified as central positive regulators  
of leaf senescence. The microRNA miR164 sup-
presses accumulation of ORE1 transcripts in young  
leaves, whereas the transcription factor ETHYLENE- 
INSENSITIVE3 negatively regulates miR164 expression 
in an age-dependent manner resulting in decreased 
expression of miR164 and an increased expression of 
ORE1 in aging leaves (Kim et al., 2009). It has been 
demonstrated that ORE1 controls a complex regulatory 

circuitry that involves direct transcriptional activation 
of several genes involved in chlorophyll catabolism, 
ethylene biosynthesis, and senescence activation. Ad-
ditionally, the ORE1 protein physically interacts with 
the chloroplast maintenance G2-like transcription fac-
tors GLK1 and GLK2, which hinders their transcrip-
tional activity and contributes to the progression of 
leaf senescence (Rauf et al., 2013; Lira et al., 2017).

The NAC factor AtNAP has been reported to integrate 
abscisic acid (ABA) signaling and leaf senescence in 

Figure 2. Overexpression of SlNAP2 leads to early developmental leaf senescence. A, Phenotype of wild-type, OX-L2, and OX-
L10 plants. Upper panel, 12-week-old plants; lower panel, phenotypes of the third true leaf of 10-week-old plants (leaves were 
individually photographed and compiled for comparison). B, Ratio of yellow to all leaves in 12-week-old wild-type, OX-L2, 
and OX-L10 plants. Leaves were counted as yellow if chlorophyll content had declined by more than 50% compared to those 
leaves in 8-week-old plants. Data are means ± sd (n = 5). C, Chlorophyll loss of the third true leaf (counted from the bottom of 
the stem) of wild-type, OX-L2, and OX-L10 plants 8, 10, 12, and 14 weeks after sowing (8W–14W). Chlorophyll content was 
measured using a SPAD analyzer and compared to the content in each genotype at time point 8W (set to 1). Data are means ± 
sd of three biological replicates. Significant difference from the wild type is denoted by one asterisk (Student’s t test; P ≤ 0.05) 
or two asterisks (P ≤ 0.01). Red asterisks indicate a significant difference between OX-L2 and the wild type, and blue asterisks 
indicate a significant difference between OX-L10 and the wild type. D, Expression of senescence marker genes (SlSAG12,  
SlSAG113, and SlSGR1) in lower positioned leaves of 12-week-old wild-type, OX-L2, and OX-L10 plants, analyzed by RT-qPCR. 
Data are means ± sd of three biological replicates. E, Expression of senescence marker genes in SlNAP2-IOE plants after 6-h 
ESTR induction of SlNAP2 expression, compared to expression in mock-treated plants. Data are means ± sd of three biological 
replicates. Values on the y axes in D and E represent the difference between an arbitrary value of 40 and dCt, so that high 40-dCt 
values indicate high gene expression level. Asterisks in B, D, and E indicate significant difference from the wild type (Student’s 
t test; *P ≤ 0.05 and **P ≤ 0.01).
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different plant species (Guo and Gan, 2006; Zhang and 
Gan, 2012; Liang et al., 2014; Fan et al., 2015). Leaf and 
silique senescence are delayed in atnap null mutants 
but promoted in AtNAP inducible overexpression lines 
of Arabidopsis (Guo and Gan, 2006; Kou et al., 2012). 
AtNAP binds to the promoter of a Golgi-localized pro-
tein phosphatase 2C (PP2C) family gene, SAG113, and 
activates its expression. Induction of SAG113 inhibits 
stomatal closure and thereby promotes water loss and 
accelerates leaf senescence, whereas knocking out the 
gene delays developmental senescence (Zhang and 
Gan, 2012). Similarly in rice, OsNAP/PS1 (a functional  
ortholog of AtNAP) mediates ABA-induced leaf se-
nescence by direct transcriptional activation of several  
chlorophyll degradation and senescence-associated 
genes (SAGs) including SGR, NYC1, NYC3, RCCR1, 
Osh36, OsI57, and Osh69. Overexpression of OsNAP 
promotes leaf senescence, but knocking down this 
gene causes a marked delay in senescence. Impeded 
leaf senescence in OsNAP RNA interference (RNAi) 
lines occurs concomitantly with a slower decrease in 
the rate of photosynthesis and ultimately an increased 
grain yield compared to wild-type plants (Liang et al.,  
2014). Recently, the cotton putative ortholog of AtNAP,  
GhNAP, was identified as a positive regulator of ABA- 
mediated leaf senescence. Reduction in GhNAP ex-
pression resulted in delayed senescence and improved 
cotton yield and fiber quality (Fan et al., 2015).

Tomato is one of the most popular fleshy fruit- 
bearing crops worldwide. The tomato genome has been 
sequenced (Tomato Genome Consortium, 2012), and 
tomato has been used extensively as a model crop for 
studies of fruit development and physiology. By con-
trast, very few studies have been conducted on the 
regulation of leaf senescence and its possible impact 
on tomato fruit yield and quality. Recently, the closest 
tomato putative orthologs of Arabidopsis ORE1 (i.e. 
SlORE1S02, SlORE1S03, and SlORE1S06) were iden-
tified and functionally characterized for their roles in 
regulating tomato leaf senescence (Lira et al., 2017). 
Like Arabidopsis ORE1, SlORE1s expression is regu-
lated by miR164 in an age-dependent manner, and at 
the protein level SlORE1s interact with SlGLKs (Lira 
et al., 2017). Reduced expression of SlORE1s in RNAi 
lines led to delayed leaf senescence, extended car-
bon assimilation, and reduced expression of senescence 
marker genes. Prolonged photosynthetic activity in 
SlORE1s RNAi lines, compared with wild-type plants, 
resulted in a significant increase in the supply of pho-
toassimilates to fruits and enhanced fruit yield.

In this study, we report that an ABA-activated NAC 
transcription factor named SlNAP2 (the tomato puta-
tive ortholog of AtNAP from Arabidopsis and OsNAP 
from rice) plays a central role in regulating leaf senes-
cence. Furthermore, we characterize the influence of 
SlNAP2 on fruit quality and yield. SlNAP2 is revealed 
to be a positive regulator of leaf senescence and the 
senescence regulatory module controlled by SlNAP2 
is shown to be highly conserved between tomato and 
other plant species whose NAP-control mechanisms 

have been elaborated. SlNAP2 directly controls the ex-
pression of the senescence-associated gene SlSAG113 
(a homolog of Arabidopsis SAG113) and chlorophyll 
degradation-related genes SlSGR1 and SlPAO. Intrigu-
ingly, we also observed that SlNAP2 directly regulates 
the expression of both ABA biosynthesis (SlNCED1) 
and ABA degradation (SlCYP707A2) genes, suggesting 
the existence of a self-regulation mechanism by which 
SlNAP2 tunes its dynamic expression in leaves. Trans-
genic lines with reduced expression of SlNAP2 exhib-
it a significant delay in leaf senescence, along with an 
increase in fruit yield and fruit sugar content. Our re-
search further emphasizes the importance of the regu-
lation of leaf senescence for achieving increased fleshy 
fruit yield and sugar content.

RESULTS

SlNAP2 Is Induced during Senescence

SlNAP2 (Solyc04g005610.2.1) and SlNAP1 (Soly-
c05g007770.2.1) are closely related (∼72.7% identity  
at the amino acid level) NAC TFs in tomato (Fig. 1A). 
Phylogenetic analysis revealed that SlNAP1 and SlNAP2  
are homologous to ANAC029/AtNAP (Arabidopsis 
NAC-like, activated by Apetala3/Pistillata, At1g69490), 
which is a well-known senescence regulatory NAC TF 
(Guo and Gan, 2006; Fig. 1B).

To examine the expression patterns of SlNAP1 and 
SlNAP2 in tomato, we harvested various organs, in-
cluding roots, stem, flowers, and leaves at different de-
velopmental stages (young leaves, mature leaves, early 
senescent leaves, and late senescent leaves), as well as 
fruits (immature green, mature green, breaker, and ripe 
red), and then analyzed transcriptional changes using 
reverse-transcription quantitative PCR (RT-qPCR).  
SlNAP1 and SlNAP2 transcripts were detected in all or-
gans examined (Fig. 1C; Supplemental Fig. S1A). How-
ever, both genes were significantly induced during leaf 
senescence and fruit ripening.

Accordingly, histochemical analysis of transgenic 
SlNAP2pro:GUS tomato plants, expressing the GUS 
reporter under the control of the 1.5-kb SlNAP2 pro-
moter, revealed elevated GUS activity (indicating en-
hanced promoter activity) in older parts of the leaves. 
This was consistent with the results of the RT-qPCR-
based expression analyses (Supplemental Fig. S1B). 
Furthermore, expression analysis by RT-qPCR indi-
cated that both SlNAP1 and SlNAP2 transcript levels 
increased in leaves during dark-induced senescence 
(Supplemental Fig. S1C).

SlNAP2 Promotes Leaf Senescence

To elucidate the possible involvement of SlNAP2 in 
the regulation of leaf senescence, we first generated  
transgenic tomato lines (cv Moneymaker) consti-
tutively expressing SlNAP2 under the control of the 
CaMV 35S promoter. Two lines (hereafter called OX-L2 
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and OX-L10) were selected for further analysis (Sup-
plemental Fig. S2A). Overexpression of SlNAP2 in to-
mato plants triggered accelerated leaf senescence (Fig. 
2A). The two OX lines exhibited a significantly higher 
number of yellow leaves compared to the wild type 12 
weeks after sowing (Fig. 2B). Consequently, the chlo-
rophyll content of the third true leaf decreased faster 
in OX lines than in the wild type during a period of 6 
weeks (Fig. 2C).

To further analyze the early senescence phenotype 
of SlNAP2-OX lines at the molecular level, we checked 
the expression of SAGs. To this end, we selected the 

following three SAGs: SlSAG12 (Solyc02g076910), 
a homolog of Arabidopsis SAG12; SlSAG113 (Soly-
c05g052980), a homolog of Arabidopsis SAG113 and a 
direct downstream target gene of AtNAP (Zhang and 
Gan, 2012); and SlSGR1 (Solyc08g080090), which en-
codes a stay-green protein involved in the degradation 
of chlorophyll during leaf senescence. We observed 
that all three genes were transcriptionally induced 
during natural and dark-induced senescence as well as 
upon treatment with ABA in wild-type plants (Supple-
mental Fig. S3, A–C). In accordance with an early se-
nescence phenotype of SlNAP2-OX plants, expression 

Figure 3. Knocking down SlNAP2 delays developmental leaf senescence. A, Phenotype of SlNAP2 knockdown (KD-L2) and 
SlNAP2/SlNAP1 double knockdown (dKD-L4) plants. Upper panel, 12-week-old plants; lower panel, phenotypes of the third 
true leaf of 10-week-old plants. The wild-type plant shown is the same as in Figure 2A (as overexpressor and knockdown lines, 
together with wild-type plants, were grown side-by-side in the same experiment; plants and leaves were individually photo-
graphed and compiled for comparison). B, Ratio of yellow to all leaves in 12-week-old plants. Leaves were counted as yellow if 
chlorophyll content had declined by more than 50% compared to those leaves in 8-week-old plants. Asterisks indicate signifi-
cant difference from wild-type plants (Student’s t test; **P ≤ 0.01; n = 5). C, Chlorophyll loss of the third true leaf (counted from 
the bottom of the stem) of wild-type, KD-L2, and dKD-L4 plants 8, 10, 12, and 14 weeks after sowing (8W–14W). Chlorophyll 
content was measured using a SPAD analyzer and compared to the content in each genotype at time point 8W (set to 1). Data 
are means ± sd of three biological replicates. Significant difference from wild type is denoted by one asterisk (Student’s t test; 
P ≤ 0.05) or two asterisks (P ≤ 0.01). Red asterisks indicate a significant difference between dKD-L4 and the wild type, and 
blue asterisks indicate a significant difference between KD-L2 and the wild type. D, Metabolite contents of SlNAP2 transgenic 
lines compared to wild-type plants. The fifth fully expanded leaves were harvested from 8-week-old wild-type, OX-L2, KD-L2, 
and dKD-L4 plants. Metabolite content was analyzed using gas chromatography-mass spectrometry (n = 4). Log2 fold change 
(FCh) values of the relative metabolite contents are presented here. Asterisks indicate significant difference from the wild type 
(Student’s t test; *P ≤ 0.05 and **P ≤ 0.01).
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of all three SAGs was significantly higher in the third 
true leaf of 12-week-old SlNAP2-OX lines compared to 
the wild type (Fig. 2D).

Next, we generated estradiol-inducible SlNAP2 over-
expression lines (SlNAP2-IOE; Supplemental Fig. S2B) 
and checked the expression by RT-qPCR of SlSAG12, 
SlSAG113, and SlSGR1 after a 6-h estradiol (ESTR) in-
duction of SlNAP2 expression. The expression of all 
three SAGs was up-regulated in SlNAP2-IOE plants 
following ESTR treatment compared to the mock treat-
ment (Fig. 2E). These observations support a role for 

SlNAP2 in the regulation of developmental leaf senes-
cence by direct or indirect regulation of SAGs.

Knockdown of SlNAP2 Delays Developmental Leaf 
Senescence

To further investigate the function of SlNAP2 in 
controlling senescence, transgenic knockdown lines 
with reduced expression of SlNAP2 were generated 
using RNAi (Supplemental Fig. S2C). Two lines with 
reduced expression of SlNAP2 were selected for further 

Figure 4. SlNAP2 accelerates dark-induced senescence. A, Young detached leaves of 10-week-old wild-type and SlNAP2-trans-
genic lines before (day 0) and after 14 d of dark treatment. Leaves were detached from the top part of the stem. Leaves in each 
panel were individually photographed and compiled for presentation. B, Chlorophyll content of control and dark-treated 
leaves, determined using a SPAD analyzer. Data are means of leaves from three plants ± sd. Asterisks indicate significant differ-
ences from wild-type plants (Student’s t test; **P ≤ 0.01). C, Expression of SAGs (SlSAG12, SlSAG113, SlAGT1, and SlSAG15) 
and chlorophyll degradation genes (SlSGR1, SlPPH, SlPAO, and SlNYC1) in control and dark-treated leaves of wild-type and 
SlNAP2 transgenic lines. The y axis indicates expression level (40-dCt). Data are means ± sd of three biological replicates. As-
terisks indicate significant difference from wild-type plant (Student’s t test; *P ≤ 0.05 and **P ≤ 0.01).
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analysis (KD-L2 exhibiting an ∼4-fold reduction and 
KD-L14 with an ∼32-fold reduction). Expression of  
SlNAP1, the putative ortholog of SlNAP2, was unal-
tered in these lines, indicating target gene specificity 
with RNAi (Supplemental Fig. S2D). Considering the 
high sequence similarity between SlNAP1 and SlNAP2, 
and the possibility of functional redundancy, we also 
created SlNAP1 and SlNAP2 double knockdown lines 

(dKD) using artificial microRNA (amiRNA) technology.  
Specifically, a 21-bp sequence identical in SlNAP1 
and SlNAP2 was selected for generating the amiRNA 
construct (Supplemental Fig. S2, C and E). In general, 
the analysis of senescence phenotypes revealed that 
knocking down SlNAP2 alone (KD) or in combination 
with SlNAP1 (dKD) resulted in a significant delay of 
leaf senescence as measured by the number of yellow 

Figure 5. SlNAP2 regulates ABA-induced leaf senescence. A, Elevated expression of SlNAP2 after ABA treatment. Three-week-
old wild-type seedlings were treated with ABA (40 µm) for 2, 4, 8, and 16 h. Data are means ± sd of three biological replicates. 
Asterisks indicate significant differences from mock-treated plants (Student’s t test; *P ≤ 0.05). B, Reduced expression of SlNAP2 
in ABA-deficient mutants, sit and not. Data are means ± sd of three biological replicates. Asterisks indicate significant difference 
from the wild type (Student’s t test; *P ≤ 0.05 and **P ≤ 0.01). C, Phenotype of detached leaves from 10-week-old wild-type and 
SlNAP2-transgenic plants before (0 d) and after treatment with 40 µm ABA for 9 d (9 d). Young leaves from the top of the stem 
were used and individually photographed. D, Chlorophyll content of control and ABA-treated leaves, determined using a SPAD 
analyzer. Data are means ± sd from six leaves of three different plants. Asterisks indicate significant difference from respective 
mock-treated leaves (Student’s t test; **P ≤ 0.01). E, RT-qPCR analysis of SlSAG12, SlSAG113, and SlSGR1 expression in control 
and ABA-treated leaves. The y axis indicates expression level (40-dCt). Asterisks indicate significant difference from the wild 
type (Student’s t test; **P ≤ 0.01). DAT, days after treatment.
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leaves, the rate of chlorophyll loss, and the expression 
of senescence marker genes (Fig. 3; see next sections). 
However, the observed delay in senescence was slightly  
more pronounced in dKD plants indicating a partial 
functional redundancy of the two proteins.

We also analyzed the levels of primary metabolites 
in fully expanded fifth leaves of 8-week-old SlNAP2 
transgenic and wild-type plants. Overall, more signifi-
cant changes among the genotypes were observed with 
amino acids (Fig. 3D; Supplemental Table S1). The levels  
of aromatic amino acids (AAAs; Trp, Tyr, and Phe) 
were greater in mature leaves of SlNAP2-OX plants 
but lower in leaves of SlNAP2-KD and dKD plants. An 
increase in AAA levels was reported previously for 
dark-induced and nitrate limitation-induced senes-
cence as well as natural senescence (Gibon et al., 2006; 
Fahnenstich et al., 2007; Araújo et al., 2010, 2011; Watanabe 
et al., 2013). By contrast, the levels of branched chain 
amino acids (Ile and Val) were significantly lower in 
mature leaves of SlNAP2-OX plants. The level of Pro, a 
stress-induced osmoprotectant, was higher in SlNAP2- 
KD but significantly lower in SlNAP2-OX compared 
with wild-type plants. Glu and Asp were lower in 
mature leaves of SlNAP2-OX plants, and greater in Sl-
NAP2-KD and dKD lines. Conversely, the level of Gln 
(the major amino acid translocated in the phloem sap 
during developmental senescence; Guo et al., 20044; 
Diaz et al., 2005) was higher in SlNAP2-OX but sig-
nificantly lower in SlNAP2-KD plants. γ-Aminobutyric 
acid was significantly higher in SlNAP2-OX and lower 
in SlNAP2-dKD than in the wild type. Accumulation 
of γ-aminobutyric acid is known to be associated with 
senescence (Ansari et al., 2005, 2014).

Among tricarboxylic acid cycle intermediates, malic 
acid and fumaric acid accumulated in SlNAP2 mutants. 
Accumulation of these metabolites was reported to be 
associated with older parts of the leaves (Watanabe  
et al., 2013). These results reveal that SlNAP2-OX and 
KD plants have varying mature leaf metabolite profiles 
that reflect their altered senescence phenotypes. Thus, 
SlNAP2 plays an important role as a positive regulator 
of leaf senescence in tomato.

SlNAP2 Is Involved in Dark-Induced Senescence

Darkness is widely used as a tool to induce senes-
cence. Several reports indicate that darkening of leaves 
share many physiological and molecular alterations 
with developmental senescence, including a decline in 
photosynthesis and chlorophyll content, leaf yellowing,  
and enhanced expression of SAGs (Weaver et al., 1998; 
Buchanan-Wollaston et al., 2005; van der Graaff et al.,  
2006; Parlitz et al., 2011). To test the involvement of 
SlNAP2 in dark-induced senescence, young leaves 
(collected from the upper part of tomato stems) from 
10-week-old wild-type and SlNAP2 transgenic lines 
were subjected to darkness for a period of up to 14 d. 
SlNAP2-OX plants displayed an early leaf yellowing 
phenotype under darkness, while the leaves of KD-L2 
and dKD-L4 remained greener compared to the wild 

type under the same condition (Fig. 4A). Dark-induced 
early leaf yellowing of OX-L2 was accompanied by a 
dramatic reduction in chlorophyll content (∼70%), 
while chlorophyll loss was significantly less in the 
wild type (∼45%), KD-L2 (∼20%), and dKD-L4 (∼14%) 
leaves (Fig. 4B). Accordingly, the expression of senes-
cence marker genes such as SlSAG12, SlSAG113, and 
SlAGT1 (Solyc10g076250), as well as of genes involved 
in chlorophyll degradation, such as SlSGR1, SlPPH 
(Solyc01g088090), SlPAO (Solyc11g066440), and SlNYC1 
(Solyc07g024000), was significantly elevated in OX-L2 
but reduced in KD-L2 and dKD-L4 lines compared with 
the wild type under dark incubation (Fig. 4C). These 
data suggest that SlNAP2 acts as a positive regulator 
of both natural and dark-induced leaf senescence by 
directly or indirectly controlling senescence-associated 
chlorophyll degradation.

Involvement of SlNAP2 in ABA-Mediated Leaf 
Senescence

ABA is an important hormone involved in the reg-
ulation of plant growth and development, including 
leaf senescence. An increase in endogenous ABA levels 
during senescence has been reported in several plant 
species, including oat (Avena sativa; Gepstein and Thi-
mann, 1980), rice (Philosoph-Hadas et al., 1993), maize 
(Zea mays; He et al., 2005), and Arabidopsis (Balazadeh 
et al., 2014; Yang et al., 2014). Furthermore, it is known 
that ABA promotes leaf senescence (Gepstein and  
Thimann, 1980; Quiles et al., 1995; Yang et al., 2003; Lee  
et al., 2011; Zhao et al., 2016), the exogenous application 
of ABA can accelerate chlorophyll degradation (Quiles 
et al., 1995; Gao et al., 2016), and ABA-deficient mutants 
display delayed senescence in both rice (Mao et al., 
2017) and Arabidopsis (Pourtau et al., 2004).

Transcript levels of SlNAP2 began to increase (∼3-fold 
change) 2 h after ABA treatment of wild-type seed-
lings, with additional increases at later time points 
(e.g. ∼6-fold changes at 8 h; Fig. 5A). Conversely, Sl-
NAP2 expression was significantly reduced in tomato 
mutants deficient in ABA biosynthesis, such as sitiens 
(sit) and notabilis (not), further confirming that SlNAP2 
is an ABA-activated transcription factor (Fig. 5B). To 
examine the possible role of SlNAP2 in regulating 
ABA-induced leaf senescence, we analyzed the phe-
notype of SlNAP2 transgenic plants upon application 
of exogenous ABA. Specifically, detached leaves from 
wild-type and SlNAP2 transgenic plants were exposed 
to ABA (40 µm) and compared to control (mock) treat-
ments that lacked ABA. When wild-type leaves were 
treated with ABA, senescence symptoms were induced 
such as leaf yellowing, chlorophyll loss, and enhanced 
expression of senescence marker genes (Fig. 5, C–E). 
Interestingly, ABA-induced early senescence was more 
pronounced in leaves of SlNAP2 overexpressors than 
the wild type, while SlNAP2 knockdown lines (KD-L2 
and dKD-L4) exhibited stay-green phenotypes upon 
ABA treatment (Fig. 5, C–E). Activation of SlNAP2 by 
ABA and the altered senescence phenotype of SlNAP2 
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Figure 6. Direct regulation of SAGs and ABA-related genes by SlNAP2. A, Heat map showing the fold change (FCh; log2 basis) of 
the expression ratio of SAGs, chlorophyll degradation as well as ABA biosynthesis and signaling genes in the following samples: 
3-week-old SlNAP2-IOE seedlings (line IOE-L5) treated with estradiol (15 µm) for 6 h compared to ethanol (0.15%, v/v) treated 
seedlings (mock); KD-L2 and dKD-L4 lines, compared to the wild type. Blue, downregulated; red, upregulated (as indicated by 
the color bar). Data represent means of three biological replicates. Asterisks indicate significant difference from mock-treated 
and/or wild-type plants (Student’s t test; *P ≤ 0.05 and **P ≤ 0.01). Genes shown in bold are direct targets of SlNAP2 (see C–F). 
B, Subcellular localization of SlNAP2-GFP fusion protein in epidermal cells of transgenic tomato leaves, visualized by fluores-
cence microscopy. Top, bright field; bottom, GFP fluorescence (green) under bright field. Bar = 10 µm. C, ChIP-qPCR shows 
enrichment of SlSAG113, SlSGR1, and SlPAO (but not SlSAG12) promoter regions containing the SlNAP2 binding site. Mature 
leaves (nos. 3–5) harvested from 8-week-old SlNAP2-GFP plants were used for the ChIP experiment. Values were normalized to 
the values for Solyc04g009030 (promoter lacking a SlNAP2 binding site). Data are means ± sd of two independent biological 
replicates, each performed with three technical replicates. D, EMSA showing binding of purified SlNAP2-CELD protein to the 
5′-DY682-labeled 40-bp-long promoter fragments of SlSAG113, SlSGR1, and SlPAO, containing the SlNAP2 binding sites. Lane 
1, labeled promoter fragment only; lane 2, labeled promoter fragment plus SlNAP2-CELD protein, showing the retardation band 
(bound probe); lane 3, labeled promoter fragment, SlNAP2-CELD protein plus 100-fold molar access of nonlabeled promoter 
(competitor). E, ChIP-qPCR. Mature leaves of 8-week-old SlNAP2-GFP plants were harvested for the ChIP experiment. qPCR 
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transgenic lines upon treatment with ABA implicate 
SlNAP2 as a regulator of ABA-dependent leaf senes-
cence.

Identification of the Consensus Target Sequence of 
SlNAP1 and SlNAP2

TFs bind to cis-regulatory elements in promoters of 
target genes to control their expression. Knowledge 
of the binding sites favors the identification of TF tar-
get genes and helps gain insight into its regulatory 
functions. Previous work has identified high-affinity  
binding sequences of TaNAC69 from wheat using 
an in vitro binding site selection assay employing 
the CELD fusion method (Xue et al., 2006). SlNAP1 
and SlNAP2 are homologs of TaNAC69, suggesting 
they have overlapping DNA-binding specificities. To 

identify the target sequences of SlNAP1 and SlNAP2, 
we analyzed the binding activity of both TFs on 12 
randomly selected oligonucleotides with TaNAC69 
binding motifs, including SO1, which is considered 
a high-affinity binding sequence of TaNAC69 (Xue et 
al., 2006). SlNAP1 and SlNAP2 are capable of binding 
to TaNAC69-selected motifs containing the YACG (or 
CGTR) core sequence and share similar binding se-
quence specificities to that of TaNAC69, with SO1 as 
the highest-affinity binding motif (Supplemental Fig. 
S4A).

To assess the specificity of binding, nucleotide muta-
tion (substitution, insertion, or deletion) experiments 
were performed on the basis of SO1 (SO1m1–SO1m18) 
and SO48 (SO48m1 and SO48m2) motifs. Our analysis 
revealed that mutation of nucleotides in the core mo-
tifs (oligonucleotides SO1m3, 4, 8, and 9, and SO48m1) 

was performed to quantify the enrichment of SlNCED1, SlCYP70A2, and SlABCG40 promoter regions. Values were normalized 
to the values for Solyc04g009030 (promoter lacking a SlNAP2 binding site). Data are means ± sd of two biological replicates, 
each performed in two technical replicates. F, EMSA showing binding of purified SlNAP2-CELD protein to 5′-DY682-labeled 
40-bp-long promoter fragments of SlNCED1, SlCYP707A2, and SlABCG40, containing the SlNAP2 binding sites. For descrip-
tion of lanes, see legend to D. G, ABA content. Three-week-old wild-type, KD-L2, and dKD-L4 plants were harvested and ABA 
content was determined using UPLC-ESI-MS/MS. ABA content is shown as means ± sd of three biological replicates. Asterisks 
indicate significant difference from the wild type (Student’s t test; *P ≤ 0.05). FW, Fresh weight.

Figure 6. (Continued.)

Figure 7. Fruit Brix value and soluble sugar content. A, The content of total soluble solids of ripe red fruits was determined using 
a digital refractometer. Values represent the means ± sd of six biological replicates (Student’s t test; *P ≤ 0.05). The contents of 
Fru (B), Suc (C), and Glc (D) in the pericarps of SlNAP2 transgenic and wild-type fruits at different developmental stages, ana-
lyzed by gas chromatography-mass spectrometry (n = 4). Relative metabolite levels were obtained by normalizing the intensity 
value of each metabolite to the ribitol internal standard. Asterisks indicate significant difference from the wild type (Student’s t 
test; *P ≤ 0.05 and **P ≤ 0.01). MG, Mature green fruits.
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led to a dramatic reduction or abolishment of SlNAP1 
binding. A significant drop in the binding affinity was 
noticed upon reducing the distance between the two 
core motifs from 5 to 4 bp (oligonucleotide SO1m1) or 
increasing it to 7 bp (oligonucleotide SO1m2; Supple-
mental Fig. S4, A and B). Based on these results, we 
conclude that CGT[AG](5N)NACG[ACT][AC][AT]
[ACG][ACT] and CACG[ACT][AC][AT][AGT][CT] 
are high-affinity binding sites of SlNAP1. SlNAP2 ap-
pears to be more tolerant to the nucleotide mutations 
of SO1 (which contains two core motifs) than SlNAP1 
(Supplemental Fig. S4B). However, the mutation in 
the single core motif of SO48 (SO48m1) led to almost 
complete abolishment of its binding activity. To fur-
ther demonstrate binding of SlNAP2 to the TaNAC69 
motif, an electrophoretic mobility shift assay (EMSA) 
was performed. This experiment revealed that SlNAP2 
strongly binds to SO1 (Supplemental Fig. S4C).

Direct Transcriptional Regulation of SAGs and  
ABA-Related Genes by SlNAP2

To further elucidate the senescence control func-
tion of SlNAP2 at the molecular level, we conducted 
an RT-qPCR analysis to evaluate the expression of 22 
senescence-related genes in SlNAP2-IOE plants, in-
cluding known SAGs, genes involved in chlorophyll 
degradation, and ABA-associated genes (Supplemental 
Fig. S2B). Our data revealed that the majority of genes 
(15 out of 22; SlSAG12, SlSAG15, SlSAG113, SlSGR1, 
SlAGT1, SlSGR1, SlNYC1, SlPAO, SlNCED1, SlABA3, 
SITIENS, SlAAO3, SlCYP707A2, SlCYP707A4, and 
SlABCG40) were induced (log2 fold change > 1) 6 h after 
estradiol treatment in SlNAP2-IOE plants compared to 
mock-treated controls (Fig. 6A), suggesting their early  
and positive regulation by SlNAP2. Expression of all genes  
examined except one (SlPPH) was down-regulated 
in KD-L2 and dKD-L4. We then searched for the pres-
ence of SlNAP2 binding sites (perfect match) within 
1-kb promoters of SlNAP2 early responsive genes to 
identify potential direct target genes of the NAC TF. 
Twelve genes (SlSAG12, SlSAG15, SlSAG113, SlSGR1, 
SlPAO, SlNCED1, SlABA3, SITIENS, SlAAO3, SlCY-
P707A2, SlCYP707A4, and SlABCG40) harbor SlNAP2 
binding sites (perfect match) within their promoters. 
To test if SlNAP2 interacts with the promoters of early  
responsive genes in vivo, we generated transgenic 
lines expressing SlNAP2-GFP fusion protein under the 
control of the CaMV 35S promoter. As expected for a 
transcription factor, SlNAP2-GFP fusion protein was 
located in nuclei, as visualized by fluorescence mi-
croscopy of epidermal cells of transgenic tomato leaves 
(Fig. 6B). Using SlNAP2-GFP lines, we performed 
chromatin immunoprecipitation coupled withqPCR  
(ChIP-qPCR) and confirmed direct binding of SlNAP2 
to the promoters of SlSAG113, SlSGR1, SlPAO, SlNCED1, 
SlCYP707A2, and SlABCG40 in vivo (Fig. 6, C and E). 
Furthermore, employing EMSAs, direct physical inter-
action of SlNAP2 with the promoters of all six genes 
was confirmed (Fig. 6, D and F). SlNCED1 encodes 

9-cis-epoxycarotenoid dioxygenase, a key enzyme 
in ABA biosynthesis, and SlCYP707A2 encodes ABA 
8′-hydroxylase, a key enzyme in the oxidative catab-
olism of ABA in tomato (Ji et al., 2014). Positive regu-
lation of both genes by SlNAP2 reveals a complex role 
for this TF for the regulation of ABA homeostasis.

Next, we determined ABA levels in SlNAP2 trans-
genic lines and wild-type plants. Suppression of SlNAP2 
results in higher ABA levels in 3-week-old plants, sug-
gesting its role as an inhibitor of ABA accumulation 
and subsequently its own accumulation at this stage 
(Fig. 6G). No change in ABA levels was detected in 
8-week-old SlNAP2-KD lines and wild-type plants 
(Supplemental Fig. S5).

SlNAP2 Knockdown Enhances Fruit Yield and Sugar 
Content

To test the influence of altered leaf senescence (trig-
gered by manipulating SlNAP2 expression) on fruit 
yield, we measured various yield-associated param-
eters. SlNAP2-OX plants started producing flowers 
around one week earlier than wild-type plants (Sup-
plemental Fig. S6A). The number of fruits per plant sig-
nificantly increased in SlNAP2-KD plants compared to 
the wild type, while fruit number decreased in SlNAP2 
overexpressors (Supplemental Fig. S6B). Notably, we 
did not observe a significant difference between geno-
types for the mean time span between anthesis and the 
fruit breaker stage (Supplemental Fig. S6D). Further-
more, fruit size was almost indistinguishable between 
SlNAP2-KD and wild-type plants but was significantly  
reduced in SlNAP2 overexpressors (Supplemental  
Fig. S6C).

Sweetness, which results from enhanced soluble 
sugar content, is one of the most important traits of to-
mato fruits. During senescence, sugars are translocated 
from older leaves (source) to developing fruits (sinks). 
To test the effect of altered senescence in SlNAP2 trans-
genics on fruit sweetness, we measured Brix values 
and soluble sugar content in fruits of different devel-
opmental stages. SlNAP2-KD and dKD plants synthe-
sized higher contents of soluble solids in ripe fruits as 
demonstrated by Brix units (Fig. 7A). The levels of sug-
ars (Fru, Suc, and Glc) were also significantly higher in 
SlNAP2 KD and dKD lines, particularly at the breaker 
stage (Fig. 7, B–D). Collectively, our data clearly indi-
cate an association of SlNAP2 deficiency with delayed 
aging and improved fruit yield and metabolism.

DISCUSSION

The main biological role of senescence is nutrient 
recycling, which is essential for plant survival, crop 
yield, and the shelf life of leafy vegetables. Although 
several studies have demonstrated a connection be-
tween leaf senescence and productivity with regard to 
biomass production and seed/grain yield (for review, 
see Gregersen et al., 2013), research that has examined 
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the effects of leaf senescence on fleshy fruit produc-
tion and its nutritional quality is limited. Recently, 
Lira et al. (2017) demonstrated that a simultaneous 
suppression of all three homologs of ORE1 in tomato 
(SlORE1S02, SlORE1S03, and SlORE1S06) resulted in 
a remarkable delay of leaf senescence, increased fruit 
yield, and enhanced levels of sugars in the ripe fruits. 
Furthermore, in apple (Malus sp.), overexpression of 
the YTH-domain-containing RNA-binding proteins 
MhYTP1 and MhYTP2 promoted leaf senescence and 
accelerated fruit ripening (Wang et al., 2017).

In this study, we demonstrate the senescence- 
regulatory function of SlNAP2, a member of the NAC 
family of TFs in tomato, and show that the manipula-
tion of leaf senescence by this TF is effective for improv-
ing fleshy fruit yield. SlNAP2 is expressed at all stages 
of leaf and fruit development; however, its expression 
is significantly induced in senescing leaves and ripe 
fruits. Similar to its homologs in Arabidopsis, rice 
and cotton, expression of SlNAP2 is rapidly induced 
by ABA (one of the main hormones that initiates leaf 
senescence), indicating conservation of the upstream 
regulatory pathways that control the ABA-mediated 
induction of NAP genes across monocot and eudicot 
plant species (Zhang and Gan, 2012; Liang et al., 2014; 
Fan et al., 2015).

Transgenic plants with enhanced expression of SlNAP2 
exhibit early leaf senescence during typical age-depen-
dent senescence as well as during senescence induced 
by darkness (Figs. 2 and 4), as measured by reduced 
chlorophyll content and enhanced expression of senes-
cence marker genes. In contrast, reduced expression of 
SlNAP2 in knockdown plants results in a substantial 
delay of natural and dark-induced senescence. The de-
layed senescence was more pronounced in transgenic 
lines with reduced expression of both SlNAP2 and its 

closely related homolog SlNAP1, revealing partially re-
dundant and additive functions of the two genes in the 
regulation of leaf senescence in tomato.

During senescence, a drastic change occurs in leaf 
metabolism, which is mainly due to the degradation of 
metabolites and the subsequent mobilization of nutri-
ents toward developing organs. Metabolomic profiles 
of fully expanded fifth leaves (from 8-week-old plants) 
revealed a clear metabolic shift between SlNAP2 over-
expression and knockdown lines corresponding to the 
contrasting senescence phenotypes (Fig. 3). Among 
amino acids, the levels of aromatic amino acids (partic-
ularly Trp and Phe) and Gln were greater in SlNAP2-OX 
plants but significantly lower in leaves of SlNAP2-KD 
and dKD plants. Induction of AAAs, and more specifi-
cally Trp, during senescence has been shown in several  
species such as rice (Kang et al., 2009), Arabidopsis 
(Watanabe et al., 2013; Chrobok et al., 2016), tomato 
(Araújo et al., 2012), and tobacco (Nicotiana tabacum; Li 
et al., 2016). Gln is a major source of remobilizable N 
during senescence and its synthesis is induced by Gln 
synthetase 1 (GS1) activity in senescent leaves (Tabuchi  
et al., 2007; Park et al., 2010). Indeed, the transcript  
level of SlGS1 significantly decreased in SlNAP2-KD 
and dKD plants in accordance with the dramatic re-
duction in the level of Gln in those lines (Supplemental 
Fig. S7). The majority of other amino acids, including 
branched chain amino acids (Ile and Val), Gly, Ser, Lys, 
Asp, and Glu, were downregulated in SlNAP2-OX, 
but upregulated in KD plants. In fact, such a metabolic 
pattern can be explained in part by enhanced expres-
sion of SlGDH (encoding Glu dehydrogenase) in Sl-
NAP2-OX plants and its significant reduction in the 
KD lines (Supplemental Fig. S7). It has been shown that 
SlGDH activity increases during senescence, which  
is essential for deamination of Glu and subsequent 

Figure 8. Model of SlNAP2 action in tomato. During age-dependent and 
dark-induced senescence, ABA accumulates in leaves, which leads to an 
activation of SlNAP2 expression; enhanced expression of SlNAP2 during 
leaf aging may also be triggered without the involvement of ABA. SlNAP2 
activates SlSAG113, chlorophyll degradation genes such as SlSGR1 and 
SlPAO, and other downstream targets by directly binding to their promot-
ers, thereby promoting leaf senescence. SlNAP2 also directly regulates 
the expression of ABA biosynthesis (SlNCED1), transport (SlABCG40), 
and degradation (SlCYP707A2) genes, indicating a complex role in es-
tablishing ABA homeostasis. Inhibition of SlNAP2 leads to delayed leaf 
senescence and enhanced fruit yield and sugar content, likely due to pro-
longed leaf photosynthesis, although a direct effect of SlNAP2 on fruit de-
velopment is possible. Arrow-ending lines, positive regulation; T-ending 
lines, negative regulation. The dashed line indicates a possible but not 
yet experimentally confirmed interaction between senescing leaves and 
developing fruits.
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catabolism of several amino acids (Masclaux et al., 
2000; Masclaux-Daubresse et al., 2006; Miyashita and 
Good, 2008).

In addition to age- and dark-induced senescence, 
ABA-induced senescence was also significantly im-
peded in SlNAP2-suppressed plants, suggesting an 
important role of SlNAP2 in ABA-induced leaf senes-
cence. Previous reports demonstrated a functionally 
conserved role for NAP in the regulation of age- and 
ABA-induced leaf senescence in different eudicot and 
monocot species such as Arabidopsis (AtNAP), rice 
(OsNAP), and cotton (GhNAP; Guo and Gan, 2006; 
Zhang and Gan, 2012; Zhou et al., 2013; Liang et al., 
2014; Fan et al., 2015). Reports on downstream regu-
latory pathways indicate that AtNAP and OsNAP 
negatively regulate ABA signaling and biosynthesis 
pathways in Arabidopsis and rice, respectively. In 
Arabidopsis, AtNAP directly and positively regu-
lates expression of SAG113, a Golgi-localized protein 
phosphatase 2C (PP2C). Hence, it negatively regu-
lates the ABA-induced promotion of stomatal closure, 
consequently leading to water loss and triggering leaf 
senescence (Zhang and Gan, 2012). In rice, OsNAP sup-
presses ABA biosynthesis genes including OsNCED1, 
OsNCED3, and OsNCED4, thereby controlling ABA 
synthesis via a feedback mechanism (Liang et al., 2014).

To unravel the molecular mechanism through which 
SlNAP2 regulates leaf senescence and gain insight into 
the level of conservation of regulatory networks con-
trolled by SlNAP2 in tomato and its homologs in other 
species, we performed RT-qPCR-based expression pro-
filing of senescence-associated genes, chlorophyll deg-
radation genes, and ABA biosynthesis and signaling 
genes in wild-type plants, SlNAP2 inducible overex-
pression lines (shortly after SlNAP2 induction by estra-
diol), and SlNAP2 knockdown lines. Our data revealed 
that most genes were transcriptionally enhanced after 
induction of SlNAP2 in estradiol-inducible overex-
pression plants but reduced in KD and dKD lines. Of 
the differentially expressed genes (Fig. 6), SlSAG113, 
SlSGR1, SlPAO, SlNCED1, SlCYP707A2, and SlABCG40 
contained bipartite SlNAP2 binding sites within their 
1-kb 5′ upstream regulatory regions (promoters), re-
vealing potential direct targets of SlNAP2. The direct 
interaction between SlNAP2 and the promoters of all 
six genes was confirmed in vivo by ChIP-qPCR and 
in vitro by EMSA (Fig. 6). SlSAG113 is a homolog of 
Arabidopsis SAG113, a direct downstream target gene 
of AtNAP. SlSGR1 and SlPAO are crucial to chlorophyll 
degradation in tomato leaves and fruits, and the sgr 
mutation in tomato results in a stay-green phenotype 
(Akhtar et al., 1999; Hu et al., 2011; Guyer et al., 2014). 
Interestingly in rice, OsNAP directly targets the pro-
moters of genes involved in chlorophyll degradation 
such as SGR, NYC1, NYC3 (PPH), and RCCR, besides 
other SAGs, and enhances their expression (Liang  
et al., 2014). SlNAP2 shares high amino acid sequence 
similarity in the NAC domain with AtNAP (∼92, 2%) 
and OsNAP (∼79, 2%), explaining the similar target 
gene profiles.

Intriguingly, SlNAP2 directly promotes the expres-
sion of both SlNCED1 and SlCYP707A2, key tomato 
genes involved in ABA synthesis and catabolism, re-
spectively. It has been shown that the level of ABA in 
fruits is mainly regulated by SlNCED1 and SlCYP707A2 
at the transcriptional levels (Ji et al., 2014). However, 
functional properties of the enzymes in leaves with re-
spect to regulation of ABA levels and the consequent 
impact on leaf senescence remain to be investigated. 
A positive regulation of both genes by SlNAP2 reflects 
a more complex regulation of ABA homeostasis in to-
mato leaves. ABA levels were significantly higher in 
SlNAP2 KD and dKD plants at the early stages of devel-
opment, while ABA levels were not altered by SlNAP2 
at the later stages. This result suggests the existence of 
a self-regulation mechanism by which SlNAP2 tunes 
its dynamic expression during leaf development (Fig. 
6G). Similarly, a feedback mechanism in ABA-OsNAP1 
regulation was previously reported in rice, where ABA 
amounts were greater in nonsenescent leaves of OsNAP 
RNAi plants than in those of the wild type (Liang et al.,  
2014). Together, the direct regulation of SlSAG113 and 
chlorophyll degradation genes (such as SlSGR1 and 
SlPAO) by SINAP2, as well as SINAP2’s tight link  
to ABA signaling demonstrate that the regulation of 
leaf senescence by SlNAP2 is an evolutionarily con-
served pathway for senescence control in eudicots and 
monocots.

Leaf senescence can significantly impact crop pro-
duction by remobilization of photoassimilates from 
older vegetative tissues to sink organs. To examine 
the influence of altered leaf senescence mediated by 
a modification of SlNAP2 on tomato productivity, 
we analyzed different yield-related traits, such as the 
number and quality of fruits, and the timing of rip-
ening. Importantly, delayed senescence in SlNAP2 
knockdown plants was concomitant with an increased 
number of fruits per plant, while fruit size and speed of 
fruit ripening were not affected (Supplemental Fig. S6). 
Furthermore, SlNAP2-KD and dKD plants accumulat-
ed higher levels of soluble sugars such as Fru, Glc, and 
Suc at breaker and ripe fruit stages, and Brix units were  
significantly higher in dKD than wild-type plants (Fig. 7).  
Delayed senescence in OsNAP and GhNAP RNAi lines 
was also reported to be associated with increased yield 
in rice and cotton, respectively (Liang et al., 2014; Fan 
et al., 2015). However, it cannot be excluded that the en-
hanced fruit number and nutritional quality observed 
in SlNAP2-KD lines may result from a combinatorial 
effect of SlNAP2 in altering senescence in leaves and 
modifying the physiology in fruits.

We conclude that SlNAP2 regulates leaf senescence 
and subsequently fruit yield through a gene regulatory 
network that combines several target genes including 
senescence-associated marker genes, chlorophyll deg-
radation genes, and ABA homeostasis-related genes 
(Fig. 8). The regulation of leaf senescence by SlNAP2 
and its positive effect on yield are considerably con-
served across species. Manipulation of leaf senescence 
through a modification of regulatory factors that initiate 

Ma et al.

 www.plantphysiol.orgon December 6, 2019 - Published by Downloaded from 
Copyright © 2018 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org/cgi/content/full/pp.18.00292/DC1
http://www.plantphysiol.org


Plant Physiol. Vol. 177, 2018  1299

and control senescence is a powerful strategy to im-
prove agricultural plant productivity, including the 
production of fleshy fruits.

MATERIALS AND METHODS

General

Tomato (Solanum lycopersicum) putative orthologs of Arabidopsis (Arabi-
dopsis thaliana) genes were identified using the PLAZA 3.0 database (http://
bioinformatics.psb.ugent.be/plaza/; Proost et al., 2015). Genes were annotat-
ed using the PLAZA 3.0 and Sol Genomics (https://solgenomics.net/) data-
bases and using information extracted from the literature. Oligonucleotide  
sequences are listed in Supplemental Table S2. RT-qPCR primers were designed 
using QuantPrime (www.quantprime.de; Arvidsson et al., 2008), and some 
primers were designed based on literature data, as indicated. Chemicals and 
reagents were obtained from Invitrogen, Sigma-Aldrich, and Fluka. Molecular 
biological kits were obtained from Qiagen and Macherey-Nagel.

Plant Material and Growth Conditions

S. lycopersicum cv Moneymaker wild type was used as control in this study. 
Seeds were germinated on full-strength Murashige and Skoog medium con-
taining 2% (w/v) Suc, and 3-week-old seedlings were transferred to a mix-
ture of potting soil and quartz sand (2:1, v/v). Plants were grown in a growth 
chamber at 500 μmol photons m−2 s−1 and 25°C under a 14/10-h light/dark 
regime in individual pots (18-cm diameter).

DNA Constructs

Primer sequences are listed in Supplemental Table S2. Amplified fragments 
generated by PCR were sequenced by Eurofins MWG Operon. Constructs 
were transformed into tomato cv Moneymaker via Agrobacterium tumefaciens 
GV2260-mediated transformation. For SlNAP2pro:GUS lines, the 1.5-kb Sl-
NAP2 promoter was amplified from wild-type genomic DNA and introduced 
upstream of the GUS coding sequence in plasmid pKGWFS7,0 (Karimi et al., 
2002). For the generation of SlNAP2-KD plants, an 88-bp fragment from the 3′ 
end of the SlNAP2 coding sequence was amplified from wild-type cDNA and 
cloned into the Gateway-compatible entry vector pDONR221 (Invitrogen). 
The fragment was then cloned into the pK7GWIWG2 RNAi vector (Karimi et 
al., 2002) in sense and antisense orientations, flanking an intervening intron, 
by Gateway cloning (Invitrogen). To generate SlNAP1/SlNAP2 double knock-
down (dKD) plants, an amiRNA construct was engineered by replacing the 
original miR319a/miR319a* sequence in plasmid pRS300 (Schwab et al., 2006) 
with a 21-bp sequence (TAATTCCCAGGGATCGAACTT) identical in SlNAP1 
and SlNAP2. The amiRNA was designed using Web MicroRNA Designer 3 
(http://wmd3.weigelworld.org/cgi-bin/webapp.cgi) and subsequently in-
serted downstream of the CaMV 35S promoter in the pK7WG2 binary vector 
(Karimi et al., 2002) via Gateway cloning. For 35S:SlNAP2-GFP, the full-length 
SlNAP2 open reading frame was amplified without its stop codon. The PCR 
product was cloned into the pENTR/D-TOPO vector using the pENTR Direc-
tional TOPO Cloning kit (Invitrogen). The sequence-verified entry clone was 
then transferred to the pK7FWG2 vector (Karimi et al., 2002) by LR recombi-
nation (Invitrogen). For SlNAP2-IOE, the SlNAP2 coding sequence was cloned 
into the pER10-GATEWAY-compatible vector (Zuo et al., 2000). For SlNAP1- 
and SlNAP2-CELD, the DBP-CELD fusion vector pTacLCELD6XHis was used 
(Xue, 2005). SlNAP1 and SlNAP2 full coding sequences (without stop codons) 
were amplified by PCR with a sense primer (including an NheI restriction site) 
and an antisense primer (including a BamHI restriction site; Supplemental  
Table S2). The amplified DNA fragments were first inserted into pCR2.1 (Thermo 
Fisher Scientific) and then inserted N-terminal of CELD using the NheI and 
BamHI cloning sites of pTacLCELD6XHis to create an in-frame fusion.

Treatments

For estradiol induction, 3-week-old SlNAP2-IOE seedlings were incubated 
in sterile water containing 15 μm estradiol (control treatment: 0.15% [v/v] eth-
anol). The seedlings were kept on a rotary shaker for 6 h and then immediately 
frozen in liquid nitrogen. For ABA treatment, 3-week-old tomato seedlings 

were incubated in sterile water containing 40 μm ABA. The seedlings were 
kept on a rotary shaker for 2, 4, 8, or 16 h and then harvested in liquid nitrogen. 
For dark-induced leaf senescence experiments, detached young leaves from 
10-week-old wild-type and SlNAP2 transgenic plants were placed on moist 
filter papers in petri dishes with the adaxial side facing upwards. The plates 
were kept in darkness at 22°C for 2 weeks. Filter papers were changed every 5 
d. Gene expression levels were determined by RT-qPCR.

Gene Expression Analysis

Total RNA extraction was done using Trizol reagent (Life Technologies). 
Synthesis of cDNA and RT-qPCR using SYBR Green were performed as de-
scribed (Balazadeh et al., 2008). PCR was performed using an ABI PRISM 
7900HT sequence detection system (Applied Biosystems). GAPDH (Soly-
c04g009030) served as reference gene for data analysis. Statistical significance 
was determined using Student’s t test.

DNA-Binding Site Selection

In vitro binding site selection was performed using the CELD-fusion 
method with the pTacSlNAP1-LCELD6XHis and pTacSlNAP2-LCELD6XHis 
constructs, employing biotin-labeled double-stranded oligonucleotides (Xue, 
2005). The DNA-binding activity of SlNAP1-CELD and SlNAP2-CELD was 
measured using methylumbelliferyl β-d-cellobioside as a substrate (Xue, 
2002). DNA binding assays with a biotin-labeled single-stranded oligonu-
cleotide or a biotin-labeled double-stranded oligonucleotide without a target 
binding site were used as controls.

EMSA

SlNAP2-CELD fusion protein was extracted from Escherichia coli Rosetta (DE3) com-
petent cells. 5′-DY682-labeled 40-bp oligonucleotides representing fragments of the 
SlSAG113 (5′-TCTTCTCATTGGCCCACG TAAATTCAAATCAATAAAATCT-3′), 
SlSGR1 (5′-ATCGATCGAGCTCCAATACGAATATCGGAATAAGAAAAAA-3′), 
SlPAO (5′-CATTGTTCATAA CTTGCACGCAAATCCTTCTTCTTCTTCT-3′), Sl-
NCED1 (5′-CAATTTC TTTTATATGTCTACGTAATTATTTAAAAAGAAT-3′),  
SlCYP707A2 (5′-TTGTTGTTTTTTCATTACGTATTTGAAATTCGCGTTA GAG-3′), 
and SlABCG40 (5′-TTTTTGTGTGTTTGATACGTAATTAAATATAAATAAAA-
AA-3′) promoters were purchased from Eurofins MWG Operon and annealed with 
their sequence-complementary oligonucleotides to form DNA probes. Annealing 
was performed by heating the primers to 99°C, followed by slow cooling to room 
temperature. The binding reaction was performed at room temperature for 20 min. 
EMSA reactions were performed using the Odyssey Infrared EMSA kit (LI-COR 
Biosciences) as described in the manual. DNA-protein complexes were separated 
on 6% agarose retardation gels, while DY682 signal was detected using the Odyssey 
Infrared Imaging System (LI-COR Biosciences).

ChIP

ChIP-qPCR was performed from leaves of mature 35S:SlNAP2-GFP 
plants, and the wild type served as control. ChIP was performed as described 
(Kaufmann et al., 2010) using anti-GFP antibody to immunoprecipitate pro-
tein-DNA complexes. qPCR primers were designed to flank the SlNAP2-binding  
sites within the promoter regions of SlSAG12, SlSAG113, SlSGR1, SlPAO, SlNCED1,  
SlCYP707A2, and SlABCG40. Primers annealing to a promoter region of Soly-
c04g009030 lacking a SlNAP2 binding site were used as a negative control. 
Primers used for qPCR are listed in Supplemental Table S2.

Chlorophyll Measurements

Chlorophyll content was determined using a SPAD analyzer (N-tester; Hy-
dro Agri).

Metabolite Measurements

Metabolite profiling of tomato mature green leaves and fruits at three  
developmental stages was carried out by gas chromatography-mass spectrom-
etry (ChromaTOF software, Pegasus driver 1.61; LECO) as described previ-
ously (Lisec et al., 2006). The chromatograms and mass spectra were evaluated 
using TagFinder software (Luedemann et al., 2012). Metabolite identification 
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was manually checked by the mass spectral and retention index collection of 
the Golm Metabolome Database (Kopka et al., 2005). Peak heights of the mass 
fragments were normalized on the basis of the fresh weight of the sample 
and the added amount of an internal standard (ribitol). Statistical differences 
between groups were analyzed by Student’s t tests on the raw data. Results 
were determined to be statistically different at a probability level of P < 0.05. 
Relative metabolite levels were obtained as the ratio between the lines and the 
mean value of the respective wild type.

ABA Measurement

Plant tissue (∼20 mg fresh weight of each sample) was ground using 3-mm 
tungsten carbide beads (Retsch) with a MM 301 vibration mill at a frequency 
of 27.0 Hz for 3 min (Retsch). Internal standard containing deuterium-labeled 
standard [20 pmol of (+)-3′,5′,5′,7´,7´,7´-2H6-ABA] and 1 mL ice-cold meth-
anol/water/acetic acid (10/89/1, v/v) were added to each of the samples. 
After 1 h of shaking in the dark at 4°C, the homogenates were centrifuged 
(20,000g, 10 min, 4°C) after extraction, and the pellets were then reextracted in 
0.5 mL extraction solvent for 30 min. The combined extracts were purified by 
solid-phase extraction on Oasis HLB cartridges (60 mg, 3 mL; Waters), evapo-
rated to dryness in a Speed-Vac (UniEquip), and analyzed by UPLC-ESI (−/+)-
MS/MS (Turecková et al., 2009).

Brix Determination

Brix was determined as the concentration of total soluble solids using a dig-
ital refractometer (Krüss Optronic) on six ripe red fruit samples per genotype.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL 
data libraries under accession numbers SlNAP1 (NP_001316452.1), SlNAP2 
(XM_004236996.2), SlSAG12 (XP_004233054), SlSAG113 (XP_004239911.1), SlS-
GR1 (NP_001234723.1), SlPAO (NP_001234535.2), SlNCED1 (NP_001234455), 
SlCYP707A2 (XP_004244436.1), SlABCG40 (XP_004247842.1), SlGDH1 
(NP_001292722), and SlGS1 (XP_004248690).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Expression of SlNAP1 and SlNAP2.

Supplemental Figure S2. Expression of SlNAP2 in overexpression and 

knockdown lines.

Supplemental Figure S3. Expression of senescence marker genes.

Supplemental Figure S4. Identification of the binding sequences of Sl-

NAP1 and SlNAP2.

Supplemental Figure S5. ABA content.

Supplemental Figure S6. Effect of SlNAP2 on fruit yield.

Supplemental Figure S7. Expression of SlGDH1 and SlGS1.

Supplemental Table S1. Relative metabolite content of fully expanded 

leaves of 8-week-old SlNAP2 transgenic and wild-type pants.

Supplemental Table S2. Oligonucleotide sequences.
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