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Highlights 

 

 Progression of natural leaf senescence in P. hybrida showed similarities 

with other plant species. 

 

 Leaf senescence-associated NAC genes were identified in P. hybrida. 

 

 Expression analysis showed PhNACs active at different stages of leaf and 

also petal development and senescence. 

 

 NAC gene expression patterns were generally similar between 

Arabidopsis and P. hybrida. 

 

 Phylogenetic analysis helped to select key candidates for senescence 

regulation in petunia. 
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Abstract 

Progression of leaf senescence depends on several families of transcription factors. In 

Arabidopsis, the NAC family plays crucial roles in the modulation of leaf senescence; 

however, the mechanisms involved in this NAC-mediated regulation have not been 

extensively explored in agronomic species. Petunia hybrida is an ornamental plant that 

is commonly found worldwide. Decreasing the rate of leaf and petal senescence in P. 

hybrida is essential for maintaining plant quality. In this study, we examined the NAC-

mediated networks involved in regulating senescence in this species.  From 41 NAC 

genes, the expression of which changed in Arabidopsis during leaf senescence, we 

identified 29 putative orthologs in P. hybrida. Analysis using quantitative real-time-PCR 

indicated that 24 genes in P. hybrida changed their transcript levels during natural leaf 

senescence. Leaf-expressed genes were subsequently assessed in petals undergoing 

natural and pollination-induced senescence. Expression data and phylogenetic 

analysis were used to generate a list of 10 to 15 candidate genes; 7 of these were 

considered key regulatory candidates in senescence because of their consistent 

upregulation in the three senescence processes examined. Altogether, we identified 

common and distinct patterns of gene expression at different stages of leaf and petal 

development and during progression of senescence. The results obtained in this study 

will contribute to the understanding of NAC-mediated regulatory networks in petunia. 

Keywords: Petunia hybrida; NAC transcription factors; leaf senescence; petal 

senescence; expression profiles; crop breeding 
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1. Introduction 

Leaf aging is accompanied by a genetically programmed process called 

senescence. Senescence is a form of programmed cell death in which nutrients from 

dying leaves are recycled to support the growth of younger tissues [1,2]. Delaying 

senescence can keep the photosynthetic machinery active for prolonged periods, 

which can affect crop yields. However, stressed plants normally exhibit premature 

senescence, which results in diminished yield [3,4]. 

Multiple variables, including endogenous signals such as leaf age, reproductive 

development, hormones and several external stress-related signals, can modulate the 

onset of senescence [2,5]. The process involves dramatic changes in gene expression, 

hormone balance, metabolism, and structure; it also involves downregulation in the 

expression of photosynthesis-related genes [such as senescence down-regulated 

genes (SDGs)] and upregulation of multi-functional genes required for senescence to 

proceed [such as senescence-associated genes (SAGs)] [6–9]. Several families of 

transcription factors (TFs) often regulate these changes in global gene expression [8–

12]. Particularly, many NAC (NAM, ATAF1, 2 and CUC2) family members, 

approximately one third in Arabidopsis, vary their expression during the process 

[9,12,13]. The NAC family is one of the largest plant-specific TF families, and members 

of this family participate in the mediation of leaf senescence and other processes in 

plants [5,14–16]. NAC proteins contain a highly conserved N-terminal dimerization and 

DNA-binding domain encompassing five subdomains (A-E) and a highly diversified C-

terminal region that allows specific interactions with DNA and other proteins [15,17,18]. 

For example, in Arabidopsis, AtNAP [19], ORE1 [20], ORS1 [21], ANAC016 [22] and 

ATAF1 [23] promote leaf senescence, whereas JUB1 [24] and VNI2 [25] delay this 

process. These TFs exert their effects via molecular interactions with hormones such 

as abscisic acid (ABA) and ethylene [5]. Several crop species, including monocots and 
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dicots, contain NAC proteins that play roles in senescence; however, the molecular 

mechanisms that drive the progression of senescence are still unclear [26–33].  

In flowering plants, petal senescence is influenced by endogenous age-

dependent signals; in many species, pollination activates or accelerates the process 

[34–36]. The development and physiological roles of leaves and petals are different. In 

petals, senescence is less influenced by environmental factors and involves a lower 

extent of nutrient remobilization than that in leaves [37–39]. Global analysis of gene 

expression in the leaves and petals of the ornamental wallflower plant has shown 

common and distinct patterns in expression and physiology. Several remobilization-

related genes, including senescence-associated gene12 (SAG12), encoding a cysteine 

protease, are upregulated in both leaves and petals with age [40]. Common events are 

observed in Arabidopsis, although unique events are also identified in individual tissues 

[41]. Expression of the NAC family is particularly increased during leaf and petal 

development [41], indicating that these TFs may use similar signaling mechanisms in 

leaves and petals. 

In ethylene-sensitive flowers, the first sign of visible senescence correlates with 

a transient and sudden rise in ethylene production [42]. P. hybrida has ethylene-

sensitive corollas; both natural (age-dependent) and pollination-induced petal 

senescence are associated with endogenous peaks of ethylene production [43]. The 

corollas of transgenic P. hybrida plants, which express a mutant ethylene receptor that 

generates ethylene-insensitive petals, show notable changes in gene expression and 

downregulation of six NAC genes [44]. Similarly, an early transcriptome analysis of 

corollas in pollinated petunia revealed variations in the transcription of NAC genes [36], 

indicating that these genes may participate in petal senescence. Moreover, the petals 

of the ornamental plant Ipomoea nil show increased expression of putative orthologs of 

Arabidopsis ORE1 (InEPH1) and AtNAP [45,46]. Interestingly, InEPH1 promotes petal 
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senescence and currently represents the only NAC factor involved in regulation of petal 

senescence [45]. Transcript level-based identification of regulatory networks controlling 

senescence is important in determining potential regulators of senescence. Indeed, Ha-

NAC01, which is a putative ortholog of Arabidopsis ORE1, shows a similar 

transcriptional regulation network in the sunflower [47]. Thus, signaling pathways 

mediated by NAC factors may be preserved among species, which can be useful in 

plant breeding. 

P. hybrida is one of the most economically important ornamental plants 

worldwide. Unlike Arabidopsis, Petunia belongs to a different phylogenetic group of 

higher eudicots [48] and is an important comparative genetic model for studying the 

molecular basis and regulation of leaf and petal senescence. Moreover, the results 

obtained using Petunia can be extrapolated to other related crops within the 

Solanaceae family [49]. Therefore, in this study, we performed phylogenetic 

classification and detailed expression analysis of several NACs that may regulate 

senescence in petunia. 

 

2. Materials and methods 

2.1. Identification of NAC transcription factors in P. hybrida 

The sequences of NAC proteins present in Arabidopsis thaliana were retrieved 

from PlantTFDB 3.0 (Plant Transcription Factor Database) [50]. The resulting dataset 

was screened to remove redundant and splicing isoforms, and sequences were 

manually evaluated for presence of the NAC domain using the PFAM database (NAM 

domain PF02365) and Araport [51]. Forty-one Arabidopsis NAC genes, including 36 

SAGs and 5 SDGs, were selected from published studies on the leaf transcriptome 

[9,12,41] and from online repositories of leaf expression data such as Leaf Senescence 
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DataBase [52] and Arabidopsis eFP Browser [53]. A leaf transcriptome dataset of P. 

hybrida [54] (SGN, http://solgenomics.net) was used to create a repository database 

(Petunia Transcriptome Repository ATGC v1.0) [55]. Putative petunia orthologs in this 

repository, and in parental genomes of P. hybrida deposited at SOL Genomics Network 

[56], were then searched using tBLASTn. In addition, BLASTp was used to search 

other species for the presence of putative ortholog/s to the predicted protein sequences 

in P. hybrida (NCBI, https://www.ncbi.nlm.nih.gov/).  

 

2.2. Alignment and phylogenetic analysis of NAC protein sequences  

For phylogenetic reconstruction of the Arabidopsis NAC tree, we aligned the N-

terminal region containing the NAC domain (subdomains A–E) of 109 protein 

sequences using BioEdit software [57]. The Jones, Taylor, and Thornton (JTT) model 

was selected as best-fitting amino-acid substitution model using ProtTest v3.4 software 

[58]. The best-fit model of protein evolution and parameters were incorporated into 

PhyML 3.0 software to estimate large phylogenies by maximum likelihood [59]. For 

phylogenetic reconstruction of the senescence-associated NAC tree, we aligned the 

NAC-domain—containing N-terminal region in 161 proteins from different species; 

these proteins included those with reported roles in senescence. The best evolutionary 

model was JTT; a neighbor joining (NJ) tree was built using MEGA5 software [60], 

which is suitable for large datasets. Both phylogenetic trees were visualized using 

Figtree v1.4.2 software (http://tree.bio.ed.ac.uk/software/figtree/). 

 

2.3. Identification of conserved motifs in the C-terminal region of PhNACs 
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The identification of conserved motifs and sequence logos in the divergent C-

terminal region of NAC proteins was performed via MEME program available online 

[61], using parameters described previously by You et al. (2015) [62]. 

 

2.4. Plant material and growth conditions 

For all experiments, the seedlings of Petunia x hybrida ‘F1 Ultra™ White’ 

(obtained from Syngenta Flowers, Inc., USA) were grown in 10-cm diameter pots 

containing moistened Grow Mix soil (Terrafértil, Argentina). The pots were placed in a 

growth chamber and maintained at 20°C and long-day photoperiods of warm-white 

fluorescent light (16-h light/8-h darkness; 240 μmol m-2 s-1; TLD 36W/830, Philips, 

France). The plants were watered as needed using sub-irrigation with a nutrient 

solution (Hakaphos® Rojo, COMPO) and cycled regularly to avoid position-related 

effects.  

Natural leaf senescence was analyzed using samples of leaf 11 selected from a 

total of 14 rosette leaves during bolting. Leaves were tagged with a thread when foliar 

primordia were approximately 70% of their final size; this was designated as the first 

sampling time point (day -3, denoting 3 days before full leaf expansion). Samples were 

collected at different time points until yellowing of approximately 40% of the total leaf 

area; this yellowing was visible on day 33 after full leaf expansion). 

Maximum leaf area was observed approximately 8 d after primordia were 

evident to the naked eye (~0.5 cm length). Leaves were harvested on each sampling 

day at 4 h into the light period, resulting in six different time points. At each time point, 

leaf 11 was sampled from 10 randomly selected plants, and was divided into 3 

biological replicates with 3-4 leaves per replicate. The leaves were rapidly frozen in 

liquid nitrogen and stored at -80°C until use. Each experiment was performed twice, 
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and similar results were obtained with respect to plant growth, leaf development, and 

senescence. 

Natural petal senescence was assessed by tagging flowers at anthesis (day 0), 

and leaving them unpollinated to senesce naturally. Conversely, in experiments using 

induction of pollination, flowers on the first day of anthesis (day 0) were hand-pollinated 

by brushing pollen onto the stigma. In both experiments, corollas were collected 8 h 

after the start of the light period at five different time points. The collected corollas were 

rapidly frozen in liquid nitrogen and stored at -80°C until use. At each time point, we 

collected 12 flowers, which were divided into 3 biological replicates with 4 corollas per 

replicate. 

 

2.5. Chlorophyll and protein measurements 

Leaf samples were ground in liquid nitrogen. Chlorophyll was extracted using 

approximately 50 mg of fresh tissue, which was placed into 1mL of N,N’-

dimethylformamide, vortexed, and incubated in the dark at -20ºC for 3 days. The 

samples were then centrifuged for 5 min at 12,000 ×g, and absorbance for each extract 

was measured at 647 and 664 nm with Multiskan EX microplate photometer (Thermo 

Scientific, Inc., Waltham, MA, USA). Chlorophyll levels were calculated according to 

Moran (1982) [63] and expressed with respect to fresh weight of each sample. 

Total proteins were extracted from fresh tissue (~150 mg) using 500 µl 

extraction buffer (50 mM sodium phosphate pH 7.0, 10 mM EDTA, 0.1% Triton X-100, 

and 10 mM beta-mercaptoethanol). Soluble proteins were measured at 600 nm via the 

Bradford method using a protein assay (Bio-Rad Laboratories, Inc., Richmond, CA, 

USA) and a calibration curve obtained using bovine serum albumin. Levels of the large 

subunit of Rubisco (RbcL) were assessed by SDS-PAGE. Protein extracts were 
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normalized for leaf weight equivalent to 650 µg of fresh tissue, placed into cracking 

buffer (10% SDS, 50% glycerol, 25% beta-mercaptoethanol, 0.01% bromophenol blue, 

and 1.5 M Tris-HCl pH 6.8), boiled for 5 min, and centrifuged for 5 min at 12,000 ×g 

before electrophoresis. Polypeptides were separated on a 12% polyacrylamide gel via 

SDS-polyacrylamide gel electrophoresis [SDS-PAGE] [64], visualized by Coomassie 

blue staining (Coomassie G-250 Brilliant Blue, Sigma); a molecular-weight size marker 

was used to indicate the molecular weight of RbcL. 

 

2.6. Gene expression analysis using quantitative real-time PCR 

Total RNA was isolated from selected samples of leaves and petals. High 

quality RNA was obtained from 150 mg of frozen tissue using TRIzol per 

manufacturer’s instructions (Invitrogen, Argentina). Genomic DNA was eliminated using 

DNase I (Invitrogen, Argentina). RNA concentration was measured using a Nanodrop 

ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The 

purity and integrity of total RNA were determined at the ratio of 260/280 nm, and via 

agarose gel electrophoresis using ethidium bromide staining. For each sample, 2 µg 

DNase-treated RNA was reverse-transcribed using a Superscript III first strand 

synthesis kit (Invitrogen, USA) and random hexamer primers according to the 

manufacturer’s instructions. Specific primer pairs for quantitative real-time PCR (qPCR) 

were designed using Beacon designer 6.0 software (Premier Biosoft International, Palo 

Alto, CA, USA) (Supplementary Table S1). All qPCR reactions were performed using 

13 µl containing 4.75 µl of water, 0.5 µl  of each primer (200 nM), 1 µl cDNA sample, 

and 6.25 µl FastStart Universal SYBR Green Master (Roche Diagnostics, Mannheim, 

Germany). The assays included negative controls (no RT added) and non-template 

controls. Reactions were performed using a 96-well plate StepOne Plus cycler and 

software (Applied Biosystems, USA). The thermal profile was set at 95°C for 10 min 
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and 40 cycles at 95ºC for 15 s; hybridization temperature was set at 60°C for 1 min. 

Amplicon specificity was verified by melting curve analysis (60 to 95ºC) after 40 PCR 

cycles, and products were visualized using agarose gels. The assay was performed 

using two technical replicates and three biological replicates for each condition. 

Amplification efficiencies and raw Ct values for the expression of each gene at each 

time point were determined with the slope of a linear regression model using 

LinRegPCR software [65]. These profiles were estimated with respect to first sampling 

and reference gene using fgStatistic software [66], which is based on Pfaffl’s algorithm 

[67]. Final expression values were analyzed using one-way ANOVA followed by 

Tukey’s post-test to assess each gene for significant changes in expression between 

time points (Supplementary Table S2). All data were analyzed using GraphPad Prism 5 

software (GraphPad Software, La Jolla, CA, USA). 

 

2.7. Gene clustering and heatmap analysis 

Clustering was performed using cmeans function [68], which is a fuzzy 

clustering method included in the ‘e1071’ R package [69] and R Core Team 

(https://www.R-project.org/). Heatmap was generated with ‘heatmaply’ R package [70]. 

 

3. Results 

3.1. Selection of SAG and SDG genes in the NAC family of Arabidopsis 

To identify potential regulators of senescence in petunia, we searched for NAC 

genes showing altered expression throughout the progression of leaf senescence (see 

Materials and methods). Approximately 39% of NAC genes showed changes (Table 1); 

of the 41 selected genes, 36 were upregulated (88%), whereas only 5 were 

downregulated during progression of senescence. Proteins encoded by 10 of these 
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genes are currently known as regulators of leaf senescence (Table 1). Of the 36 

upregulated genes, 7 and 21 (78%) genes showed changes in expression at the very 

early (VE) and early (E) stages, respectively, whereas 4 and 1 genes showed 

expression changes at mid (M) and late senescence (L), respectively (Table 1). Of the 

5 downregulated genes, one showed changes in expression at the early stages (Table 

1). Overall, these results indicate that most genes showed changes in expression 

patterns at the early stages, with important differences observed in approximately 75% 

of these genes (Table 1). 

We also assessed expression changes in genes of petals in closed flowers, 

immediately before opening (stage 12), and in opened-pollinated flowers (stage 15) 

(Table 1). Of the 36 genes upregulated in the leaves, 20 (~56%) also increased their 

expression levels during petal senescence, with 12 of these genes showing consistent 

changes in expression (Table 1). All 5 genes downregulated in the leaves also showed 

downregulation during petal development (Table 1). These findings suggest that 

numerous NACs in Arabidopsis participate in petal senescence. However, to date, 

none have been associated with these processes, likely because of the small size and 

short lifespan of petals in Arabidopsis.  

Finally, a phylogenetic tree analysis revealed that none of the selected 

senescence-associated genes showed a particular clustering (Supplementary Fig. S1); 

indeed, these 41 genes were widely distributed. These results agree with those 

reported in the study by Shen et al. (2009) [71], indicating that these genes represent 

six out of eight different NAC subfamilies. 

 

3.2. Identification of putative NAC transcription factors in P. hybrida and its parental 

species 
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To identify putative NAC orthologs in petunia, a public transcriptomic leaf 

database of P. hybrida [54] was incorporated into a web-based application platform to 

conduct a BLAST search [55]. Using this tool, we assessed the cDNA sequences of 41 

selected members of Arabidopsis and obtained 29 P. hybrida genes (PhNACs) with 21 

best hits and 8 lower-order hits (Table 1 and Supplementary Table S3). 

The petunia genomic sequence was unavailable when we conducted these 

searches. Thus, the transcriptomic leaf database was the best representation of P. 

hybrida sequences and enabled us to examine the genes expressed in leaves. The 

draft genomes of P. hybrida parental species (P. axillaris and P. inflata) became 

publicly available while we were analyzing our results [56]. Searches in genome 

databases recovered sequences of parental species with scores and e-values 

consistently similar to those obtained for P. hybrida sequences (Supplementary Table 

S3). Using BLASTp, we analyzed the predicted proteins of P. hybrida and retrieved 

their equivalents for P. axillaris and P. inflata (Supplementary Table S3). Thus, using 

BLAST to search both databases allowed us to identify several putative NAC orthologs 

in petunia with identity values above 50% for most of the genes. These results show a 

high level of conservation between Arabidopsis and P. hybrida proteins (Table 1 and 

Supplementary Table S3). 

 

3.3. Alignment and phylogenetic analysis of NAC proteins identified in P. hybrida  

To confirm that P. hybrida genes encode NAC domain-containing proteins, we 

used the highly conserved residues in the NAC DNA-binding domain to construct an 

alignment and phylogenetic tree (Fig. 1). The conserved residues defining the five NAC 

subdomains (A-E) have been characterized previously [14]. Our analyses indicated that 

these were, indeed, NAC proteins (Fig. 1). To evaluate the sequence structures of 

PhNACs, we aligned the 29 sequences with their equivalents in P. axillaris and P. 
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inflata (Supplementary Table S3 and Supplementary Fig. S2). Our results indicate that 

16 PhNACs were full-length proteins (Supplementary Fig. S2). Twenty of 29 proteins 

were highly similar to both parental equivalents (69%) as shown by the score, identity, 

and query cover. These results show that these PhNACs were highly conserved. 

PhNAC099, PhNAC085, PhNAC051, PhNAC082, PhNAC052, and PhNAC058 were 

related to P. axillaris equivalents (21%), whereas PhNAC004, PhNAC101, and 

PhNAC017 were related to P. inflata equivalents (10%). 

 

3.4. Characterization of natural leaf senescence 

We then examined the relationship of NAC proteins with the process of natural 

leaf senescence. For this, we first analyzed the progression of senescence by 

measuring the levels of chlorophyll and soluble protein used as physiological 

parameters. We also examined the expression profiles of putative orthologs of 

chlorophyll a/b–binding protein 2 (CAB2, a gene involved in Arabidopsis 

photosynthesis) and the late senescence marker SAG12, which were used as 

molecular parameters [12,72,73].  

Chlorophyll levels declined significantly at day 33 (Fig. 2A and 2F; P < 0.05). 

However, soluble protein levels declined earlier, at day 18 (Fig. 2B; P < 0.001). 

Correspondingly, the levels of the large subunit of Rubisco (RbcL) were similar 

between days -3 and 4, but declined steadily thereafter (Fig. 2E). Breeze et al. (2011) 

have proposed that early degradation of Rubisco may contribute to the synthesis of 

proteins required for senescence without appreciably affecting the rate of 

photosynthesis [12]. EF1a is a highly ranked reference gene in various species [74–

77]. Therefore, PhEF1a was selected as reference gene for gene quantification studies 

in petunia. The expression of PhCAB2 declined significantly at day 11 and reached its 

lowest levels after day 18 (Fig. 2C; P < 0.0001), whereas the expression of PhSAG12 
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increased significantly at day 25 and continued to increase up to day 33 (Fig. 2D; P < 

0.0001). Thus, the parameters used in this study allowed us to assess the extent of 

senescence in P. hybrida. 

 

3.5. Expression analysis of PhNACs during natural leaf senescence 

 Gene expression profiles of PhNACs were assessed via quantitative real-time 

PCR (qPCR, Fig. 3) performed during six different stages of leaf development (Fig. 2). 

Most PhNAC genes (24) were expressed at the evaluated time points (Fig. 3), and the 

expression of 23 of these genes varied significantly throughout leaf senescence 

(Supplementary Table S2). Expression of the remaining genes (PhNAC086, 

PhNAC005, PhNAC030, PhNAC050, and PhNAC059) was undetectable even using 

different pairs of primers.   

We then performed a clustering analysis of these 23 genes using a cmeans 

algorithm [68] to determine differences in expression profiles (Fig. 3). The genes were 

classified into four clusters and divided into two major groups: upregulated (clusters 1 

to 3) and downregulated (cluster 4). Cluster 1 contained only one gene, (PhNAC024), 

the expression of which increased at mid-senescence (day 11) and reached its highest 

level at day 33, showing approximately a 10-fold difference in expression between day 

11 and 33 (Fig. 3A). Cluster 2 contained 13 genes, half of which showed weak 

upregulation in the early stages. Higher expression levels were observed for all the 

genes at mid and late stages. The maximum expression difference was approximately 

2 to 4 fold and occurred between early and late stages (Fig. 3B). Cluster 3 consisted of 

four genes upregulated in the early stages, with increased expression levels at mid and 

late stages (Fig. 3C). Cluster 4 contained five downregulated genes, four of which 

showed decreased expression in the mid stages (days 11 and 18), whereas the 

expression levels of PhNAC025 decreased at day 33 (Fig. 3D).  
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Overall, the expression profiles were consistent; expression of most genes 

changed in the relatively early stages, suggesting their involvement in the initial steps 

of senescence. 

 

3.6. Expression analysis of PhNACs during natural petal senescence 

Recently, Shibuya et al. (2014) [45] reported that a NAC (InEPH1) in morning 

glory acts as a positive regulator of petal senescence. Therefore, we investigated 

whether the same 24 leaf-expressed PhNACs occurred in the naturally senescing 

petals of petunia. The cultivar used in our study had shorter stamens than pistils. This 

characteristic prevented auto-pollination and therefore facilitated the study of natural 

petal senescence. To estimate the progression of senescence, we measured soluble 

protein levels and expression of the PhSAG12 gene. Soluble proteins began to 

decrease at the early stages (day 3) and declined markedly at the late stages (~70%; 

Fig. 4A; P < 0.0001); the expression of PhSAG12 was highly upregulated at the late 

stages (days 9 to 11) (Fig. 4A; P < 0.0001), which agrees with results reported 

previously for SAG12 in Arabidopsis [41]. 

We then analysed the expression profiles of 24 PhNACs that have shown 

detectable expression in leaves (Fig. 3). Nineteen genes showed significant differences 

in expression (Supplementary Table S2) and were, therefore, selected for clustering 

analysis (Fig. 4). Clusters 1 and 2 contained the upregulated genes (Fig. 4B and C). All 

the genes in cluster 1 (PhNAC017, PhNAC024, PhNAC058, and PhNAC106) showed 

considerable changes in their expression levels at mid (days 3 and 6) and late (days 9 

and 11) stages. The expression of seven genes in cluster 2 (PhNAC074, PhNAC101, 

PhNAC099, PhNAC089, PhNAC033, PhNAC095, and PhNAC097) showed moderate 

to strong changes in the late stages. Conversely, cluster 3 consisted of four genes 
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(PhNAC004, PhNAC051, PhNAC052, and PhNAC053) downregulated in the relatively 

early stages (Fig. 4D). 

 

3.7. Expression analysis of PhNACs during pollination-induced petal senescence  

In P. hybrida, pollination accelerates corolla senescence and petal wilting, 

which occur 48-72 hours after pollination (hap) [43,78]. To estimate senescence 

progression and the role of PhNACs in this process, we measured soluble protein 

levels and expression of PhSAG12. The levels of soluble proteins decreased early (day 

3) and then plateaued until the late stages, with an overall reduction of approximately 

38% (Fig. 5A; P = 0.0003); PhSAG12 was highly expressed in the late stages (48 and 

72 hap; P < 0.0001) (Fig. 5A). Eighteen PhNACs showed significant changes in 

expression, as shown in Supplementary Table S2. A clustering analysis of these 18 

genes resulted in three clusters (Fig. 5): cluster 1 contained 2 early and 2 late 

consistently upregulated genes (Fig. 5B); cluster 2 contained 11 genes that were up- 

and downregulated (Fig. 5C), but showed minimal expression changes (~± 1-fold 

difference); cluster 3 consisted of 3 genes that were downregulated at mid and late 

stages (Fig. 5D). 

Overall, the expression and clustering analysis of PhNACs showed common 

and distinct patterns of gene expression at different stages of leaf and petal 

development and during progression of senescence. 

 

3.8. Identification of putative senescence regulators via hierarchical clustering of 

PhNAC expression profiles and phylogenetic analysis 

A clustering analysis of expression profiles was used to further assess gene 

expression and to simultaneously visualize the three types of senescence examined in 
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this study (Fig. 6). Overall, this analysis showed a reduction in the number of genes 

that consistently changed their expression throughout the different types of 

senescence. Indeed, most of the PhNACs (at least 20) showed changes in expression 

during natural leaf senescence, followed by natural petal senescence (15 genes) and 

pollination-induced senescence (7 genes) (Fig. 6). Additionally, most of these genes 

showed changes in expression during the early and intermediate stages of leaf 

development, while changes in petal processes were predominantly observed during 

the late stages (Fig. 6).  

To generate a list of candidate genes involved in petunia senescence, we 

constructed a phylogenetic tree to investigate the relationship of senescence-

associated PhNACs with NAC members in other species. As shown in Supplementary 

Figs. S3 and S4, we analyzed the sequences of 41 selected proteins in Arabidopsis 

and 29 proteins identified in P. hybrida, and their putative orthologs in related 

Solanaceae species (tomato, potato, and Nicotiana tomentosiformis). We also included 

NACs that participate in leaf senescence, and InEPH1, the regulator of petal 

senescence in Ipomoea nil. In addition, we conducted a motif search of the divergent 

transcriptional activation region of the C-terminal portion (TAR). 

The seven genes in cluster 1 were consistently upregulated in the three types of 

senescence (Fig. 6). Four genes (PhNAC106, PhNAC017, PhNAC074, and 

PhNAC101) were expressed in the early stages, and two (PhNAC024, PhNAC089) 

showed relatively early expression during natural leaf senescence (Fig. 6). Six genes in 

this cluster have putative orthologs that play roles in leaf senescence, indicating that 

genes in this category may regulate senescence in petunia (Table 2). 

Genes in cluster 3 were upregulated during natural leaf and petal senescence. 

PhNAC085 was included in cluster 3, although this gene did not show differences in 

expression during natural petal senescence (Supplementary Table S2). Therefore, we 
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designated PhNAC085 as a leaf-expressed gene. PhNAC033 and PhNAC097, 

classified into the adjacent phylogenetic groups IV and V (NAC-a subfamily), are 

putative orthologs of the positive regulator of Arabidopsis ATAF1 (Table 2). PhNAC099 

and PhNAC95, classified into groups XIV and XVII, respectively, of the NAC-b 

subfamily, are not currently reported to have any senescence-associated orthologs 

(Table 2). 

Genes in cluster 2 were predominantly upregulated during natural leaf 

senescence. PhNAC085 and PhNAC051 showed consistent and similar expression 

profiles with changes in early and mid- senescence. These two genes were classified 

into group IX (Fig. 6 and Table 2) and, therefore, this result suggests redundancy; 

these genes also do not have any currently reported orthologs that play roles in 

senescence. PhNAC023, PhNAC094, PhNAC105, and PhNAC096 showed 

upregulation in early stages of leaf development (Fig. 6); three of these genes have 

putative orthologs that play roles in senescence (Fig. 6 and Table 2). Thus, these three 

genes likely participate in senescence regulation in petunia. The expression of 

PhNAC082 was strongly upregulated during early stages, although currently, this gene 

has no orthologs associated with senescence (Fig. 6 and Table 2). 

In cluster 4, PhNAC004 (group VI), and PhNAC052 and PhNAC053 (group VII), 

were downregulated in the three types of senescence (Fig. 6 and Table 2). PhNAC004 

has two putative orthologs with function in leaf senescence in different species (JUB1 

and GmNAC81), whereas PhNAC052 and PhNAC053 currently have no orthologs 

associated with senescence (Table 2).  

 

4. Discussion 
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In this study, we examined the NAC family of transcription factors in P. hybrida 

in order to understand transcriptional regulation governing leaf and petal senescence. 

Characterization of natural leaf senescence demonstrated that initiation and 

progression of this process occurred similarly to those observed in other species (Fig. 

2) such as dicots and monocots [11,12,20,79–82]. Thus, leaf senescence may be a 

generally conserved process. In Arabidopsis, numerous NACs showed changes in 

expression at the early stages of leaf development (~70%) (Table 1). Similarly, most 

upregulated PhNACs (83%) (Fig. 3) showed increased expression at relatively early 

stages of senescence, whereas nearly all downregulated PhNACs showed decreased 

expression at mid-senescence. In most PhNACs, changes in expression occurred at 

similar times and with similar magnitude (Table 1 and Fig. 3). However, some genes 

(PhNAC058, PhNAC095, and PhNAC097) showed differences in the time of 

expression changes. In addition, genes such as PhNAC004, PhNAC082, and 

PhNAC108, showed expression profiles that were the opposite of those shown by the 

corresponding Arabidopsis orthologs (JUB1, At1g62700/VND5, and VNI2, respectively) 

(Table 1 and Fig. 3). 

Pollination-induced petal senescence is the type of senescence that normally 

occurs in Arabidopsis. Comparative expression analysis revealed that the proportion of 

leaf-expressed genes changing their expression during this type of senescence was 

similar in Arabidopsis and P. hybrida (Table 1 and Fig. 5). Of 36 genes upregulated in 

the leaves of Arabidopsis, 20 increased their expression (56%), whereas 4 were 

downregulated (11%), during pollination-induced petal senescence (Table 1). In 

petunia, of 18 upregulated PhNACs in leaves, 11 were upregulated (61%), whereas 2 

were downregulated (11%), during pollination-induced senescence (Table 1; Fig. 3 and 

Fig. 5). In Arabidopsis all downregulated genes in the leaves were also downregulated 

in petals (Table 1); in petunia, of the five downregulated PhNACs in leaves, three were 

also downregulated in petals (PhNAC052, PhNAC053, and PhNAC004) (Table 1; Fig. 
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3 and Fig. 5). Similar expression patterns were observed between Arabidopsis and 

petunia during leaf and petal senescence, although these plants belong to different 

groups within the higher eudicots [48]. This finding suggests that senescence-

associated NAC gene expression patterns are conserved between the two species. 

Simultaneous visualization of NAC expression in the three types of senescence 

indicates that the PhNACs identified in this study can act as regulatory factors during 

leaf and petal senescence (Fig. 6); this trend is also observed in other species 

[11,12,36,83–86]. The expression of genes contained in cluster 1 (Fig. 6) increased 

strongly during progression of the three types of senescence, making these some of 

the most interesting genes characterized in this study. PhNAC017, PhNAC024, and 

PhNAC106 possess equivalents in Arabidopsis that were upregulated in senescing 

leaves, petals, and pods [41]. Moreover, the putative homologs of these genes also 

tended to be upregulated in the corollas of pollinated petunia flowers [36] and after 16 h 

of treatment with ethylene [87]. Moreover, putative homologs of PhNAC058 and 

PhNAC101 also displayed a similar behavior. Pollination signals in the stigma induce a 

rapid increase (first 7 hours) in ethylene production in the stigma and style of petunia 

flowers [88,89] that, much later, leads to the production of ethylene in the corollas. The 

expression of PhNAC024, PhNAC074, and PhNAC089 was upregulated only 6 hours 

after pollination (Fig. 6), a moment noticeable before fertilization and the production of 

ethylene in the corollas [36]. Interestingly, an alignment of PhNAC024, PhNAC074, and 

PhNAC089, showed high identity with both parental equivalents (Supplementary Fig. 

S2), suggesting a conserved function of these members in the initial steps of 

senescence regulation. 

PhNAC024 is a putative ortholog of positive regulators of leaf senescence in 

various dicot and monocot species (Table 2). The putative orthologs AtNAP, GhNAP, 

SlNAP2, and OsNAP function via ABA-associated signaling pathways [19,27,28,90]. 
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Moreover, AtNAP is associated with ethylene signaling, which promotes leaf 

senescence [91], indicating a likely cross-talk between these two hormonal pathways. 

PhNAC024, which showed early and strong changes in expression, may regulate leaf 

and petal senescence in petunia, and is one of the most interesting candidates 

identified in this study. 

Although they belong to different subfamilies (Table 2), PhNAC089 and 

PhNAC106 represent two phylogenetically close members of cluster 1 (Fig. 6). Both 

genes show similar expression profiles, and their putative orthologs in Arabidopsis 

were simultaneously upregulated during leaf and petal development (Table 1) [41]. 

PhNAC106 in particular showed the highest expression changes in natural and 

pollination-induced petal senescence (Fig. 6); these expression changes are mirrored 

by the putative equivalent of PhNAC106 in aging petals of the wallflower [40]. 

Interestingly, ONAC016 and VNI2, the putative orthologs of PhNAC089 and 

PhNAC106 (Table 2), function as repressors of leaf senescence in rice and 

Arabidopsis, respectively. In addition, VNI2 integrates leaf senescence with abiotic 

stresses [25]. Thus, PhNAC089 and PhNAC106 may play roles in senescence. 

PhNAC017 and PhNAC058 of cluster 1 (Fig. 6) are the putative orthologs of 

ORE1/ORS1/GhNAC12/SlORE1 and ANAC046, respectively. 

ORE1/ORS1/GhNAC12/SlORE1 promote leaf senescence in Arabidopsis, cotton, and 

tomato [20,21,31,45,93], while ANAC046 promotes the process in Arabidopsis [92] 

(Table 2). PhNAC017 and PhNAC058 were classified into adjacent groups (X and XI), 

but differed with respect to the presence of motif 16 in TAR (Supplementary Figs. S3, 

S4 and Table 2). This finding suggests that PhNAC017 and PhNAC058 may interact 

with distinct partner/s; therefore, regulating the expression of their targets differentially. 

ORE1 expression is induced via EIN2 in the ethylene pathway [20,91]. Moreover, 

InEPH1 is a putative ortholog of ORE1, which promotes petal senescence in Ipomoea 
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nil (Table 2) and currently represents the only NAC with a reported role in petal 

senescence [45]. Interestingly, InEPH1 has scant involvement in leaf senescence, and 

InEIN2 minimally affects the expression of InEPH1 during age-dependent petal 

senescence in Ipomoea [45]. Thus, similar NAC proteins may play different roles in 

senescence of different organs and species. Altogether, our results indicate that 

PhNAC058 and PhNAC017 may participate in senescence regulation in petunia.   

Finally, PhNAC074 of cluster 1 (Fig. 6) is a putative ortholog of Arabidopsis 

ANAC021 (At1g56010) and of TaNAC-S, which is a negative regulator of leaf 

senescence in wheat [30]. Similar to the previously described PhNAC017 (group XI), 

ANAC021 and PhNAC074 (group VIII) possess a motif 16 in TAR (Supplementary Fig. 

S3 and Table 2). The putative orthologs of PhNAC017 increased their expression and 

positively regulated leaf senescence in different species (Table 2). Conversely, 

TaNAC-S, which lacks a motif 16 (Supplementary Fig. S3), decreases its expression to 

negatively regulate leaf senescence in wheat [30]. The negative function of TaNAC-S 

in senescence may be explained by the absence of motif 16. In different dicot species, 

this motif is present in known positive regulators of group XI (Supplementary Fig. S3 

and Table 2). Therefore, motif 16 may enable PhNAC074 to positively regulate 

senescence (Supplementary Fig. S3). These observations suggest that proteins 

associated with this motif (groups VIII and XI) show divergent C-terminal regulation in 

monocots and dicots (Supplementary Fig. S3). 

PhNAC033 and PhNAC097, which belong to adjacent phylogenetic groups 

(Table 2), were upregulated during natural leaf and petal senescence (cluster 3) 

(Fig.6). Arabidopsis ATAF1 is the putative ortholog of PhNAC033 and PhNAC097, 

which promote leaf senescence via ABA- and hydrogen peroxide-induced senescence 

(Table 2 and Supplementary Fig. S3) [23]. Homologs of PhNAC033 and PhNAC097 

are upregulated during petal senescence in petunia [44,86], while virus-induced gene 
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silencing (VIGS) of these genes slightly increases petal longevity [86]. The lack of 

consistent phenotypes can be explained by genetic redundancy, as is observed in 

ATAF subfamily members in Arabidopsis [94].  

Genes predominantly upregulated during natural leaf senescence (Cluster 2; 

Fig. 6), such as PhNAC051 and PhNAC085 of group IX (Table 2), shared similar and 

consistent expression profiles (Fig. 6), suggesting the occurrence of genetic 

redundancy. Other genes in cluster 2 included PhNAC096 and PhNAC105, which 

showed similar leaf expression profiles (Fig. 6). PhNAC096 and PhNAC105 were 

considered NTL4 and NAC016 orthologs, respectively (Table 2 and Supplementary 

Fig. S3). NAC016 promotes natural and dark-induced leaf senescence in Arabidopsis 

via regulation of several senescence-associated NACs [22]. Similarly to NTL4, NAC016 

participates in regulation of senescence mediated by salt and oxidative stress signals 

[22]. Similarly, a putative ortholog of PhNAC023, NTL9, promotes leaf senescence in 

Arabidopsis and is induced by osmotic stress (Supplementary Fig. S3 and Table 2) 

[95]. These membrane-bound members of the NAC-b subfamily in Arabidopsis have 

been implicated in the regulation of leaf senescence that occurs in response to different 

abiotic and oxidative stresses. Therefore, these three petunia members may be 

involved in the regulation of senescence. 

PhNAC082 of the NAC-c subfamily (group VII) and belonging to cluster 2 was 

early and strongly upregulated during leaf senescence in petunia (Fig. 6 and 

Supplementary Fig. S3). However, most genes in the NAC-c subfamily were 

downregulated during leaf senescence in Arabidopsis (Table 1). These contrasting 

findings suggest that PhNAC082 plays a different regulatory role in petunia. Other 

members of the NAC-c subfamily (group VII) in petunia, such as PhNAC052 and 

PhNAC053, which share identical motifs in TAR, were downregulated in the three types 

of senescence examined in this study (Supplementary Fig. S3, Fig. 6 and Table 1). 
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Despite the absence of known senescence regulators, members of the NAC-c sub-

family in Arabidopsis participate in xylem differentiation and programmed cell death 

[96], and physically interact with the negative senescence regulator VNI2 [25,97], 

indicating that they may be involved in senescence-associated processes. 

Interestingly, the opposing expression patterns observed in PhNAC082 and 

PhNAC052/PhNAC053 (Fig. 6) suggest that genetic compensation is involved in 

mediation of senescence processes. 

 Finally, PhNAC004, the only NAC-e subfamily member present in cluster 4, 

was downregulated in the three types of senescence (Fig. 6). JUB1 and GmNAC81, 

which are the putative orthologs of PhNAC004, are upregulated in Arabidopsis and the 

soybean, respectively, but play opposite roles in senescence. JUB1 represses leaf 

senescence via inhibition of oxidative stress, and GmNAC81 promotes senescence via 

integration of osmotic stress and natural leaf senescence [24,32]. The opposing 

functions of JUB1 and GmNAC81, combined with transcriptional regulation of 

PhNAC004, indicate that members of the NAC-e subfamily may play diverse roles in 

transcriptional regulation and/or mediation of senescence across species.  

In this study, we have shown that 10 to 15 PhNACs likely participate in the 

regulation of leaf and petal senescence. Because closely related PhNACs may play 

similar roles in senescence, a high degree of genetic redundancy is expected. 

Therefore, it may be necessary to downregulate more than one gene simultaneously to 

determine if signaling components controlling senescence in Arabidopsis and other 

species have an equivalent function in petunia. These studies will help to delay 

senescence via selective breeding in this ornamental crop. 
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Figure legends 

Fig. 1. Sequence alignment of PhNACs. ClustalW alignment of the highly conserved N-terminal residues spanning the 

NAC-binding domain in the 29 P. hybrida proteins and portion of the divergent C-terminal transcriptional activation 

region (TAR) identified in this study. ORE1 of Arabidopsis was used as reference. A phylogenetic tree was constructed 

from a complete alignment of the five subdomains (A-E). The nine identified clusters are represented in different colors. 

Highly conserved residues are depicted with black and grey backgrounds and define the five conserved subdomains. 

Dots indicate highly conserved amino acids in NAC of A. thaliana and rice [14]. Asterisks indicate four partial sequences 

that lacked the first portion of the N-terminal domain.  

 

Fig. 2. Analysis of physiological and molecular parameters associated with the progression of natural leaf senescence 

in P. hybrida. (A) Content of chlorophyll and (B) total soluble proteins relative to fresh weight. (C) Relative transcript 

levels of PhCAB2 and (D) PhSAG12 are shown as the ratio (log2 scale) between each sampled point relative to the 

level at the first sampling point and expression of the reference gene PhEf1a. (E) Levels of the large subunit of Rubisco 

(RbcL), as analyzed by SDS-PAGE and stained with Coomassie blue. Three biological replicates were examined using 

three independent SDS-PAGEs; only the most representative replicate is shown. (F) P. hybrida leaves at days 4 and 33 

after full leaf expansion. Asterisks denote significant differences among means between each sample point in relation to 

the first sampling point, as assessed using Tukey’s post-test (P < 0.05). Error bars correspond to standard error means. 
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Fig. 3. Expression profiles of PhNAC during natural leaf senescence. A-D: Clustering of 23 differentially expressed 

PhNACs. Relative transcript levels are shown as the ratio (log2 scale) between each sampled point relative to the first 

sampling point and to the expression of the reference gene PhEF1a. No error bar is shown for better visualization. 
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Fig. 4. Characterization of natural petal senescence and analysis of PhNAC expression. (A) Total soluble proteins 

(µg/mg) relative to petal fresh weight, and relative transcript levels of PhSAG12. (B-D) Clustering of gene expression 

patterns of 19 differentially expressed PhNACs. Relative transcript levels are shown as the ratio (log2 scale) between 

each sampled point relative to the level at first sampling point and to the expression of the reference gene PhEF1a. 

Asterisks denote significant differences among means relative to the first sampling point, as assessed using Tukey’s 

post-test (P < 0.05). No error bar is shown for better visualization. 
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Fig. 5. Characterization of pollination-induced petal senescence and analysis of PhNAC expression. (A) Total soluble 

proteins (µg/mg) relative to petal fresh weight and relative transcript levels of PhSAG12. (B-D) Clustering of expression 

profiles of 18 differentially expressed genes. Relative transcript levels are shown (log2 scale) between each sampled 

point relative to the level at first sampling point (day 0) and to the expression of the reference gene PhEF1a. Asterisks 

denote significant differences among means in relation to the first sampling point, as assessed using Tukey’s post-test 

(P < 0.05). No error bar is shown for better visualization. 
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Fig. 6. Hierarchical clustering and heatmap of PhNAC expression profiles throughout the three types of senescence. 

Image shows relative transcript levels indicated by a color scale (log2 scale) between each sampled point relative to the 

level at the first sampling point and to the expression of the reference gene PhEF1a. Black dots indicate the time of 

initial significant change in relation to the first sampling point. E, M, and L indicate early, mid, and late stages of 

senescence, respectively, designated according to physiological and molecular parameters measured in leaves and 

petals. NS, non-significant. The corresponding phylogenetic group of each PhNAC based on Supplementary Fig. S3 is 

depicted in parenthesis. 
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Table legends 

Table 1 

Expression and functional annotation of Arabidopsis SAG and SDG genes of the NAC family, and putative P. hybrida 

orthologs, involved in leaf senescence. List of the 41 selected A. thaliana genes shows expression levels in leaves and 

petals and function in leaf senescence. Genes are classified into subfamilies and clades and ordered according to the 

Arabidopsis NAC tree (Supplementary Fig. S1). Putative orthologs of P. hybrida were obtained via tBLASTn using a 

transcriptomic leaf database [54]. Asterisks (*) indicate genes in Arabidopsis that play roles in leaf senescence. P 

indicates partial sequences of P. hybrida that were recovered from the database. VE, E, M, and L indicate very early, 

early, mid, or late changes in expression, respectively, according to Breeze et al. (2011) [12]. Plus (+ and ++) and minus 

signs (-) indicate marked changes in expression obtained from Arabidopsis eFP browser [53]. AT3G04420, 

AT1G022020, and AT1G02250 genes lack orthologs in P. hybrida. AGI, Arabidopsis Genome Initiative; n/a, data not 

available. 

Table 2 

Summary of senescence expression categories, phylogenetic analysis, and comparison of P. hybrida candidates with 

putative orthologs in other species. Twenty-one P. hybrida genes were divided into four expression categories and 

classified into subfamilies and clusters. Descriptions of putative orthologs in other species include expression data and 

function in leaf senescence. PhNACs are displayed in ascending cluster order for each expression category. Asterisks 

indicate expression and function of InEPH1 in petal senescence. 
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Table 1 

Expression and functional annotation of Arabidopsis SAG and SDG genes of the NAC family, and putative P. hybrida orthologs, involved in leaf 

senescence. List of the 41 selected A. thaliana genes shows expression levels in leaves and petals and function in leaf senescence. Genes are 

classified into subfamilies and clades and ordered according to the Arabidopsis NAC tree (Supplementary Fig. S1). Putative orthologs of P. 

hybrida were obtained via tBLASTn using a transcriptomic leaf database [54]. Asterisks (*) indicate genes in Arabidopsis that play roles in leaf 

senescence. P indicates partial sequences of P. hybrida that were recovered from the database. VE, E, M, and L indicate very early, early, mid, 

or late changes in expression, respectively, according to Breeze et al. (2011) [12]. Plus (+ and ++) and minus signs (-) indicate marked changes 

in expression obtained from Arabidopsis eFP browser [53]. AT3G04420, AT1G022020, and AT1G02250 genes lack orthologs in P. hybrida. 

AGI, Arabidopsis Genome Initiative; n/a, data not available. 

 

ACCEPTED M
ANUSCRIP

T



40 

 

 Arabidopsis thaliana Petunia hybrida 

AGI code Synonyms 
Subf
amil
y 

Clad
e 

Leaf 
expression 

Refere
nces 

Petal 
expression 

Refere
nces 

Function 
in leaf 
senescen
ce 

Refere
nces 

Best accession Name 
Lower-order 
accession 

Name 

AT3G15
500 

ANAC055; 
NAC055; 
NAC3 

NAC
-a 

AtN
AC3 

Increase 
(E) (++) 

[9], 
[12], 
[53] 

Increase 
(++) 

[53], 
[41] 

Unclear [98] 
comp33806_c0_
seq1 

PhNA
C101 

  

AT1G52
890 

ANAC019; 
NAC019 

NAC
-a 

AtN
AC3 

Increase 
(E) (++) 

[9], 
[12], 
[53] 

Increase 
(++) 

[53], 
[41] 

Unclear [98] 
comp33806_c0_
seq1 

PhNA
C101 

  

AT4G27
410 

ANAC072; 
RD26 

NAC
-a 

AtN
AC3 

Increase 
(E) (+) 

[9], 
[12], 
[53] 

Increase 
(+) 

[53], 
[41] 

Unclear [98] 
comp33806_c0_
seq1 

PhNA
C101 

  

AT1G01
720 (*) 

ANAC002; 
ATAF1 

NAC
-a 

ATA
F1 

Increase 
(VE) (++) 

[9], 
[12], 
[53] 

Unclear [53] Promote [23] 
comp30243_c0_
seq1 

PhNA
C097 

  

AT1G77
450 

ANAC032; 
NAC032 

NAC
-a 

ATA
F1 

Increase 
(E) (++) 

[9], 
[12], 
[53] 

Unclear [53] Unclear n/a 
comp30243_c0_
seq1 

PhNA
C097 

  

AT5G63
790 

ANAC102; 
NAC102 

NAC
-a 

ATA
F1 

Increase 
(E) (+) 

[9], 
[12], 
[53] 

Increase [53] Unclear n/a 
comp16927_c0_
seq1 

PhNA
C033 

  

AT3G15
510 

ANAC056 
NAC
-a 

NAP 
Increase 
(E) (+) 

[9], 
[12], 
[53] 

Increase 
[53], 
[41] 

Unclear n/a 
comp16927_c0_
seq1 

PhNA
C033 

  

AT1G52
880 

ANAC018; 
NAM 

NAC
-a 

NAP 
Increase 
(VE) (++) 

[9], 
[12], 
[53] 

Increase 
(+) 

[53], 
[41] 

Unclear n/a 
comp16927_c0_
seq1 

PhNA
C033 

  

AT3G04
070 

ANAC047; 
NAC047 

NAC
-a 

AtN
AC3 

Increase 
(E) (++)  

[9], 
[12], 
[53] 

Increase 
(++) 

[53], 
[41] 

Unclear n/a 
comp30243_c0_
seq1 

PhNA
C097 

  

AT1G69
490 (*) 

ANAC029; 
NAP; ATNAP 

NAC
-a 

NAP 
Increase 
(E) (++) 

[9], 
[12], 
[53] 

Increase 
(++) 

[53], 
[41] 

Promote [19] 
comp559557_c0
_seq1 (P) 

PhNA
C024 

  

AT5G13
180 (*) 

ANAC083; 
NAC083; VNI2 

NAC
-f 

SEN
U5 

Increase 
(E) (+) 

[9], 
[12], 
[53] 

Increase [41] Delay [25] 
comp11118_c0_
seq1 

PhNA
C106 

comp17685_c0
_seq1 (P) 

PhNA
C108 

AT2G33
480 

ANAC041; 
NAC041 

NAC
-f 

SEN
U5 

Increase 
(VE) (++) 

[9], 
[12], 
[53] 

Increase 
(+) 

[53], 
[41] 

Unclear n/a 
comp11118_c0_
seq1 

PhNA
C106 

comp17685_c0
_seq1 (P) 

PhNA
C108 

AT5G64
530 

ANAC104; 
XND1 

NAC
-a 

 
Increase 
(+) 

[9], 
[53] 

Increase 
[53], 
[41] 

Unclear n/a 
comp24829_c0_
seq2 

PhNA
C089 

comp209662_c
0_seq1 (P) 

PhNA
C005 

AT2G43
000 (*) 

ANAC042; 
NAC042; JUB1 

NAC
-e 

ONA
C02

Increase 
(VE) (+) 

[9], 
[12], 

Unclear [53] Delay [24] 
comp27121_c0_
seq1 

PhNA
C004 
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2 [53] 

AT1G71
930 

ANAC030; 
VND7 

NAC
-c 

OsN
AC7 

Decrease 
(E) 

[12], 
[53] 

Decrease 
(-) 

[53], 
[41] 

Unclear n/a 
comp102798_c0
_seq1 

PhNA
C086 

  

AT2G18
060 

ANAC037; 
VND1 

NAC
-c 

OsN
AC7 

Decrease 
[52], 
[53] 

Decrease [53] Unclear n/a 
comp102798_c0
_seq1 

PhNA
C086 

  

AT1G62
700 

ANAC026; 
VND5 

NAC
-c 

OsN
AC7 

Decrease 
[52], 
[53] 

Decrease [53] Unclear n/a 
comp22278_c0_
seq3 (P) 

PhNA
C082 

  

AT1G12
260 

ANAC007; 
NAC07; VND4 

NAC
-c 

OsN
AC7 

Decrease 
(-) 

[52], 
[53] 

Decrease [53] Unclear n/a 
comp17026_c0_
seq1 (P) 

PhNA
C052 

comp199967_c
0_seq1 (P) 

PhNA
C053 

AT4G28
530 

ANAC074; 
NAC074 

NAC
-d 

NAC
1 

Increase 
(M) 

[12] 
Increase 
(++) 

[53], 
[41] 

Unclear n/a 
comp20998_c0_
seq2 (P) 

PhNA
C051 

comp20998_c0
_seq1 (P) 

PhNA
C085 

AT3G12
977 

n/a 
NAC
-d 

NAC
1 

Increase 
(E) 

[12] n/a n/a Unclear n/a 
comp89070_c0_
seq1 

PhNA
C074 

  

AT1G56
010 

ANAC021; 
ANAC022; 
NAC1 

NAC
-d 

NAC
1 

Increase 
(VE) (++) 

[12], 
[53] 

Increase 
(++) 

[53] Unclear n/a 
comp89070_c0_
seq1 

PhNA
C074 

  

AT5G18
270 

ANAC087 
NAC
-d 

NAM 
Increase 
(E) (++) 

[9], 
[12], 
[53] 

Increase [53] Unclear n/a 
comp9709_c0_s
eq1 (P) 

PhNA
C058 

comp520856_c
0_seq1 (P) 

PhNA
C030 

AT3G04
060 (*) 

ANAC046; 
NAC046 

NAC
-d 

NAM 
Increase 
(VE) (++) 

[9], 
[12], 
[53] 

Increase 
(+) 

[53], 
[41] 

Promote [92] 
comp9709_c0_s
eq1 (P) 

PhNA
C058 

comp520856_c
0_seq1 (P) 

PhNA
C030 

AT5G61
430 

ANAC100; 
NAC100 

NAC
-d 

NAM 
Increase 
(M) (+) 

[9], 
[12], 
[53] 

Increase [53] Unclear n/a 
comp22005_c0_
seq3 

PhNA
C017 

  

AT5G39
610 (*) 

ANAC092; 
NAC2; ORE1 

NAC
-d 

NAM 
Increase 
(E) (++) 

[9], 
[12], 
[53] 

Increase 
(++) 

[53], 
[41] 

Promote [20] 
comp22005_c0_
seq3 

PhNA
C017 

  

AT3G29
035 (*) 

ANAC059; 
ORS1 

NAC
-d 

NAM 
Increase 
(E) (++) 

[9], 
[12], 
[53] 

Increase 
(++) 

[53], 
[41] 

Promote [21] 
comp22005_c0_
seq3 

PhNA
C017 

  

AT1G54
330 

ANAC020; 
NAC020 

NAC
-b 

ANA
C01
1 

Increase 3 Decrease [53] Unclear n/a 
comp22839_c0_
seq1 

PhNA
C025 

  

AT3G17
730 

ANAC057; 
NAC057 

NAC
-b 

ANA
C01
1 

Decrease 
(-) 

[52], 
[53] 

Decrease 
(-) 

[53] Unclear n/a 
comp22839_c0_
seq1 

PhNA
C025 

  

AT5G22
290 

ANAC089; 
NAC089; 
FSQ6 

NAC
-b 

OsN
AC8 

Increase 
(E) (++) 

[9], 
[12], 
[53] 

Unclear [53] Unclear n/a 
comp18132_c0_
seq1 (P) 

PhNA
C099 

  

AT5G64
060 

ANAC103; 
NAC103 

NAC
-b 

OsN
AC8 

Increase 
(E) 

[12] Unclear [53] Unclear n/a 
comp12410_c0_
seq1 (P) 

PhNA
C094 

comp33776_c0
_seq1 (P) 

PhNA
C093 

AT1G32
870 

ANAC013; 
NAC13 

NAC
-b 

NAC
2 

Increase 
(E) 

[12], 
[53] 

Unclear [53] Unclear n/a 
comp14368_c0_
seq1 

PhNA
C105 
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AT1G34
190 

ANAC017; 
NAC017; 
RAO2 

NAC
-b 

NAC
2 

Increase 
(E) (+) 

[12], 
[53] 

Unclear [53] Unclear n/a 
comp14368_c0_
seq1 

PhNA
C105 

  

AT1G34
180 (*) 

ANAC016; 
NAC016 

NAC
-b 

NAC
2 

Increase 
(E) (+) 

[9], 
[12], 
[53] 

Decrease [53] Promote [22] 
comp14368_c0_
seq1 

PhNA
C105 

  

AT5G04
410 

ANAC078 
NAC
-b 

NAC
2 

Increase 
(E) 

[12], 
[53] 

Decrease [53] Unclear n/a 
comp26387_c0_
seq2 

PhNA
C050 

comp26387_c0
_seq6 

PhNA
C096 

AT3G10
500 (*) 

ANAC053; 
NAC053; NTL4 

NAC
-b 

NAC
2 

Increase 
(M) (+) 

[9], 
[12], 
[53] 

Unclear [53] Promote 
[99], 
[100] 

comp26387_c0_
seq2 

PhNA
C050 

comp26387_c0
_seq6 

PhNA
C096 

AT3G10
490 

ANAC051; 
ANAC052 

NAC
-b 

NAC
2 

Increase 
(E) (+) 

[12], 
[53] 

Increase [53] Unclear n/a 
comp20693_c0_
seq1 

PhNA
C095 

  

AT4G35
580 (*) 

CBNAC; NTL9 
NAC
-b 

TIP 
Increase 
(++) 

[9], 
[53] 

Increase [53] Promote [95] 
comp32221_c0_
seq1 

PhNA
C023 

comp7749_c0_
seq1 

PhNA
C059 

AT3G49
530 

ANAC062; 
NAC062 

NAC
-b 

TIP 
Increase 
(E) 

[12] Decrease [53] Unclear n/a 
comp32221_c0_
seq1 

PhNA
C023 

comp7749_c0_
seq1 

PhNA
C059 

AT3G04
420 

ANAC048 
NAC
-b 

ANA
C00
1 

Increase 
(VE) 

[12], 
[53] 

Unclear [53] Unclear n/a     

AT1G02
220 

ANAC003; 
NAC003 

NAC
-b 

ANA
C00
1 

Increase 
(L) 

[9], 
[12], 
[53] 

Unclear [53] Unclear n/a     

AT1G02
250 

ANAC005; 
BAC005 

NAC
-b 

ANA
C00
1 

Increase 
(M) 

[12] Unclear [53] Unclear n/a     
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Petunia hybrida Putative othologs in other species 

Expression category  Gene 
Grou

p 
Subfami

ly 
Gene Expression in leaf senescence Function in senescence References 

Up-regulation in the three 
types of senescence 
(Cluster 1) 

PhNAC1
06 

I NAC-f VNI2 Increase in A. thaliana Delay leaf senescence in A. thaliana [25] 

PhNAC0
89 

II NAC-a 
ONAC106; 
HvNAC026 

Increase in rice and barley Delay leaf senescence in rice [29], [84] 

PhNAC0
24 

III NAC-a 

AtNAP; OsNAP; 
BeNAC1; GhNAP; 
TtNAM-B1; 
SlNAP2 

Increase in  in A. thaliana, rice, 
bamboo, cotton, wheat and tomato  

Promote leaf senescence in A. thaliana, 
rice, bamboo, cotton, wheat and tomato  

[19], [27], 
[26], [28], 
[101], [102], 
[90] 

PhNAC1
01 

IV NAC-a 
ANAC55; 
ANAC019; 
ANAC072 

Increase in A. thaliana Unclear [98] 

PhNAC0
74 

VIII NAC-d 
ANAC021; TaNAC-
S 

Increase in A. thaliana and 
decrease in wheat 

TaNAC-s delay leaf senescence in wheat [30] 

PhNAC0
58 

X NAC-d ANAC046 Increase in A. thaliana Promote leaf senescence in A. thaliana [92] 

PhNAC0
17 

XI NAC-d 

ORE1; ORS1;  
GhNAC12; 
SlORE1; InEPH1 
(*) 

Increase  in A. thaliana, cotton, 
tomato and petals of Ipomoea nil 
(*) 

Promote leaf senescence in A. thaliana, 
cotton and tomato, and petal senescence 
in Ipomoea nil (*) 

[20], [21], 
[31], [45], 
[93] 

Up-regulation in natural 
leaf senescence (Cluster 
2) 

PhNAC0
82 

VII NAC-c - - - - 

PhNAC0
51 

IX NAC-d 

ANAC074; Increase in A. thaliana Unclear [12] 
PhNAC0

85 
IX NAC-d 

PhNAC0
23 

XIII NAC-b NTL9 Increase in A. thaliana Promote leaf senescence in A. thaliana [95] 

PhNAC0
94 

XV NAC-b - - - - 

PhNAC1
05 

XVI NAC-b NAC016 Increase in A. thaliana Promote leaf senescence in A. thaliana [22] 

PhNAC0
96 

XVIII NAC-b NTL4; GhNAC13 
Increase  in A. thaliana and 
decrease in cotton 

Promote  drought- and heat- induced leaf 
senescence in A. thaliana 

[99], [100], 
[101] 

Up-regulation in natural 
leaf and petal 
senescence (Cluster 3) 

PhNAC0
33 

IV NAC-a 

ATAF1; OsNAC5 Increase in A. thaliana and rice Promote leaf senescence in A. thaliana [23], [103] 
PhNAC0

97 
V NAC-a 
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Table 2 

Summary of senescence expression categories, phylogenetic analysis, and comparison of P. hybrida candidates with putative orthologs in other 

species. Twenty-one P. hybrida genes were divided into four expression categories and classified into subfamilies and clusters. Descriptions of 

putative orthologs in other species include expression data and function in leaf senescence. PhNACs are displayed in ascending cluster order 

for each expression category. Asterisks indicate expression and function of InEPH1 in petal senescence. 

 

 

PhNAC0
99 

XIV NAC-b ANAC089 Increase in A. thaliana - - 

PhNAC0
95 

XVII NAC-b GhNAC13 Decrease in cotton - [101] 

Down-regulation in the 
three types of 
senescence (Cluster 4) 

PhNAC0
04 

VI NAC-e JUB1; GmNAC81 
Increase in A. thaliana and 
soybean 

Delay leaf senescence in A. thaliana and 
promote in soybean 

[24], [32] 

PhNAC0
52 

VII NAC-c ANAC030 Decrease in A. thaliana - - 

PhNAC0
53 

VII NAC-c 
ANAC026;  
ANAC007 

Decrease in A. thaliana - - 
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