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Abstract: Petal senescence involves numerous programmed changes in biological and biochemical
processes. Ubiquitination plays a critical role in protein degradation, a hallmark of organ senescence.
Therefore, we investigated changes in the proteome and ubiquitome of senescing rose (Rosa hybrida)
petals to better understand their involvement in petal senescence. Of 3859 proteins quantified in
senescing petals, 1198 were upregulated, and 726 were downregulated during senescence. We
identified 2208 ubiquitinated sites, including 384 with increased ubiquitination in 298 proteins and
1035 with decreased ubiquitination in 674 proteins. Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) analyses revealed that proteins related to peptidases in proteolysis
and autophagy pathways were enriched in the proteome, suggesting that protein degradation
and autophagy play important roles in petal senescence. In addition, many transporter proteins
accumulated in senescing petals, and several transport processes were enriched in the ubiquitome,
indicating that transport of substances is associated with petal senescence and regulated by
ubiquitination. Moreover, several components of the brassinosteroid (BR) biosynthesis and signaling
pathways were significantly altered at the protein and ubiquitination levels, implying that BR plays an
important role in petal senescence. Our data provide a comprehensive view of rose petal senescence
at the posttranslational level.
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1. Introduction

Petal senescence is the terminal stage of petal development and is generally characterized by
wilting, color fading, or petal abscission [1]. Numerous changes in biological and biochemical
processes occur during petal senescence, including decreased membrane integrity, degradation of
macromolecules and organelles, and remobilization of nutrients, such as carbon, nitrogen, and other
mineral elements [2–4]. Protein levels in petunia (Petunia hybrida) petals decrease dramatically during
petal senescence [5], and a massive increase in protease activity has been reported in petunia, daylily
(Hemerocallis hybrid), and iris (Iris×hollandica) [5–7]. Phospholipid content also decreases in rose (Rosa
hybrida), carnation (Dianthus caryophyllus), and Tradescantia petals during senescence, causing decreased
membrane integrity [2,8–10]. To recycle nutrients, small molecules, including sucrose, amino acids, and
mineral ions, are transported from senescing petals to developing tissues by diverse transporters in the
phloem [11]. Moreover, phytohormones play a pivotal role in regulating the progression of senescence,
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with ethylene and abscisic acid (ABA) accelerating petal senescence, and cytokinin inhibiting this
process [2,3]. However, the roles of other hormones in petal senescence are largely unknown.

Petal senescence is regulated at the transcriptional, translational, and posttranslational
levels [2,12,13]. Transcriptional regulation of petal senescence has been studied in plants, such as daylily,
iris, carnation, and petunia [14–17], but little is known about the translational and posttranslational
regulation of this process. The activity and destiny of proteins are largely dependent on the type
of posttranslational modification (PTM) [18]. Posttranslational ubiquitination occurs extensively,
playing a critical role in protein degradation and functioning in almost all aspects of plant biology,
including hormone signaling, morphogenesis, reproductive processes, and defense responses [19–21].
Ubiquitination mediates the breakdown of target proteins via the 26S proteasome system [22] in several
enzyme-catalyzed reactions. Ubiquitin is first activated by forming a high-energy thioester bond with
a ubiquitin-activating enzyme (E1) and then transferred to a ubiquitin-conjugating enzyme (E2). E2
carries the activated ubiquitin to ubiquitin ligase (E3), which catalyzes the transfer of ubiquitin to target
proteins. Finally, the ubiquitinated protein is degraded by the 26S proteasome [19,23]. In addition
to protein degradation, ubiquitination can also mediate nonproteolytic events, such as regulation
of transcription, chromatin structure, and vesicular trafficking [24]. Despite the important roles of
ubiquitination in senescence, high-throughput ubiquitome analysis has only been conducted in petunia
in an effort to understand the mechanism of ethylene-induced petal senescence [25].

Rose is an important ornamental plant worldwide, and flower longevity is a key indicator of
commodity value. In this study, we used a label-free quantitative strategy involving antibody-based
affinity enrichment and high-resolution liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis to investigate the rose proteome and ubiquitome during petal senescence. We quantified
1924 proteins and 1419 ubiquitination sites that underwent changes during rose petal senescence,
providing insight into several pathways related to rose petal senescence, including proteasome and
nonproteasome degradation, autophagy, hormone biosynthesis, and signaling.

2. Results and Discussion

2.1. Expression of Senescence Marker RhSAG12 is Dramatically Increased from Flower Opening Stage 3 to
Stage 5

To clarify the senescence-associated status of rose petals, flower opening was divided into seven
stages (stages 0–6) as described previously [26] (Figure 1). We then examined the expression of the
senescence marker gene RhSAG12 at stages 0 to 6. The expression of RhSAG12 was barely detected
at stages 0 and 1 (Figure 1). During stages 3 to 5, the transcript abundance of RhSAG12 dramatically
increased by over 50-fold. Flowers in stage 3 displayed no obvious symptoms associated with
senescence, while the expression of RhSAG12 in stage 5 was extremely high. Therefore, flowers at these
two stages were chosen to generate proteome and ubiquitome data.
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Figure 1. Expression of RhSAG12 during flower opening. Results are mean values of at least three
biological replicates with standard deviations. N.D., no data.

2.2. Proteome Profile in Rose Senesced Petal

We investigated changes in the whole proteome at stage 5 compared with stage 3. We identified
5158 proteins, of which 3859 proteins were quantified. A total of 1924 proteins showed dramatic
changes in abundance with a threshold of 1.5-fold in stage 5 compared with stage 3. Among them, the
expression of 1198 proteins was upregulated, while that of 726 proteins was downregulated in stage 5
compared with stage 3, respectively (Table S1).

To evaluate the potential functions of these differentially abundant proteins (DAPs), we performed
Gene Ontology (GO) enrichment assays for DAPs (Figure 2a). In the molecular function category,
DAPs were enriched in hydrolase activity, catalytic activity, ribonucleoside binding, transferase
activity, guanosine triphosphate (GTP) binding, carboxypeptidase activity, phosphatase activity,
oxidoreductase activity, serine-type carboxypeptidase activity, and serine-type exopeptidase activity.
Upregulated DAPs were enriched in catalytic activity, carboxylic ester hydrolase activity, hydrolase
activity, and S-acyltransferase activity, while downregulated DAPs were enriched in hydrolase activity,
phosphoric ester hydrolase activity, phosphatase activity, and carboxypeptidase activity (Table S2).
These enrichment results suggest that catabolic processes and protein modification have important
roles in petal senescence. In addition, proteins related to proteolysis-related peptidase activities were
significantly enriched. This is consistent with previous studies demonstrating that organ senescence is
accompanied by elevated protein proteolysis in species such as iris and petunia [2,5,7].

In the biological process category, DAPs were enriched in the small molecule metabolic process,
organonitrogen compound biosynthetic process, organic acid metabolic process, oxoacid metabolic
process, cellular amide metabolic process, carboxylic acid metabolic process, alpha-amino acid metabolic
process, and carbohydrate metabolic process (Figure 2a). Upregulated DAPs were enriched in small
molecule metabolic process, organonitrogen compound biosynthetic process, and oxoacid metabolic
process; downregulated DAPs were enriched in the establishment of localization in the cell, cellular
localization, intracellular transport, and cellular amide metabolic process (Table S2). These results
suggest that many metabolic processes were influenced during petal senescence.

To further delineate the metabolic pathways participating in petal senescence, we mapped the
DAPs against the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Figure 2b). Eighteen
biochemical pathways were significantly enriched (p < 0.05) in stage 5 compared to stage 3, including
messenger RNA biogenesis, mRNA surveillance pathway, valine, leucine and isoleucine degradation,
autophagy, and metabolism of amino acids, such as histidine, tryptophan, arginine, proline, and
beta-alanine. Among them, upregulated proteins were significantly enriched in glycosyltransferases,
N-glycan biosynthesis, messenger RNA biogenesis, and GTP-binding proteins; downregulated proteins
were significantly enriched in messenger RNA biogenesis, glyoxylate and dicarboxylate metabolism,



Int. J. Mol. Sci. 2019, 20, 6108 4 of 19

mRNA surveillance pathway, and RNA degradation (Table S2). These data suggest that programmed
cell death, amino acid metabolism, and protein degradation play important roles in petal senescence.
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Figure 2. Proteome and ubiquitome functional enrichment analysis. Gene Ontology (GO)-based
enrichment analysis of proteins with significantly changed abundance (a) and proteins with significantly
changed Kub sites (c). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway-based enrichment
analysis of proteins with significantly changed abundance (b) and proteins with significantly changed
Kub sites (d).

2.3. Ubiquitome Profile in Rose Senesced Petals

Ubiquitination has critical roles in protein quality control and cell death in eukaryotes [27].
To investigate the involvement of ubiquitination in petal senescence, we quantified protein
ubiquitination in petals of stage 5 compared to those of stage 3. We identified 2893 lysine ubiquitination
(Kub) sites in 1395 proteins, of which 2208 Kub sites in 1142 proteins were quantified. Among these
quantified Kub sites and proteins, 384 sites in 298 proteins were identified as upregulated ubiquitination
sites, and 1035 sites in 674 proteins were identified as downregulated ubiquitination sites (Table S3).

We conducted GO enrichment analysis to further analyze the function of these proteins with
changed Kub sites (Figure 2c, Table S4). In the molecular function category, many transporter-associated
activity terms were significantly enriched, including NSF attachment protein (SNAP) receptor activity,
soluble NSF attachment protein receptor (SNARE) binding, transporter activity, primary active
transmembrane transporter activity, and P-P-bond-hydrolysis-driven transmembrane transporter
activity, suggesting that ubiquitination regulates diverse transporter activities. In the biological process
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category, consistent with the molecular function category, the enriched GO terms were associated with
transport processes, including vesicle-mediated transport, protein transport, peptide transport, amide
transport, and nitrogen compound transport (Figure 2c).

We used KEGG pathway analysis to compare the proteins with changed Kub sites with metabolic
pathways. As shown in Figure 2d, pathways associated with membrane trafficking, proteasome,
SNARE interactions in vesicular transport, glutathione metabolism, amino sugar and nucleotide
sugar metabolism, ascorbate and aldarate metabolism, pyruvate metabolism, cysteine and methionine
metabolism, and plant hormone signal transduction were significantly enriched, suggesting that many
primary and secondary metabolites and hormone pathways are regulated by ubiquitination during
petal senescence.

We used the Motif-X program to determine position-specific frequencies of amino acid residues
surrounding all Kub sites identified in rose petals. Among the 2893 Kub sites, 1058 were assigned to
five conserved motifs, accounting for 37% of the Kub sites identified (Figure 3, Table S5): 251 KubG,
262 KubA, 194 KubNNNNNNR, 190 KubNNNA, and 161 KubNA motifs (N indicates any amino acid;
Figure 3c). Previous studies have reported KubNNNA and KubNA sites in rice (Oryza sativa) and wheat
(Triticum aestivum) [28,29], while the other three sites were novel in rose. In addition, we observed
that alanine (A) was enriched at the +1, +2, and +4 positions around Kub. Previous studies in rice and
wheat also demonstrated that most conserved ubiquitinated motifs possess alanine (A) [28–30].
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2.4. Association between the Global Proteome and Ubiquitome

A well-established function of ubiquitination is mediating protein degradation via the 26S
proteasome. To investigate interactions between the proteome and ubiquitome, we compared DAPs
with ubiquitinated proteins. We screened our ubiquitome, defining proteins in which all Kub sites
showed increased levels of ubiquitination in stage 5 petals compared with stage 3 petals as upregulated
ubiquitinated proteins, and proteins in which all Kub sites showed decreased levels of ubiquitination in
stage 5 petals compared with stage 3 petals as downregulated ubiquitinated proteins. The abundance
of 23 upregulated ubiquitinated proteins was decreased, including putative vesicle transport v-SNARE
12 (XP_024194691) and cytokinin signaling component AHP1 (XP_024191812) (Figure 4, Table S6). The
abundance of 53 downregulated ubiquitinated proteins was increased (Figure 4, Table S6), including
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putative sucrose transport protein SUC3 (XP_024192899), receptor of strigolactone D14 (XP_024183944),
and salicylic acid-responsive transcription factor TGA2.3-like (XP_024181993) (Figure 4, Table S6).
Many ubiquitinated proteins could not be detected in our study as they had presumably already been
degraded by the 26S proteasome. Therefore, the ubiquitome does not reflect the status of protein
degradation. Further spatial and temporal ubiquitome analyses of petal senescence will explain
the negative association between the proteome and ubiquitome. In addition to its role in protein
degradation, mono- or poly-ubiquitination as types of protein modification alter biochemical properties
and subcellular protein localization [31]. The technology used in this study cannot distinguish the
number of ubiquitins added to K residues. Therefore, our study could not dissect the functions of
protein modification by ubiquitination in senescence.
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2.5. Transcription Factors and Protein Kinases

Plants have evolved complex transcriptional networks that regulate senescence; transcription
factors act as master switches of transcriptional reprogramming in this process [32]. We identified
23 transcription factors in the rose petal senescence proteome, including four putative bHLHs (including
MYC2 and PRE1), four bZIPs, two nuclear factors, two WRKYs, one NAC, and one HD-Zip transcription
factor (Table S7). Among these, 17 showed increased abundance, and 6 showed reduced abundance
in stage 5 petals compared to stage 3 petals. The petunia bHLH transcription factors PhFBH4 and
AN1 promote petal senescence by activating ethylene biosynthesis genes, and silencing of these two
genes results in delayed petal senescence [33,34]. In Arabidopsis (Arabidopsis thaliana), a master bZIP
transcription factor in ABA signaling, ABI5, activates the expression of the major senescence-promoting
NAC transcription factor ORE1 during dark-induced leaf senescence [35]. Arabidopsis AtWRKY53
positively regulates leaf senescence by activating the expression of SAG12 and ORE9 [36], while another
WRKY protein, AtWRKY57, negatively regulates senescence by repressing the expression of SAG
genes [37]. Members of the plant-specific NAM/ATAF/CUC (NAC) transcription factor family are
involved in petal senescence in several plant species. In morning glory (Ipomoea nil), the silencing of
EPHEMERAL1, a NAC transcription factor, suppresses petal senescence [38]. In rose, two HD-Zip
proteins, RhHB1 and RhHB6, regulate petal senescence positively and negatively, respectively [39,40].
In petunia, PhHD-Zip regulates petal senescence by promoting ABA biosynthesis [41].

We detected 10 greatly changed Kub sites in eight transcription factors in senescing rose petals
(Table S7). Notably, ubiquitination levels of two transcription factors, bZIP family member TGA2.3-like
(XP_024181993) and NAC family member NTM-like9 (XP_024169726), were downregulated at stage
5 compared to stage 3, while their proteins accumulated at stage 5, suggesting that these two
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transcription factors are tightly regulated by ubiquitination during petal senescence. Previous studies
have demonstrated that ubiquitination is involved in regulating homeostasis of transcription factors
during senescence. In Arabidopsis, a RING-type ubiquitin E3 ligase NLA participated in leaf senescence
by ubiquitinating and degrading AtNAC092 under nitrogen-starvation conditions [42]. In apple, a BTB
protein, MdBT2, interacted with a senescence-promoting transcription factor, MdbHLH93, and induced
degradation and ubiquitination of MdbHLH93 in ABA-modulated leaf senescence [43].

Protein kinases (PKs) are essential signaling regulators of senescence [44]. We identified 40 PKs
in the rose proteome of which the abundance of 24 was increased while that of 16 was decreased
in stage 5 petals compared to stage 3 petals (Table S7). Among these PKs, receptor-like kinases
(RLKs) were the largest group (16 of 40; Table S7). In soybean (Glycine max), a leucine-rich repeat
receptor-like protein kinase promotes leaf senescence by repressing cytokinin signaling and inducing
auxin and ethylene signaling [45]. In Arabidopsis, mutation of AtRPK1, encoding a membrane-bound
receptor protein kinase, delays age- and ABA-induced senescence [46]. In rice, overexpression of
OsSIK2, encoding a receptor-like kinase, results in delayed dark-induced leaf senescence, while the
sik2 mutant shows the opposite phenotype [47]. In addition, five putative mitogen-activated protein
kinases (MPKs) were identified in the rose proteome; all of them accumulated considerably in stage
5 compared to stage 3 (Table S7). In Arabidopsis, the MKK9-MPK6 cascade plays an important role
in regulating leaf senescence, with mkk9 and mpk6 mutants showing delayed leaf senescence [48].
In maize (Zea mays), functional analysis of a member of the MPK kinase (MAPKK) family, ZmMEK1,
indicated that ZmMEK1 promotes leaf senescence [49].

In the rose ubiquitome, 48 Kub sites in 31 PKs were significantly changed (Table S7) during
petal senescence. Among these 31 PKs, ubiquitination levels of 6 PKs, including three RLKs, were
upregulated, while those of 19 PKs, including 12 RLKs and four threonine kinase-like proteins were
downregulated. In addition, we found three PKs with decreased ubiquitination levels that accumulated
in stage 5 compared to stage 3: one RLK (XP_024165045), one cyclin-dependent kinase (XP_024191618),
and one casein kinase (XP_024193263). To date, few studies have explored the ubiquitination of PKs
involved in senescence. Therefore, functional characterization of these PKs and identification of their
interactive E3 ligases may shed light on their roles in petal senescence.

2.6. Proteasome and Non-Proteasome Pathways

Ubiquitin-proteasome and protease systems are responsible for protein degradation during
senescence [50]. Three putative ubiquitin-conjugating enzymes (E2s), 17 ubiquitin ligases (E3s), and
two 26S proteasome subunits were upregulated in the rose petal proteome at stage 5 compared to
stage 3 (Table S8). In petunia, silencing of PhXB3 encoding a RING zinc-finger E3 ligase significantly
prolongs flower life [51]. In addition, multiple components of the proteasome pathway associated
with flower senescence have been identified via transcriptome approaches in carnation, morning glory,
and petunia [16,52,53], although their exact roles in petal senescence remain unknown.

We also observed that 15 putative proteases were upregulated in stage 5 compared to stage 3,
including four serine proteases, six aspartyl proteases, one caspase, and four metalloproteases (Table S8).
In daylily and iris petals, the activity of protease system-related proteins increases before visible petal
senescence [6,7]. In iris flowers, inhibiting serine protease activity by treatment with the serine protease
inhibitor AEBSF delays flower senescence [7]. In sandersonia (Sandersonia aurantiaca), decreasing
endoprotease activity via the cysteine protease inhibitor 2,2′-dipyridyl delays petal wilting [54].
In carnation, the expression of the caspase gene DCCP1 increases with the onset of ethylene production
and senescence in petals, indicating that DCCP1 might be involved in ethylene-induced senescence [55].
Moreover, through omics approaches, many proteases involved in petal senescence have been identified
in ornamental crops, such as alstroemeria (Alstroemeria pelegrina), daylily, iris, and petunia [14,15,25,56].

Intriguingly, the abundance of three chloroplast-localized serine proteases (XP_024184581,
XP_024160425, and XP_024173197) and three chloroplast-localized metalloproteases (XP_024180294,
XP_024187022, and XP_024188345) was upregulated in stage 5 compared to stage 3. In alstroemeria and
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iris, such chloroplast-localized proteases were also found to be associated with petal senescence [15,56].
It is well known that no chloroplasts exist in petal cells. Identification of these proteases implies that
they might function in the degradation of other plastids, such as leukoplastids and chromoplastids.

2.7. Autophagy Pathway

Autophagy is one of the main mechanisms for removing and recycling useless or damaged cell
components via vacuoles [57]. The relationship between autophagy and senescence is sophisticated.
High levels of autophagy activity lead to cell death, while a certain degree of autophagy is required
for discarding useless cell components to maintain cell longevity [57]. In the rose petal proteome,
we found that several putative autophagy (ATG) proteins, including ATG3 (XP_024194784), ATG5
(XP_024173541), ATG9 (XP_024162099), and ATG18a (XP_024164993), and autophagy-related protein
kinases VPS15 (XP_024184320) and TOR1 (XP_024187643) were upregulated at the protein level in
stage 5 compared to stage 3 (Table S8, Figure 5). These results indicate that the autophagy pathway is
activated during petal senescence in rose, although TOR1 is an inhibitor of autophagy onset. In the
autophagy pathway, ATG8 binds autophagy adaptors that facilitate autophagosome assembly and
maturation; however, ATG8 also associates with autophagy receptors that sequester cargo into the
forming phagophore [58]. Ubiquitination levels of ATG8f (XP_024176024, Lys-70) were reduced in
stage 5 relative to stage 3 petals (Table S8), suggesting that ubiquitination might regulate autophagy
during petal senescence.

An autophagy-like phenomenon has been observed in senescing leaves, with the transcription
of many autophagy-related genes induced [59,60]. Molecular clues suggest that autophagy is also
involved in petal senescence. Expression of ATG genes increases during petal senescence in morning
glory and petunia [61–63]. In petunia, a monodansylcadaverine (MDC) signal indicating autophagic
structures appears during petal senescence [63]; while in morning glory, application of 3-methyladenine
(3-MA), an inhibitor of autophagic structure formation, accelerates senescence [61].

2.8. Hormone Biosynthesis and Signaling Pathways

Phytohormones act as internal cues to initiate petal senescence [3]. Our results showed that
many components of hormone biosynthesis and signaling were significantly changed at the protein
or ubiquitination levels in stage 5 compared to stage 3 (Table S9). We identified several enzymes
involved in brassinosteroid (BR) biosynthesis and metabolism from proteome data. The abundance
of BAS1, a BR-inactivating protein, was increased in stage 5 compared to stage 3 petals. In addition,
we detected Kub sites in two enzymes participating in BR biosynthesis, DWF1 (Lys-510, Lys-511) and
CYP716A1 (Lys-136). Among proteins related to the BR signaling pathway, the putative receptor
BRI1 (XP_024170330) was more abundant in stage 5 than in stage 3 petals (Figure 6, Table S9). The
accumulation of putative BR SIGNALING KINASE (BSK) proteins, including BSK1 (XP_024165639),
BSK5 (XP_024159144), and BSK6 (XP_024190715), was also substantially increased at stage 5 (Figure 6,
Table S9). PRE1 (XP_024179999), a transcription factor in the BR signaling pathway, also accumulated
in stage 5 (Table S9).

Ubiquitination at a Kub site in putative BSK1 (Lys-78) was increased at stage 5 compared to stage 3,
and ubiquitination levels of Kub sites in putative BKI1 (XP_024166024, Lys-222; Figure 6, Table S9) and
putative 14-3-3 (XP_024169629, Lys-123; Figure 6, Table S7) were reduced in stage 5 relative to stage
3 petals. In Arabidopsis, BKI1 blocks BR signaling in the absence of BR by interacting with BRI1 [64];
14-3-3 protein binds to the phosphorylated BR positive regulator BZR1, resulting in nuclear export
and degradation of BZR1 by the proteasome pathway [64]. These results suggest that BR signaling
might play an important role in petal senescence. In Arabidopsis, the BR receptor mutant bri1 shows a
premature leaf senescence phenotype [65]. In mung bean (Phaseolus radiatus) and papaya (Carica papaya),
exogenous BR accelerates leaf senescence [66–68]. However, the effects of BRs on petal senescence are
largely unknown.
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Ethylene plays a critical role in promoting senescence [3,69]. S-adenosyl-met (SAM) is a precursor
in the ethylene biosynthesis pathway whose formation is catalyzed by S-adenosyl-Met synthetase
(SAMS). We identified five Kub sites in two putative SAMSs (XP_024193334, Lys-153, Lys-333, Lys-388,
Lys-391; XP_024191015, Lys-390). In addition, SAMS (XP_024188677) was upregulated at the protein
level. Petunia SAMSs show increased ubiquitination and decreased protein levels during petal
senescence, suggesting possible negative feedback regulation of SAMSs by ethylene [25]. In the
ethylene signaling pathway, the transduction of extranuclear signals to downstream gene expression is
mainly mediated by the central transcription factor EIN3. We detected the downregulation of one Kub

sites in EIN3 (XP_024185087, Lys-123) (Table S9). In Arabidopsis, ubiquitination and degradation of
EIN3 are mediated by two F-box proteins, EBF1 and EBF2 [70]. Taken together, our results suggest that
ethylene biosynthesis and signaling pathways are activated during petal senescence, consistent with
the results of a previous study [39].

In the jasmonate (JA) biosynthesis pathway, JAR1 catalyzes the conversion of JA to its active form
JA-Ile [71]. In this study, a putative JAR1 (XP_024176101) accumulated in stage 5 petals (Table S9) and
the ubiquitination levels of all Kub sites (Lys-29, Lys-90, Lys-154, and Lys-506) in JAR1 were reduced at
this stage, suggesting that JA-Ile abundance is positively regulated during petal senescence via the
ubiquitination pathway.

In the JA signaling pathway, MYC2 activates the JA response by promoting the expression of
JA-responsive genes [72]. The effects of JA on petal senescence are largely unknown. Here, we found
that a putative MYC2 accumulated in stage 5 petals but was not detected in stage 3 petals (Table
S9). In Arabidopsis, the application of methyl jasmonate (MeJA) accelerates leaf senescence, and genes
involved in the JA biosynthesis pathway are upregulated during leaf senescence [73]. In addition,
mutation of JA signaling components greatly affects leaf senescence [37,74]. In iris flowers, JA treatment
slightly delays tepal senescence [75], but in orchid (Phalaenopsis hybrid) and Lily (Lilium L.), endogenous
JA content does not change during flower senescence [3].
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2.9. Transporter Activity

During petal senescence, macromolecules are degraded and remobilized in a process accompanied
by enhanced transporter activities [2]. The abundance of many transporters, including potassium,
copper, magnesium, sugar, GDP-mannose, oligopeptide, lysine histidine, and ABC transporters, was
increased at stage 5 compared to stage 3 in the senescing rose petal proteome (Table 1). Ubiquitination
levels of 44 Kub sites in 31 transporter proteins were significantly changed at stage 5 compared to
stage 3 (Table 2). Intriguingly, ubiquitination levels of most of these transporter proteins (28 Kub

sites in 22 proteins) were downregulated, and four of these showed greater accumulation at stage 5,
including putative transporters of potassium, sucrose, lysine histidine, and molybdate-anion. Therefore,
ubiquitination and de novo synthesis might jointly regulate the increase in transporter proteins during
petal senescence. In morning glory, 60% of the K+ content, about 50% of the Mg2+ content, and about
25% of the Ca2+ content is transferred to other parts of the plant during petal senescence [76]. In petunia,
potassium and phosphorus contents decrease [77,78], and transcripts of a phosphate transporter, PhPT,
accumulate in senescing corollas [78]. Expression of Fe transporter genes is induced in senescing rose
petals [79]. Moreover, many transporters related to petal senescence were identified via transcriptome
approaches in plant species, such as alstroemeria, carnation, and iris [15,16,56]. These results suggest
that enhanced transporter activity might play critical roles in petal senescence.

A putative auxin influx protein, LAX3 (XP_024166942), accumulated in stage 5 compared to stage 3.
In addition, ubiquitination levels of three putative auxin efflux proteins, PIN3 (XP_024193331, Lys-204),
ABCB1 (XP_024186868, Lys-66, Lys-76, Lys-731, Lys-1208), and ABCB19 (XP_024181861, Lys-1066),
were reduced during senescence (Table 2). In Arabidopsis, PTMs, including phosphorylation and
ubiquitination, are involved in regulating apical-basal polarity and turnover of PINs [80]. In petunia,
ubiquitination of ABCB proteins was changed in the ubiquitome data during ethylene-induced corolla
senescence [25]. Taken together, our results suggest that auxin transport, including both influx and
efflux, participate in petal senescence.

Table 1. Transporters with upregulated abundance in the rose petal senescence proteome.

Protein Accession Protein Description Mol. Weight (kDa)

XP_024163091.1 Copper transporter 5.1 15.9
XP_024180604.1 Potassium transporter 4 87.8
XP_024185106.1 Magnesium transporter MRS2-1 50.6
XP_024169378.1 Molybdate-anion transporter-like 50.6
XP_024165719.1 Sugar transporter ERD6-like 7 36.8
XP_024166942.1 Auxin transporter-like protein 3 LAX3 52.9
XP_024170862.1 Oligopeptide transporter 7 84.5
XP_024173227.1 GDP-mannose transporter GONST3 59.0
XP_024183764.1 Oligopeptide transporter 4-like 83.0
XP_024165085.1 Lysine histidine transporter-like 8 58.6
XP_024182501.1 Lysine histidine transporter-like 8 60.4
XP_024179150.1 ABC transporter I family member 1 25.7
XP_024160504.1 ABC transporter B family member 25 79.3
XP_024158019.1 ABC transporter A family member 2-like 106.4
XP_024167415.1 ABC transporter C family member 5 170.6
XP_024189449.1 Putative ABC transporter C family member 15 isoform X1 169.6
XP_024190413.1 ABC transporter G family member 15-like 75.4
XP_024191990.1 ABC transporter I family member 17 isoform X2 29.5
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Table 2. Transporters with significant changes in K ubiquitination in senescing rose petals.

Protein Accession Position Protein Description Modified Sequence Regulation Type

XP_024166523.1 1271 ABC transporter C family member 14-like APPTNWPTHGNVELK(1)DLQVR Up
XP_024167390.1 215 Sugar transporter ERD6-like 7 HK(1)EFEVALQK Up
XP_024196922.1 254 Equilibrative nucleotide transporter 1 ELK(1)GPLTGSVLR Up
XP_024158774.1 1314 ABC transporter C family member 2-like ILIDGCDIGK(1)FGLEDLRK Up
XP_024176720.1 876 ABC transporter C family member 10-like LK(1)GNKGDQLIK Up
XP_024176720.1 879 ABC transporter C family member 10-like GNK(1)GDQLIK Up
XP_024163367.1 603 Sulfate transporter 3.1-like isoform X3 FMLHTTK(0.997)SDPVK(0.003)EEPGTWNNV Up
XP_024186868.1 547 ABC transporter B family member 1 VANAHSFIVK(1)LPDGFDTQVGER Up
XP_024173043.1 1356 ABC transporter C family member 10-like K(0.986)AIEEK(0.014)EEGLDTFVVQDGTNWSTGQR Up
XP_024176720.1 632 ABC transporter C family member 10-like SASFSWDNLSK(1)ATLR Up
XP_024189449.1 725 Putative ABC transporter C family member 15 isoform X1 ENILFGNAYDK(1)AK Up
XP_024165536.1 194 Bidirectional sugar transporter SWEET1-like isoform X2 QQPSAEDNVELGLEK(1)PHQSK Down
XP_024191501.1 1219 ABC transporter D family member 1 isoform X2 LYQEGGK(1)FDDSTNILDMR Down
XP_024181861.1 1066 ABC transporter B family member 19 FYDPIVGK(1)VMIDGK Down
XP_024158774.1 1478 ABC transporter C family member 2-like SAFSK(1)MVQSTGAANAQYLR Down
XP_024194123.1 478 Ammonium transporter 1 member 1 HGGFAYVYHDEDDAGK(1)PAGIQLR Down
XP_024165085.1 332 Lysine histidine transporter-like 8 GHNLILEIQATMPSSEK(1)HPSR Down
XP_024176551.1 64 Copper transport protein ATX1-like K(1)TAYWEAEAPAEPEAK Down
XP_024169378.1 441 Molybdate-anion transporter-like LFVITDGHK(1)SK Down
XP_024194192.1 4 Aluminum-activated malate transporter 4 AAK(1)IGSFR Down
XP_024163410.1 64 ABC transporter E family member 2 K(1)CPFEAIQIINLPK Down
XP_024165658.1 153 Zinc transporter 4, chloroplastic-like K(1)QGLARPTEDQVR Down
XP_024166097.1 99 Amino acid transporter AVT3B-like KLESPDAPTK(1)IASFGDLGFR Down
XP_024176551.1 46 Copper transport protein ATX1-like VTVK(1)GNVPPETVLQTVTK Down
XP_024176711.1 886 ABC transporter C family member 10-like GDQLIK(1)LEER Down
XP_024180604.1 145 Potassium transporter 4 YGPSSQVAASSPLK(1)R Down
XP_024180746.1 363 ABC transporter G family member 11-like SYK(1)SSENYHQLQR Down
XP_024181557.1 442 Copper transport protein CCH-like DTIPSNFQK(1)R Down
XP_024186868.1 1208 ABC transporter B family member 1 FVSALPDGYK(1)TFVGER Down
XP_024186868.1 731 ABC transporter B family member 1 LEK(1)LAFK Down
XP_024186868.1 66 ABC transporter B family member 1 K(0.824)ESNDSGGGEK(0.176)PEAVPSIGFGEVFR Down
XP_024186868.1 76 ABC transporter B family member 1 ESNDSGGGEK(1)PEAVPSIGFGEVFR Down
XP_024192899.1 4 Sucrose transport protein SUC3 AGK(1)TDSVSIR Down
XP_024193193.1 198 Putative potassium transporter 12 LKLPTPELK(1)R Down
XP_024194123.1 486 Ammonium transporter 1 member 1 K(1)VEPNSSTPNSV Down
XP_024198608.1 337 ABC transporter F family member 1 FGHGSAK(1)LAR Down
XP_024198608.1 192 ABC transporter F family member 1 LEALDAATAEK(1)R Down
XP_024198608.1 325 ABC transporter F family member 1 WEQEQIANMK(1)EYIAR Down
XP_024177255.1 253 Probable aquaporin PIP-type 7a SLGAAIIFNK(1)DR Down
XP_024177255.1 14 Probable aquaporin PIP-type 7a MQAK(1)EEDVSLGANK(1)FPER Down
XP_024175740.1 14 Aquaporin PIP1-3 LGANK(1)FSER Down
XP_024166688.1 269 Aquaporin PIP2-7 AAAIK(1)ALGSFR Down
XP_024166688.1 3 Aquaporin PIP2-7 TK(1)EVSEEPQAHHHK Down
XP_024193331.1 204 Auxin efflux carrier component 3-like PIN3-like DFLETDAEIGDDGK(1)LHVK Down
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3. Conclusions

We performed a global investigation of the proteome and ubiquitome of senescing rose petals.
Proteins related to peptidase in proteolysis and autophagy pathways were enriched in the proteome
during petal senescence, suggesting that protein degradation and autophagy might play important
roles in petal senescence. Many transporter proteins accumulated in senescing petals and several
transport processes were enriched in the ubiquitome of senescing petals, indicating that the transport
of substances is associated with petal senescence and is regulated by ubiquitination. In addition,
several components of the BR biosynthesis and signaling pathways were significantly altered at the
protein and ubiquitination levels, implying that BR plays an important role in rose petal senescence.

4. Materials and Methods

4.1. Plant Material

Rose (Rosa hybrida ‘Samantha’) flowers were harvested at flower opening stages 0–6 [26] from a
local greenhouse in Beijing, placed immediately in deionized water, and delivered to the laboratory
within 2 h. For gene expression assays, petals from the middle whorl of flowers at each stage were
collected and frozen at −80 ◦C. For proteome and ubiquitome assays, petals from the middle whorl of
seven flowers at stage 3 and seven flowers at stage 5 were collected and frozen at −80 ◦C.

4.2. Total RNA Extraction and Quantitative RT-PCR

Total RNA was extracted using the hot borate method as previously described [81], followed by
RNase-free DNase I (Promega) treatment to remove contaminating genomic DNA. For quantitative
RT-PCR, 1 µg of total RNA was used to synthesize cDNA using M-MLV reverse transcriptase (Promega)
and 2 µL of cDNA was then used as the template in each 20-µL quantitative RT-PCR reaction using a
StepOnePlusTM real-time PCR system (Applied Biosystems) with KAPATM SYBR® FAST quantitative
PCR kits (Kapa Biosystems). The expression of RhSAG12 (GenBank accession number XM_024301607)
was analyzed. The rose Ubiquitin2 gene RhUBI2 was used as an internal control [82]. Three biological
replicates were performed.

4.3. Protein Extraction

Petal samples were ground in liquid nitrogen and transferred to 5-mL centrifuge tubes. Fourfold
volume of lysis buffer (8 M urea, 1% Triton X-100, 10 mM dithiothreitol, 1% protease inhibitor
(Calbiochem, Germany), deubiquitinase inhibitors PR-619 (Sigma, USA), and 2 mM EDTA was
added to the cell powder, and mixtures were sonicated three times on ice using a high-intensity
ultrasonic processor (Scientz). Sonicated products were centrifuged at 20,000× g at 4◦C for 10 min
to remove remaining debris. The supernatant was collected, and a final concentration of 20% (v/v)
trichloroacetic acid (TCA) was added. The mixtures were kept at 4 ◦C for 2 h and then centrifuged
at 12,000× g at 4 ◦C for 3 min; the supernatant was discarded, and the precipitate was washed three
times with precooled acetone. Finally, the precipitate was dissolved in urea (8 M), and the protein
concentration was determined with a BCA kit (Beyotime Biotechnology, Shanghai, China) according to
the manufacturer’s instructions.

4.4. Trypsin Digestion

Dithiothreitol (final concentration of 5 mM) was added to the protein solution and reduced for
30 min at 56 ◦C. Iodoacetamide (final concentration of 11 mM) was then added and kept in darkness
for 15 min at 23 ◦C. Protein samples were diluted with NH4HCO3 (100 mM) to a urea concentration of
<2 M. Protein samples were first digested using a 1:50 trypsin/protein ratio at 37 ◦C overnight and then
digested using a 1:100 trypsin/protein ratio for 4 h.
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4.5. HPLC Fractionation

Tryptic peptides were fractionated by high pH reverse-phase HPLC using an Agilent 300 extend
C18 column (5-µm particles, 4.6-mm i.d., and 250-mm length) for proteome analysis and a Thermo
betasil C18 column (5-µm particles, 10-mm i.d., and 250-mm length) for ubiquitome analysis. Briefly,
peptides were first separated with a gradient of 8% to 32% acetonitrile (pH 9.0) over 60 min into
60 fractions. The peptides were then combined into 10 fractions (proteome assay) or 4 fractions
(ubiquitome assay) and dried by vacuum freezing.

4.6. Affinity Enrichment

Since ubiquitinated proteins have a distinct di-Gly remnant (K-ε-GG), a high-quality anti-K-ε-GG
antibody (PTM Biolabs) was used to enrich ubiquitinated proteins. Tryptic peptides were dissolved
in immunoprecipitation buffer (100 mM NaCl, 1 mM EDTA, 50 mM Tris-HCl, and 0.5% NP-40,
pH 8.0). Dissolved peptides were incubated with prewashed anti-K-ε-GG antibody beads (lot number
PTM1104, PTM Bio) and gently shaken at 4 ◦C overnight. The beads were then washed four times
with immunoprecipitation buffer and twice with deionized water. Finally, the bound peptides were
eluted three times, with 0.1% trifluoroacetic acid, and the eluent was dried by vacuum freezing. For
LC-MS/MS analysis, the resulting peptides were desalted with C18 ZipTips (Millipore) according to
the manufacturer’s instructions.

4.7. LC-MS/MS Analysis

Tryptic peptides were dissolved in 0.1% formic acid (solvent A) and loaded onto a reversed-phase
analytical column (15-cm length and 75-µm i.d.). A gradient was achieved with solvent B (0.1% formic
acid in 90% acetonitrile) increasing from 5% to 25% in 26 min, 25% to 40% in 8 min, and 25% to 80% in
3 min, and then held at 80% for the last 3 min, all at a constant flow rate of 350 nL/min on an EASY-nLC
1000 ultraperformance liquid chromatography (UPLC) system (ThermoFisher Scientific).

Peptides were subjected to a nanospray ionization source followed by tandem mass spectrometry
(MS/MS) in a Q ExactiveTM Plus (Thermo) coupled online to the UPLC. The electrospray voltage
applied was 2.0 kV. The m/z scan range was 350 to 1800 for a full scan. Intact peptides were detected
in the Orbitrap at a resolution of 70,000. Peptides were selected for MS/MS using a normalized
collision energy (NCE) setting of 28, and fragments were detected in the Orbitrap at a resolution of
17,500. A data-dependent procedure that alternated between one MS scan and 20 MS/MS scans was
applied with 15.0-s dynamic exclusion. Automatic gain control was set at 5E4. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD016490.

4.8. Database Search

MS/MS data were processed using the Maxquant search engine (v.1.5.2.8, Germany). Tandem
mass spectra were searched against the rose (Rosa chinensis) genome database (https://lipm-browsers.
toulouse.inra.fr/pub/RchiOBHm-V2/) concatenated with a reverse decoy database.

For proteomic peptides, trypsin/P was specified as the cleavage enzyme allowing up to two
missing cleavages. The minimum length of peptides was set as 7, and the number of maximum
modifications was set as 5. The mass tolerance for precursor ions was set as 20 ppm in the first
search and 5 ppm in the main search, and the mass tolerance for fragment ions was set as 0.02 Da.
Carbamidomethyl on Cys was specified as the fixed modification. Oxidation on Met and acetylation
on the N terminus of proteins were specified as variable modifications. The label-free quantification
method was LFQ, false discovery rate (FDR) was adjusted to < 1%.

For ubiquitinated peptides, trypsin/P was specified as the cleavage enzyme allowing up to four
missing cleavages. The minimum length of peptides was set as 7, and the number of maximum
labeled amino acids was set as 5. The mass tolerance for precursor ions was set as 20 ppm in the first

https://lipm-browsers.toulouse.inra.fr/pub/RchiOBHm-V2/
https://lipm-browsers.toulouse.inra.fr/pub/RchiOBHm-V2/
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search and 5 ppm in the main search, and the mass tolerance for fragment ions was set as 0.02 Da.
Carbamidomethyl on Cys was specified as the fixed modification. Gly on Lys modification, oxidation
on Met, and acetylation on the N terminus of proteins were specified as variable modifications. The
label-free quantification method was LFQ, FDR was adjusted to < 1%, and the minimum score for
modified peptides was set to > 40.

4.9. Bioinformatics Analysis

Bioinformatic analysis was performed according to previously described methods [25,28]. Gene
Ontology (GO) annotation was derived from the UniProt-GOA database (www.http://www.ebi.ac.uk/

GOA/). Proteins were classified by GO annotation into three categories: biological process, cellular
compartment, and molecular function. The KEGG database was used to annotate protein pathways.

Ten amino acids upstream and downstream of the Kub sites in all protein sequences were chosen
for analyzing sequence properties of ubiquitinated sites using Motif-X software (http://motif-x.med.
harvard.edu/motif-x.html). All database protein sequences were used as a background database, and
other parameters were set to default values. Setting parameters for motif searching using Motif-X were
20 occurrences and a Bonferroni-corrected p-value of 0.000001.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/24/
6108/s1.

Author Contributions: Data curation, J.L. and Y.X.; Formal analysis, J.L., Y.W., G.Z., Y.L., and C.J.; Funding
acquisition, C.M.; Methodology, Y.F.; Project administration, C.M.; Supervision, B.H. and J.G.; Writing—original
draft, J.L.; Writing—review and editing, C.M.

Funding: This work was supported by the National Natural Science Foundation of China (grant No. 31672186
and No. 31520103913), National Key Research and Development Program of China (grant No. 2018YFD1000400)
and the Construction of Beijing Science and Technology Innovation and Service Capacity in Top Subjects
(CEFF-PXM2019_014207_000032).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Van Doorn, W.G. Categories of petal senescence and abscission: A re-evaluation. Ann. Bot. 2001, 87, 447–456.
[CrossRef]

2. Van Doorn, W.G.; Woltering, E.J. Physiology and molecular biology of petal senescence. J. Exp. Bot. 2008, 59,
453–480. [CrossRef] [PubMed]

3. Ma, N.; Ma, C.; Liu, Y.; Shahid, M.O.; Wang, C.P.; Gao, J.P. Petal senescence: A hormone view. J. Exp. Bot.
2018, 69, 719–732. [CrossRef] [PubMed]

4. Shahri, W.; Tahir, I. Flower senescence: Some molecular aspects. Planta 2014, 239, 277–297. [CrossRef]
[PubMed]

5. Jones, M.L.; Chaffin, G.S.; Eason, J.R.; Clark, D.G. Ethylene-sensitivity regulates proteolytic activity and
cysteine protease gene expression in petunia corollas. J. Exp. Bot. 2005, 56, 2733–2744. [CrossRef] [PubMed]

6. Stephenson, P.; Rubinstein, B. Characterization of proteolytic activity during senescence in daylilies. Physiol.
Plant 1998, 104, 463–473. [CrossRef]

7. Pak, C.; van Doorn, W.G. Delay of Iris flower senescence by protease inhibitors. New Phytol. 2005, 165,
473–480. [CrossRef]

8. Borochov, A.; Halevy, A.H.; Shinitzky, M. Senescence and the fluidity of rose petal membranes: Relationship
to phospholipid metabolism. Plant Physiol. 1982, 69, 296–299. [CrossRef]

9. Thompson, J.E.; Froese, C.D.; Madey, E.; Smith, M.D.; Hong, Y.W. Lipid metabolism during plant senescence.
Prog. Lipid Res. 1998, 37, 119–141. [CrossRef]

10. Suttle, J.C.; Kende, H. Ethylene action and loss of membrane integrity during petal senescence in Tradescantia.
Plant Physiol. 1980, 65, 1067–1072. [CrossRef]

www.http://www.ebi.ac.uk/GOA/
www.http://www.ebi.ac.uk/GOA/
http://motif-x.med.harvard.edu/motif-x.html
http://motif-x.med.harvard.edu/motif-x.html
http://www.mdpi.com/1422-0067/20/24/6108/s1
http://www.mdpi.com/1422-0067/20/24/6108/s1
http://dx.doi.org/10.1006/anbo.2000.1357
http://dx.doi.org/10.1093/jxb/erm356
http://www.ncbi.nlm.nih.gov/pubmed/18310084
http://dx.doi.org/10.1093/jxb/ery009
http://www.ncbi.nlm.nih.gov/pubmed/29425359
http://dx.doi.org/10.1007/s00425-013-1984-z
http://www.ncbi.nlm.nih.gov/pubmed/24178586
http://dx.doi.org/10.1093/jxb/eri266
http://www.ncbi.nlm.nih.gov/pubmed/16131506
http://dx.doi.org/10.1034/j.1399-3054.1998.1040323.x
http://dx.doi.org/10.1111/j.1469-8137.2004.01226.x
http://dx.doi.org/10.1104/pp.69.2.296
http://dx.doi.org/10.1016/S0163-7827(98)00006-X
http://dx.doi.org/10.1104/pp.65.6.1067


Int. J. Mol. Sci. 2019, 20, 6108 16 of 19

11. Jones, M.L. Mineral nutrient remobilization during corolla senescence in ethylene-sensitive and -insensitive
flowers. AoB Plants 2013, 5, plt023. [CrossRef] [PubMed]

12. Kim, J.; Woo, H.R.; Nam, H.G. Toward systems understanding of leaf senescence: An integrated multi-omics
perspective on leaf senescence research. Mol. Plant 2016, 9, 813–825. [CrossRef] [PubMed]

13. Kim, J.; Kim, J.H.; Lyu, J.I.; Woo, H.R.; Lim, P.O. New insights into the regulation of leaf senescence in
Arabidopsis. J. Exp. Bot. 2018, 69, 787–799. [CrossRef] [PubMed]

14. Panavas, T.; Pikula, A.; Reid, P.D.; Rubinstein, B.; Walker, E.L. Identification of senescence-associated genes
from daylily petals. Plant Mol. Biol. 1999, 40, 237–248. [CrossRef] [PubMed]

15. Van Doorn, W.G.; Balk, P.; Van Houwelingen, A.; Hoeberichts, F.; Hall, R.; Vorst, O.; Van Der Schoot, C.; Van
Wordragen, M. Gene expression during anthesis and senescence in Iris flowers. Plant Mol. Biol. 2003, 53,
845–863. [CrossRef]

16. Hoeberichts, F.A.; Van Doorn, W.G.; Vorst, O.; Hall, R.D.; Van Wordragen, M.F. Sucrose prevents up-regulation
of senescence-associated genes in carnation petals. J. Exp. Bot. 2007, 58, 2873–2885. [CrossRef]

17. Wang, H.; Chang, X.X.; Lin, J.; Chang, Y.H.; Chen, J.C.; Reid, M.S.; Jiang, C.Z. Transcriptome profiling reveals
regulatory mechanisms underlying corolla senescence in petunia. Hortic. Res. 2018, 5, 16. [CrossRef]

18. Mann, M.; Jensen, O.N. Proteomic analysis of post-translational modifications. Nat. Biotechnol. 2003, 21,
255–261. [CrossRef]

19. Sullivan, J.A.; Shirasu, K.; Deng, X.W. The diverse roles of ubiquitin and the 26S proteasome in the life of
plants. Nat. Rev. Genet. 2003, 4, 948–958. [CrossRef]

20. Vierstra, R.D. The ubiquitin-26S proteasome system at the nexus of plant biology. Nat. Rev. Mol. Cell Biol.
2009, 10, 385–397. [CrossRef]

21. Sadanandom, A.; Bailey, M.; Ewan, R.; Lee, J.; Nelis, S. The ubiquitin-proteasome system: Central modifier
of plant signalling. New Phytol. 2012, 196, 13–28. [CrossRef] [PubMed]

22. Wilkinson, K.D. Ubiquitination and deubiquitination: Targeting of proteins for degradation by the proteasome.
Semin. Cell Dev. Biol. 2000, 11, 141–148. [CrossRef] [PubMed]

23. Smalle, J.; Vierstra, R.D. The ubiquitin 26S proteasome proteolytic pathway. Annu. Rev. Plant Biol. 2004, 55,
555–590. [CrossRef] [PubMed]

24. Mukhopadhyay, D.; Riezman, H. Proteasome-independent functions of ubiquitin in endocytosis and signaling.
Science 2007, 315, 201–205. [CrossRef]

25. Guo, J.H.; Liu, J.X.; Wei, Q.; Wang, R.M.; Yang, W.Y.; Ma, Y.Y.; Chen, G.J.; Yu, Y.X. Proteomes and ubiquitylomes
analysis reveals the involvement of ubiquitination in protein degradation in petunias. Plant Physiol. 2017,
173, 668–687. [CrossRef]

26. Ma, N.; Cai, L.; Lu, W.J.; Tan, H.; Gao, J.P. Exogenous ethylene influences flower opening of cut roses (Rosa
hybrida) by regulating the genes encoding ethylene biosynthesis enzymes. Sci. China Ser. C: Life Sci. 2005, 48,
434–444. [CrossRef]

27. Kerscher, O.; Felberbaum, R.; Hochstrasser, M. Modification of proteins by ubiquitin and ubiquitin-like
proteins. Annu. Rev. Cell Dev. Biol. 2006, 22, 159–180. [CrossRef]

28. Xie, X.; Kang, H.X.; Liu, W.D.; Wang, G.L. Comprehensive profiling of the rice ubiquitome reveals the
significance of lysine ubiquitination in young leaves. J. Proteome Res. 2015, 14, 2017–2025. [CrossRef]

29. Zhang, N.; Zhang, L.R.; Shi, C.N.; Tian, Q.Z.; Lv, G.G.; Wang, Y.; Cui, D.Q.; Chen, F. Comprehensive profiling
of lysine ubiquitome reveals diverse functions of lysine ubiquitination in common wheat. Sci. Rep. 2017, 7,
13601. [CrossRef]

30. Chen, X.L.; Xie, X.; Wu, L.Y.; Liu, C.Y.; Zeng, L.R.; Zhou, X.P.; Luo, F.; Wang, G.L.; Liu, W.D. Proteomic
analysis of ubiquitinated proteins in Rice (Oryza sativa) after treatment with pathogen-associated molecular
pattern (PAMP) elicitors. Front. Plant Sci. 2018, 9, 1064. [CrossRef]

31. Shabek, N.; Zheng, N. Plant ubiquitin ligases as signaling hubs. Nat. Struct. Mol. Biol. 2014, 21, 293–296.
[CrossRef] [PubMed]

32. Schippers, J.H. Transcriptional networks in leaf senescence. Curr. Opin. Plant Biol. 2015, 27, 77–83. [CrossRef]
[PubMed]

33. Yin, J.; Chang, X.X.; Kasuga, T.; Bui, M.; Reid, M.S.; Jiang, C.Z. A basic helix-loop-helix transcription factor,
PhFBH4, regulates flower senescence by modulating ethylene biosynthesis pathway in petunia. Hortic. Res.
2015, 2, 15059. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/aobpla/plt023
http://www.ncbi.nlm.nih.gov/pubmed/23671789
http://dx.doi.org/10.1016/j.molp.2016.04.017
http://www.ncbi.nlm.nih.gov/pubmed/27174403
http://dx.doi.org/10.1093/jxb/erx287
http://www.ncbi.nlm.nih.gov/pubmed/28992051
http://dx.doi.org/10.1023/A:1006146230602
http://www.ncbi.nlm.nih.gov/pubmed/10412903
http://dx.doi.org/10.1023/B:PLAN.0000023670.61059.1d
http://dx.doi.org/10.1093/jxb/erm076
http://dx.doi.org/10.1038/s41438-018-0018-1
http://dx.doi.org/10.1038/nbt0303-255
http://dx.doi.org/10.1038/nrg1228
http://dx.doi.org/10.1038/nrm2688
http://dx.doi.org/10.1111/j.1469-8137.2012.04266.x
http://www.ncbi.nlm.nih.gov/pubmed/22897362
http://dx.doi.org/10.1006/scdb.2000.0164
http://www.ncbi.nlm.nih.gov/pubmed/10906270
http://dx.doi.org/10.1146/annurev.arplant.55.031903.141801
http://www.ncbi.nlm.nih.gov/pubmed/15377232
http://dx.doi.org/10.1126/science.1127085
http://dx.doi.org/10.1104/pp.16.00795
http://dx.doi.org/10.1360/062004-37
http://dx.doi.org/10.1146/annurev.cellbio.22.010605.093503
http://dx.doi.org/10.1021/pr5009724
http://dx.doi.org/10.1038/s41598-017-13992-y
http://dx.doi.org/10.3389/fpls.2018.01064
http://dx.doi.org/10.1038/nsmb.2804
http://www.ncbi.nlm.nih.gov/pubmed/24699076
http://dx.doi.org/10.1016/j.pbi.2015.06.018
http://www.ncbi.nlm.nih.gov/pubmed/26190740
http://dx.doi.org/10.1038/hortres.2015.59
http://www.ncbi.nlm.nih.gov/pubmed/26715989


Int. J. Mol. Sci. 2019, 20, 6108 17 of 19

34. Prinsi, B.; Negri, A.S.; Quattrocchio, F.M.; Koes, R.E.; Espen, L. Proteomics of red and white corolla limbs
in petunia reveals a novel function of the anthocyanin regulator ANTHOCYANIN1 in determining flower
longevity. J. Proteom. 2016, 131, 38–47. [CrossRef]

35. Sakuraba, Y.; Jeong, J.; Kang, M.Y.; Kim, J.; Paek, N.C.; Choi, G. Phytochrome-interacting transcription factors
PIF4 and PIF5 induce leaf senescence in Arabidopsis. Nat. Commun. 2014, 5, 4636. [CrossRef]

36. Miao, Y.; Laun, T.; Zimmermann, P.; Zentgraf, U. Targets of the WRKY53 transcription factor and its role
during leaf senescence in Arabidopsis. Plant Mol. Biol. 2004, 55, 853–867. [CrossRef]

37. Jiang, Y.J.; Liang, G.; Yang, S.Z.; Yu, D.Q. Arabidopsis WRKY57 functions as a node of convergence for jasmonic
acid- and auxin-mediated signaling in jasmonic acid-induced leaf senescence. Plant Cell 2014, 26, 230–245.
[CrossRef]

38. Shibuya, K.; Shimizu, K.; Niki, T.; Ichimura, K. Identification of a NAC transcription factor, EPHEMERAL1,
that controls petal senescence in Japanese morning glory. Plant J. 2014, 79, 1044–1051. [CrossRef]

39. Lü, P.T.; Zhang, C.Q.; Liu, J.T.; Liu, X.W.; Jiang, G.M.; Jiang, X.Q.; Khan, M.A.; Wang, L.S.; Hong, B.; Gao, J.P.
RhHB1 mediates the antagonism of gibberellins to ABA and ethylene during rose (Rosa hybrida) petal
senescence. Plant J. 2014, 78, 578–590. [CrossRef]

40. Wu, L.; Ma, N.; Jia, Y.C.; Zhang, Y.; Feng, M.; Jiang, C.Z.; Ma, C.; Gao, J.P. An Ethylene-Induced Regulatory
Module Delays Flower Senescence by Regulating Cytokinin Content. Plant Physiol. 2017, 173, 853–862.
[CrossRef]

41. Chang, X.x.; Donnelly, L.; Sun, D.Y.; Rao, J.P.; Reid, M.S.; Jiang, C.z. A petunia homeodomain-leucine zipper
protein, PhHD-Zip, plays an important role in flower senescence. PLoS ONE 2014, 9, e88320. [CrossRef]
[PubMed]

42. Park, B.S.; Yao, T.; Seo, J.S.; Wong, E.C.C.; Mitsuda, N.; Huang, C.H.; Chua, N.H. Arabidopsis NITROGEN
LIMITATION ADAPTATION regulates ORE1 homeostasis during senescence induced by nitrogen deficiency.
Nat. Plants 2018, 4, 898–903. [CrossRef] [PubMed]

43. An, J.P.; Zhang, X.W.; Bi, S.Q.; You, C.X.; Wang, X.F.; Hao, Y.J. MdbHLH93, an apple activator regulating leaf
senescence, is regulated by ABA and MdBT2 in antagonistic ways. New Phytol. 2018. [CrossRef]

44. Xiao, D.; Cui, Y.J.; Xu, F.; Xu, X.X.; Gao, G.X.; Wang, Y.X.; Guo, Z.X.; Wang, D.; Wang, N.N.
SENESCENCE-SUPPRESSED PROTEIN PHOSPHATASE directly interacts with the cytoplasmic domain
of SENESCENCE-ASSOCIATED RECEPTOR-LIKE KINASE and negatively regulates leaf senescence in
Arabidopsis. Plant Physiol. 2015, 169, 1275–1291. [CrossRef] [PubMed]

45. Xu, F.; Meng, T.; Li, P.L.; Yu, Y.Q.; Cui, Y.J.; Wang, Y.X.; Gong, Q.Q.; Wang, N.N. A soybean dual-specificity
kinase, GmSARK, and its Arabidopsis homolog, AtSARK, regulate leaf senescence through synergistic
actions of auxin and ethylene. Plant Physiol. 2011, 157, 2131–2153. [CrossRef] [PubMed]

46. Lee, I.C.; Hong, S.W.; Whang, S.s.; Lim, P.O.; Nam, H.G.; Koo, J.C. Age-dependent action of an ABA-inducible
receptor kinase, RPK1, as a positive regulator of senescence in Arabidopsis leaves. Plant Cell Physiol. 2011,
52, 651–662. [CrossRef] [PubMed]

47. Chen, L.J.; Wuriyanghan, H.; Zhang, Y.Q.; Duan, K.X.; Chen, H.W.; Li, Q.T.; Lu, X.; He, S.J.; Ma, B.;
Zhang, W.K.; et al. An S-domain receptor-like kinase, OsSIK2, confers abiotic stress tolerance and delays
dark-induced leaf senescence in rice. Plant Physiol. 2013, 163, 1752–1765. [CrossRef]

48. Zhou, C.J.; Cai, Z.H.; Guo, Y.F.; Gan, S.S. An Arabidopsis mitogen-activated protein kinase cascade,
MKK9-MPK6, plays a role in leaf senescence. Plant Physiol. 2009, 150, 167–177. [CrossRef]

49. Li, Y.; Chang, Y.; Zhao, C.C.; Yang, H.L.; Ren, D.T. Expression of the inactive ZmMEK1 induces salicylic acid
accumulation and salicylic acid-dependent leaf senescence. J. Integr. Plant. Biol. 2016, 58, 724–736. [CrossRef]

50. Schippers, J.H.; Schmidt, R.; Wagstaff, C.; Jing, H.C. Living to die and dying to live: The survival strategy
behind leaf senescence. Plant Physiol. 2015, 169, 914–930. [CrossRef]

51. Xu, X.J.; Jiang, C.z.; Donnelly, L.; Reid, M.S. Functional analysis of a RING domain ankyrin repeat protein
that is highly expressed during flower senescence. J. Exp. Bot. 2007, 58, 3623–3630. [CrossRef] [PubMed]

52. Yamada, T.; Ichimura, K.; Kanekatsu, M.; van Doorn, W.G. Gene expression in opening and senescing petals
of morning glory (Ipomoea nil) flowers. Plant Cell Rep. 2007, 26, 823–835. [CrossRef] [PubMed]

53. Bai, S.Y.; Willard, B.; Chapin, L.J.; Kinter, M.T.; Francis, D.M.; Stead, A.D.; Jones, M.L. Proteomic analysis of
pollination-induced corolla senescence in petunia. J. Exp. Bot. 2010, 61, 1089–1109. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jprot.2015.10.008
http://dx.doi.org/10.1038/ncomms5636
http://dx.doi.org/10.1007/s11103-005-2142-1
http://dx.doi.org/10.1105/tpc.113.117838
http://dx.doi.org/10.1111/tpj.12605
http://dx.doi.org/10.1111/tpj.12494
http://dx.doi.org/10.1104/pp.16.01064
http://dx.doi.org/10.1371/journal.pone.0088320
http://www.ncbi.nlm.nih.gov/pubmed/24551088
http://dx.doi.org/10.1038/s41477-018-0269-8
http://www.ncbi.nlm.nih.gov/pubmed/30374089
http://dx.doi.org/10.1111/nph.15628
http://dx.doi.org/10.1104/pp.15.01112
http://www.ncbi.nlm.nih.gov/pubmed/26304848
http://dx.doi.org/10.1104/pp.111.182899
http://www.ncbi.nlm.nih.gov/pubmed/22034630
http://dx.doi.org/10.1093/pcp/pcr026
http://www.ncbi.nlm.nih.gov/pubmed/21382977
http://dx.doi.org/10.1104/pp.113.224881
http://dx.doi.org/10.1104/pp.108.133439
http://dx.doi.org/10.1111/jipb.12465
http://dx.doi.org/10.1104/pp.15.00498
http://dx.doi.org/10.1093/jxb/erm212
http://www.ncbi.nlm.nih.gov/pubmed/18057040
http://dx.doi.org/10.1007/s00299-006-0285-4
http://www.ncbi.nlm.nih.gov/pubmed/17221229
http://dx.doi.org/10.1093/jxb/erp373
http://www.ncbi.nlm.nih.gov/pubmed/20110265


Int. J. Mol. Sci. 2019, 20, 6108 18 of 19

54. Eason, J.R.; Ryan, D.J.; Pinkney, T.T.; O’Donoghue, E.M. Programmed cell death during flower senescence:
Isolation and characterization of cysteine proteinases from Sandersonia aurantiaca. Funct. Plant Biol. 2002, 29,
1055–1064. [CrossRef]

55. Jones, M.L.; Larsen, P.B.; Woodson, W.R. Ethylene-regulated expression of a carnation cysteine proteinase
during flower petal senescence. Plant Mol. Biol. 1995, 28, 505–512. [CrossRef]

56. Breeze, E.; Wagstaff, C.; Harrison, E.; Bramke, I.; Rogers, H.; Stead, A.; Thomas, B.; Buchanan-Wollaston, V.
Gene expression patterns to define stages of post-harvest senescence in Alstroemeria petals. Plant Biotechnol. J.
2004, 2, 155–168. [CrossRef]

57. Avila-Ospina, L.; Moison, M.; Yoshimoto, K.; Masclaux-Daubresse, C. Autophagy, plant senescence, and
nutrient recycling. J. Exp. Bot. 2014, 65, 3799–3811. [CrossRef]

58. Ding, X.X.; Zhang, X.G.; Otegui, M.S. Plant autophagy: New flavors on the menu. Curr. Opin. Plant Biol.
2018, 46, 113–121. [CrossRef]

59. Chiba, A.; Ishida, H.; Nishizawa, N.K.; Makino, A.; Mae, T. Exclusion of ribulose-1, 5-bisphosphate
carboxylase/oxygenase from chloroplasts by specific bodies in naturally senescing leaves of wheat. Plant Cell
Physiol. 2003, 44, 914–921. [CrossRef]

60. Breeze, E.; Harrison, E.; McHattie, S.; Hughes, L.; Hickman, R.; Hill, C.; Kiddle, S.; Kim, Y.-S.; Penfold, C.A.;
Jenkins, D. High-resolution temporal profiling of transcripts during Arabidopsis leaf senescence reveals a
distinct chronology of processes and regulation. Plant Cell 2011, 873–894. [CrossRef]

61. Yamada, T.; Ichimura, K.; Kanekatsu, M.; van Doorn, W.G. Homologs of genes associated with programmed
cell death in animal cells are differentially expressed during senescence of Ipomoea nil petals. Plant Cell
Physiol. 2009, 50, 610–625. [CrossRef] [PubMed]

62. Shibuya, K.; Shimizu, K.; Yamada, T.; Ichimura, K. Expression of autophagy-associated ATG8 genes during
petal senescence in Japanese morning glory. J. Jpn. Soc. Hortic. Sci. 2011, 80, 89–95. [CrossRef]

63. Shibuya, K.; Niki, T.; Ichimura, K. Pollination induces autophagy in petunia petals via ethylene. J. Exp. Bot.
2013, 64, 1111–1120. [CrossRef] [PubMed]

64. Kim, T.W.; Wang, Z.Y. Brassinosteroid signal transduction from receptor kinases to transcription factors.
Annu. Rev. Plant Biol. 2010, 61, 681–704. [CrossRef]

65. Yin, Y.H.; Wang, Z.Y.; Mora-Garcia, S.; Li, J.M.; Yoshida, S.; Asami, T.; Chory, J. BES1 accumulates in the
nucleus in response to brassinosteroids to regulate gene expression and promote stem elongation. Cell 2002,
109, 181–191. [CrossRef]

66. Clouse, S.D.; Sasse, J.M. Brassinosteroids: Essential regulators of plant growth and development. Annu. Rev.
Plant Biol. 1998, 49, 427–451. [CrossRef]

67. He, Y.J.; Xu, R.J.; Zhao, Y.J. Enhancement of senescence by epibrassinolide in leaves of mung bean seedling.
Acta Phytophysiol. Sin. 1996, 22, 58–62.

68. de Assis-Gomes, M.D.M.; Pinheiro, D.T.; Bressan-Smith, R.; Campostrini, E. Exogenous brassinosteroid
application delays senescence and promotes hyponasty in Carica papaya L. leaves. Theor. Exp. Plant Physiol.
2018, 30, 193–201. [CrossRef]

69. Lim, P.O.; Kim, H.J.; Nam, H.G. Leaf senescence. Annu. Rev. Plant Biol. 2007, 58, 115–136. [CrossRef]
70. Potuschak, T.; Lechner, E.; Parmentier, Y.; Yanagisawa, S.; Grava, S.; Koncz, C.; Genschik, P. EIN3-dependent

regulation of plant ethylene hormone signaling by two Arabidopsis F box proteins: EBF1 and EBF2. Cell 2003,
115, 679–689. [CrossRef]

71. Dave, A.; Graham, I.A. Oxylipin signaling: A distinct role for the jasmonic acid precursor
cis-(+)-12-oxo-phytodienoic acid (cis-OPDA). Front. Plant Sci. 2012, 3, 42. [CrossRef] [PubMed]

72. Fonseca, S.; Chico, J.M.; Solano, R. The jasmonate pathway: The ligand, the receptor and the core signalling
module. Curr. Opin. Plant Biol. 2009, 12, 539–547. [CrossRef] [PubMed]

73. He, Y.H.; Fukushige, H.; Hildebrand, D.F.; Gan, S.S. Evidence supporting a role of jasmonic acid in Arabidopsis
leaf senescence. Plant Physiol. 2002, 128, 876–884. [CrossRef] [PubMed]

74. Xiao, S.; Dai, L.Y.; Liu, F.Q.; Wang, Z.L.; Peng, W.; Xie, D.X. COS1: An Arabidopsis coronatine insensitive1
suppressor essential for regulation of jasmonate-mediated plant defense and senescence. Plant Cell 2004, 16,
1132–1142. [CrossRef]

75. Van Doorn, W.G.; Celikel, F.G.; Pak, C.; Harkema, H. Delay of iris flower senescence by cytokinins and
jasmonates. Physiol. Plant 2013, 148, 105–120. [CrossRef]

http://dx.doi.org/10.1071/PP01174
http://dx.doi.org/10.1007/BF00020397
http://dx.doi.org/10.1111/j.1467-7652.2004.00059.x
http://dx.doi.org/10.1093/jxb/eru039
http://dx.doi.org/10.1016/j.pbi.2018.09.004
http://dx.doi.org/10.1093/pcp/pcg118
http://dx.doi.org/10.1105/tpc.111.083345
http://dx.doi.org/10.1093/pcp/pcp019
http://www.ncbi.nlm.nih.gov/pubmed/19182226
http://dx.doi.org/10.2503/jjshs1.80.89
http://dx.doi.org/10.1093/jxb/ers395
http://www.ncbi.nlm.nih.gov/pubmed/23349142
http://dx.doi.org/10.1146/annurev.arplant.043008.092057
http://dx.doi.org/10.1016/S0092-8674(02)00721-3
http://dx.doi.org/10.1146/annurev.arplant.49.1.427
http://dx.doi.org/10.1007/s40626-018-0114-5
http://dx.doi.org/10.1146/annurev.arplant.57.032905.105316
http://dx.doi.org/10.1016/S0092-8674(03)00968-1
http://dx.doi.org/10.3389/fpls.2012.00042
http://www.ncbi.nlm.nih.gov/pubmed/22645585
http://dx.doi.org/10.1016/j.pbi.2009.07.013
http://www.ncbi.nlm.nih.gov/pubmed/19716757
http://dx.doi.org/10.1104/pp.010843
http://www.ncbi.nlm.nih.gov/pubmed/11891244
http://dx.doi.org/10.1105/tpc.020370
http://dx.doi.org/10.1111/j.1399-3054.2012.01690.x


Int. J. Mol. Sci. 2019, 20, 6108 19 of 19

76. Winkenbach, F. Zum Stoffwechsel der aufblühenden und welkenden Korolle der Prunkwinde Ipomoea
purpurea. I. Beziehungen zwischen Gestaltwandel, Stofftransport, Atmung und Invertaseaktivität. Ber.
Schweiz. Bot. Ges. 1970, 80, 374–390.

77. Verlinden, S. Changes in mineral nutrient concentrations in petunia corollas during development and
senescence. HortScience 2003, 38, 71–74. [CrossRef]

78. Chapin, L.J.; Jones, M.L. Ethylene regulates phosphorus remobilization and expression of a phosphate
transporter (PhPT1) during petunia corolla senescence. J. Exp. Bot. 2009, 60, 2179–2190. [CrossRef]

79. Liu, J.T.; Fan, Y.W.; Zou, J.; Fang, Y.Q.; Wang, L.H.; Wang, M.; Jiang, X.Q.; Liu, Y.Q.; Gao, J.P.; Zhang, C.Q. A
RhABF2/Ferritin module affects rose (Rosa hybrida) petal dehydration tolerance and senescence by modulating
iron levels. Plant J. 2017, 92, 1157–1169. [CrossRef]

80. Adamowski, M.; Friml, J. PIN-dependent auxin transport: Action, regulation, and evolution. Plant Cell 2015,
27, 20–32. [CrossRef]

81. Ma, N.; Xue, J.Q.; Li, Y.H.; Liu, X.J.; Dai, F.W.; Jia, W.S.; Luo, Y.B.; Gao, J.P. Rh-PIP2;1, a rose aquaporin gene,
is involved in ethylene-regulated petal expansion. Plant Physiol. 2008, 148, 894–907. [CrossRef] [PubMed]

82. Meng, Y.; Li, N.; Tian, J.; Gao, J.P.; Zhang, C.Q. Identification and validation of reference genes for gene
expression studies in postharvest rose flower (Rosa hybrida). Sci. Hortic. 2013, 158, 16–21. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.21273/HORTSCI.38.1.71
http://dx.doi.org/10.1093/jxb/erp092
http://dx.doi.org/10.1111/tpj.13751
http://dx.doi.org/10.1105/tpc.114.134874
http://dx.doi.org/10.1104/pp.108.120154
http://www.ncbi.nlm.nih.gov/pubmed/18715962
http://dx.doi.org/10.1016/j.scienta.2013.04.019
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Expression of Senescence Marker RhSAG12 is Dramatically Increased from Flower Opening Stage 3 to Stage 5 
	Proteome Profile in Rose Senesced Petal 
	Ubiquitome Profile in Rose Senesced Petals 
	Association between the Global Proteome and Ubiquitome 
	Transcription Factors and Protein Kinases 
	Proteasome and Non-Proteasome Pathways 
	Autophagy Pathway 
	Hormone Biosynthesis and Signaling Pathways 
	Transporter Activity 

	Conclusions 
	Materials and Methods 
	Plant Material 
	Total RNA Extraction and Quantitative RT-PCR 
	Protein Extraction 
	Trypsin Digestion 
	HPLC Fractionation 
	Affinity Enrichment 
	LC-MS/MS Analysis 
	Database Search 
	Bioinformatics Analysis 

	References

