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The complex juvenile/maturity transition during a plant’s life cycle includes growth, reproduction, and senescence of its fundamental organs: leaves, flowers, and fruits. Growth and senescence of leaves, flowers, and fruits involve several genetic networks where the phytohormone ethylene plays a key role, together with other hormones, integrating different signals and allowing the onset of conditions favorable for stage progression, reproductive success and organ longevity. Changes in ethylene level, its perception, and the hormonal crosstalk directly or indirectly regulate the lifespan of plants. The present review focused on ethylene’s role in the development and senescence processes in leaves, flowers and fruits, paying special attention to the complex networks of ethylene crosstalk with other hormones. Moreover, aspects with limited information have been highlighted for future research, extending our understanding on the importance of ethylene during growth and senescence and boosting future research with the aim to improve the qualitative and quantitative traits of crops.
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INTRODUCTION

The growth and development of plants under varied environmental conditions determine agricultural production. The growth, development, and senescence of plant’s organs can influence crop production by modulating photosynthesis, nutrient remobilization efficiency, and harvest index (Paltridge et al., 1984; Jing et al., 2005; Iqbal et al., 2012). Phytohormones have been shown to increase growth and yield of plants. The phytohormone ethylene controls growth and senescence of plants (Reid, 1995; Lutts et al., 1996; Thompson et al., 1998; Pierik et al., 2006; Masood et al., 2012; Nazar et al., 2014). Ethylene is regarded as a multifunctional phytohormone that regulates both growth, and senescence. It promotes or inhibits growth and senescence processes depending on its concentration, timing of application, and the plant species. The application of ethephon, an ethylene releasing compound enhanced ethylene evolution and increased leaf area of mustard at a lower concentration, while inhibited at higher concentration (Khan, 2005; Khan et al., 2008).

Ethylene governs the development of leaves, flowers, and fruits. It may also promote, inhibit or induce senescence depending upon the optimal or sub-optimal ethylene levels (Konings and Jackson, 1979; Khan, 2005; Pierik et al., 2006). It appears quite interesting to examine how the same hormone influences the two contradictory processes of growth and senescence. This review covers the discussion on the role of ethylene in the growth and development and explores its interaction with other hormones in regulating these processes.

LEAF GROWTH AND DEVELOPMENT

Ethylene

Leaf growth and development are affected by various environmental factors and endogenous hormonal signals (Table 1). These processes are regulated by phytohormones, transcriptional regulators and mechanical properties of the tissue (Bar and Ori, 2014). The role of ethylene in the leaf growth and development has been confirmed physiologically using ethylene inhibitors, and genetically using ethylene-insensitive mutants or transgenic plants lacking the key enzymes of ethylene biosynthesis (Oh et al., 1997; Bleecker et al., 1998). It has been observed that ETHYLENE RESPONSE FACTOR5 (ERF5) and ERF6, in Arabidopsis, improve leaf growth to environmental challenges (Dubois et al., 2015). The response of leaf growth and development to ethylene depends on concentration and species involved in the study (Fiorani et al., 2002; Kawa-Miszczak et al., 2003; Khan, 2005). In support of this, Fiorani et al. (2002) showed that the slower growing species of Poa (Poa alpina and Poa compressa) were more responsive to ethylene, with greater inhibition in leaf elongation than the fast growing species. However, a promoting effect on leaf elongation rate at a low ethylene concentration was observed in the slower growing species, while at the same concentration, leaf elongation rate was only slightly inhibited in the two fast-growing species. This response was reversed at higher concentrations, showing an inhibition effect. The study of Khan (2005) on mustard suggested that there exists a correlation between ethylene and growth of plants following the defoliation of mature leaves. Furthermore, ethylene-insensitive genotypes of Arabidopsis (Arabidopsis thaliana), tobacco (Nicotiana tabacum) and petunia (Petunia x hybrid) showed no increase in the total leaf area when compared to normal ethylene-sensitive control plants (Tholen et al., 2004). Treatment with ethephon, a compound that releases ethylene, resulted in an increase in both ethylene biosynthesis and leaf area expansion (Khan, 2005; Khan et al., 2008). In contrast, Voisin et al. (2006) determined that the rate of ethylene evolution had no relation to the leaf elongation rate variability in maize (Zea mays). Ethylene-induced reductions in leaf growth have been reported in pea (Pisum sativum) plants, around which rhizobacteria with enhanced ACC deaminase activity were added to soil (Belimov et al., 2009). Interestingly, the lower leaf area was observed in lettuce (Lactuca sativa) grown in closed environments, where ethylene produced from the plants reached stressful levels. The plants showed lower relative leaf growth rates compared to those grown in containers from which the ethylene had been scrubbed (He et al., 2009). This reduced leaf area was an indirect effect of ethylene on the leaf epinasty with reduced light capture, and/or on a reduced CO2 assimilation, which was found to be more sensitive to the ethylene increase than the reduction in growth. Both reactive oxygen species (ROS) and nitric oxide (NO), which could be potentially up-regulated by ethylene, have also been involved in leaf expansion (Wilkinson and Davies, 2010).

TABLE 1. Some representative studies in relation to the effect of ethylene on leaf growth, development and senescence.
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The ethylene effect on leaf growth and development may be independent or dependent on its interaction with other hormones. Multiple receptors of one phytohormone might be involved in non-redundant responses, either in different tissues, at different developmental stages, or upon different environmental cues.

Interaction between Ethylene and Other Hormones during Leaf Growth and Development

The following section highlights the interaction of ethylene with other hormones and plant responses during leaf growth and development.

Ethylene and Auxin

The action of ethylene on leaf growth may be auxin-dependent or auxin-independent. Hormonal coordination is an important aspect, which regulates leaf growth processes. Auxin induces ethylene production, and many effects of exogenous auxins are, in fact, ethylene responses (Abeles et al., 1992). Auxin plays an important role in leaf development and it is potentially able to increase shoot apical meristem at the time of leaf initiation, through increased auxin biosynthesis (Cheng et al., 2007; Pinon et al., 2013). Auxin regulates the initiation of the new leaves in tomato (Solanum lycopersicum) (Reinhardt et al., 2000), leaf vascular development (Mattsson et al., 2003), and cell division phase during leaf expansion (Ljung et al., 2001) in Arabidopsis. In Arabidopsis’s shoot, the radial position and the size of the leaf during organ formation were mediated by indole-3-acetic acid (IAA) (Reinhardt et al., 2000).

Studies have shown that leaf epinasty could be attributed to auxin-stimulated ethylene or an activity of auxin alone (Abeles et al., 1992; Sterling and Hall, 1997; Grossmann, 1998; Hansen and Grossmann, 2000). The inhibition of leaf growth induced by auxin was found to be independent of ethylene in common bean (Phaseolus vulgaris) plants (Keller et al., 2004). The inhibition of ethylene by applying 1 mM ethylene synthesis inhibitor aminooxyacetic acid (AOA) with 1 mM IAA did not affect auxin-induced inhibition of leaf growth. The daily application of 1 mM AOA alone did not affect leaf growth, but over a 24-h period, a 1 mM AOA treatment was effective as an inhibitor of ethylene biosynthesis in detached common bean leaves.

Ethylene and Cytokinin

The reports on the interaction between ethylene and cytokinin are scanty. However, cytokinin may play an important role in leaf initiation through the maintenance of S-adenosyl-methionine (SAM); an immediate metabolite for biosynthesis of ethylene (Kurakawa et al., 2007; Gordon et al., 2009). Cytokinins regulate a wide range of growth and developmental processes throughout the life cycle of a plant, including seed germination, leaf expansion, induction of flowering, as well as flowering and seed development (Sun and Gubler, 2004; Yamaguchi, 2008). In Zea mays, the response regulator (RR) protein ABPHYL1 (ABPH1), together with PIN1, was also expressed at the site of future leaf initiation, and both are induced by the cytokinins (Lee et al., 2009). ABPH1 positively regulates organ initiation, perhaps by inhibiting the cytokinins response. Carabelli et al. (2007) showed that CKX6, a cytokinin oxidase/hydrolase, was induced in the simulated shade and promoted cytokinin depletion specifically in pre-procambial cells of developing leaf primordial, substantiating the role of cytokinin breakdown in the inhibition of leaf development during shade avoidance. The CKX6 induction has been reported to be an auxin response and was mediated by the auxin receptor TIR1. Thus, auxins and cytokinins act synergistically in leaf development. However, more efforts should be done to gain a better understanding on the crosstalk of ethylene with cytokinins in the whole context especially on the link between SAM and cytokinins regulation.

Ethylene and Gibberellins

Gibberellins (GA) play a role in the leaf expansion. Spraying dilute aqueous GA solutions to leaves and stems of potato caused lesser internode growth with larger leaf growth and mature leaves (Humphries, 1958). The response of GA on the leaf development showed photoperiodic regulation of the leaf elongation in bluegrass (Poa pratensis), and indicated a photoperiodic control of oxidation of GA53 to GA44 and GA19 to GA20, and also of 3 β-hydroxylation of GA20 to GA1 (Junttila et al., 1997). Limited water sources can also cause reductions in leaf size (Sack et al., 2003; Royer et al., 2005). In Arabidopsis, these responses were at least in part executed by ethylene response factors and GA catabolism (Dubois et al., 2013).

The crosstalk between ethylene and GA was revealed from the study of Achard et al. (2006), who found that the destabilization of DELLA proteins induced by GA was modulated by environmental signals and the plant hormone signaling (such as auxin and ethylene). De Grauwe et al. (2008) reported that a functional GA response pathway was required for the increased ethylene biosynthesis in eto2-1 (ethylene overproducing mutant) since the gai eto2-1 (GA-insensitive; ethylene overproduction) double mutant did not overproduce ethylene, suggesting that the stability of the ACS5 protein was dependent on GA. The GA-signaling cascade appeared to be regulated by ethylene in GIBBERELLIN INSENSITIVE DWARF1 (GID1c) (more than twofold induction after ethylene treatment) (Zimmermann et al., 2004; Dugardeyn et al., 2008). The relationship between ethylene signaling and the GA–GID1–DELLA mechanism has shown that ethylene inhibited the seedling growth DELLA-deficient mutant Arabidopsis less than wild type. However, ethylene inhibited the GA-induced disappearance of GFP-RGA via CTR1-dependent signaling (Achard et al., 2003), indicating an antagonistic relation between ethylene and GA. Dubois et al. (2013) reported that under osmotic stress in actively growing leaves, the expression of ERF5 and ERF6 gene was induced. The expression of ERF6 gene inhibited the cell proliferation and growth of leaves and the inhibition was dependent on gibberellin and DELLA signaling. ERF6 provides a link between 1- aminocyclopropane 1 carboxylic acid (ACC), the ethylene forming enzyme and DELLA signaling in the cell cycle pause-and-stop model, improving our understanding of growth inhibition in the proliferating leaf primordia of plants subjected to water limitation.

Ethylene and Abscisic Acid

Abscisic acid (ABA) may limit ethylene production to enhance leaf growth (Hussain et al., 2000). Normal levels of endogenous ABA maintains leaf expansion in Arabidopsis, partly through limiting ethylene biosynthesis and partly by another mechanism that is independent of ethylene. To analyze how ABA functions by ethylene suppression, LeNoble et al. (2004) studied ABA-deficient (aba2-1) and ethylene-insensitive (etr1-1) single and double mutants of Arabidopsis. Shoot growth was found to be inhibited in ABA-deficient Arabidopsis. Exogenous treatment with ABA resulted in the complete recovery of shoot growth in aba2-1 relative to wild type, and also significantly increases growth of aba2-1 etr1-1. The total leaf area and shoot fresh weight were not significantly lower than in etr1-1. ABA from avocado (Persea americana) induced formation of “floating-type” leaves in American pondweed (Potamogetgon nodosus) at low concentration (5 × 10-7 M) (Anderson, 1982). The influence of the ABA on the leaf growth could be through increased conductance to water transfer in plants as a result of an increased tissue hydraulic conductivity (Tardieu et al., 2010).

LEAF SENESCENCE

Ethylene

Ethylene has an important role in the regulation of leaf senescence. Ethylene is one of the most important hormones in the leaf senescence regulation (Table 1). Ethylene can trigger the senescence process, especially in the sensitive species. The ethylene biosynthesis is higher during the first stage of leaf formation and declines until it reaches maturity when the leaf is completely expanded, then it increases again during the early step of the senescence initiation. The ACC content only increases in senescing leaves and shows the same pattern of ethylene production (Hunter et al., 1999). At the molecular level, it has been shown that different genes of the same family encode for the enzymes of ethylene biosynthesis that are activated during leaf development and their expression is timely regulated (Hunter et al., 1999). The biosynthesis occurs in any part of the plant and at any stage of leaf development. Consequently, the biological responses depend on the tissue sensitivity. The exposure of plant sensitive to ethylene induces premature senescence symptoms such as leaf yellowing, abscission, or desiccation/necrosis. The plant responses to ethylene vary considerably between and within species and are modulated by differential hormonal sensitivity. The visual symptoms of leaf senescence are represented by chlorophyll degradation and the leaf abscission (Lewington et al., 1967; Gepstein and Thimman, 1987). At the molecular level, ethylene has been shown to be involved in the organized cell dismantling and the activation of nutrients recycling from senescing leaves to the other organs. Leaf cells undergo a sequential and organized dismantling process which includes nucleic acid reduction, protein degradation, and turnover reduction, (Lutts et al., 1996), membrane disruption, lipid degradation, peroxidation (Buchanan-Wollaston, 1997; Thompson et al., 1998; Buchanan-Wollaston et al., 2003), and leaf pigment breakdown (Matile et al., 1996).

Leaf senescence is activated at the mature stage of leaf development when leaves are fully expanded. During leaf senescence, three different stages can be identified: initiation, organization of degradation, and death processes.

The most common visible symptom of leaf senescence is the yellowing caused by the chlorophyll degradation and its impaired biosynthesis. The initial step of chlorophyll breakdown is catalyzed by chlorophyllase that convert chlorophyll a and b to chlorophyllide and phytol (Matile et al., 1996). Chlorophyll loss increases after ethylene exposure in different cut flowers such as stock (Matthiola incana) and chrysanthemum (Dendranthema grandiflora; Reyes-Arribas et al., 2001) and many other flowers (Ferrante et al., 2004, 2005, 2009). Özgen et al. (2005) have reported that the signs of senescence induced by ethylene include malformed, thickened leaves, lack of growth and epinasty. Tobacco leaves treated for 24 h showed higher chlorophyll degradation but did not anticipate the increase in ethylene biosynthesis and respiration, typically of the climacteric trend (Aharoni and Lieberman, 1979). The effect of ethylene was found tightly associated with leaf age as demonstrated in old Arabidopsis mutants and also depended on the length of the treatment (Jing et al., 2005). The chlorophyll reduction has also been observed in rocket salad (Eruca sativa) leaves exposed to 1 μL L-1 during storage, a condition that shortens the shelf life by approximately 2 days (Koukounaras et al., 2006). Another effect induced by ethylene on leaf senescence is the abscission or induction of necrosis. Leaf abscission is a coordinated process, which involves several structural changes in the cells located in the abscission zone. It is a seasonal process that normally occurs in deciduous plants (Taylor and Whitelaw, 2001), where ethylene and auxins also have a crucial role.

Interaction between Ethylene and Other Hormones during Leaf Senescence

Plant hormones can repress or enhance leaf senescence in plants or after harvest. This section gives an insight into the interaction of ethylene with other hormones and provides responses during leaf senescence.

Ethylene and Auxin

Leaf senescence is affected by auxin content and ethylene biosynthesis (Ferrante and Francini, 2006). In particular, leaf abscission is under the control of auxin and ethylene. Burg (1968) suggested that ethylene caused leaf abscission in vivo by inhibiting auxin synthesis and transport or enhancing auxin degradation, thus, lowering diffusible auxin level. In the abscission zone, ethylene and auxin act antagonistically and auxin concentrations were associated with tissue sensitivity to ethylene. The equilibrium between ethylene and auxin is crucial for the regulation of leaf abscission. During leaf senescence, the auxin concentration declined and tissue sensitivity to ethylene increased as well as ethylene biosynthesis (Brown, 1997). Using a transcriptome approach, 1,088 transcription factors (TFs) were found to be differentially regulated in the soybean leaf abscission. Among these, 188 TFs were differentially expressed in the abscission zone (Kim et al., 2016). Ethylene and auxin were strongly regulated by these transcription factors. However, the exogenous applications of these hormones also regulated the expression of these genes delaying or anticipating the leaf senescence and abscission. Riov and Goren (1979) suggested that ethylene inhibited auxin transport in the veinal tissues and reduced the amount of auxin transported from the leaf blade to the abscission zone in orange (Citrus sinensis), necklace poplar (Populus deltoids), and eucalyptus (Eucalyptus camaldulensis). La Rue (1936) showed that the removal of leaf blade induced abscission, but the application of auxin to the site of removal resulted in the inhibition of abscission. Ethylene has been shown to play an antagonistic role to auxins in the abscission of various organs. Abscission was delayed in the ethylene-insensitive Arabidopsis mutants ein2 and etr1-1 (Patterson and Bleecker, 2004), while ethylene application hastened abscission in various organs and species. Ethylene induced the expression of a polygalacturonase which is required for cell separation in tomato petioles (Hong et al., 2000; Jiang et al., 2008) and interestingly this polygalacturonase was inhibited by the exogenous auxin. This suggested the antagonistic effects of auxin and ethylene in the abscission.

Ethylene and Cytokinins

Cytokinins can suppress leaf senescence leading to greater retention of chlorophyll known as Richmond and Lang (1957) demonstrated. The effect of cytokinins on leaf senescence was demonstrated by the autoregulation of cytokinins biosynthesis during senescence using an isophentenyl transferase (IPT) gene under the regulation of senescence-associated gene 12 (SAG12) promoter (Gan and Amasino, 1995). This promoter has been widely used to activate genes expression during senescence. The SAG12 gene encodes for a cysteine protease that was activated during senescence independently from the trigger events. Therefore, the SAG12 promoter can have great application in the agricultural science and the postharvest sector. Deletion studies on the SAG12 promoter demonstrated that young and mature leaves contained factors that exhibited differential binding to the senescence responsive promoter element (Noh and Amasino, 1999). The construct SAG12::IPT gene has been studied in different species and all showed delayed senescence. This strategy was effective in delaying leaf senescence in several crops such as alfalfa (Medicago sativa; Calderini et al., 2007), broccoli (Brassica oleracea; Chen et al., 2001), cassava (Manihot esculenta; Zhang et al., 2010), creeping bentgrass (Agrostis stolonifera; Xu et al., 2009), lettuce (McCabe et al., 2001), petunia (Chang et al., 2003), rose (Rosa hybrid; Zakizadeh et al., 2013), tobacco (Jordi et al., 2000), and wheat (Triticum aestivum; Sýkorová, 2008). The senescence delay reduced ethylene biosynthesis in the transformed plants. The exogenous application of cytokinins in potted and cut flowers delayed the leaf yellowing and decreased ethylene biosynthesis. The 6-benzyladenine (BA) applied as pulse treatments successfully delayed leaf yellowing in cut goldenrod (Solidago canadensis; Philosoph-Hadas et al., 1996), potted lilies (Lilium longiflorum; Han, 1997), and cut Peruvian lily (Alstreomeria) flowers (Mutui et al., 2003). The effect of BA treatment on the ethylene is due to the inhibition of leaf senescence that leads to lower ethylene biosynthesis.

Ethylene and Gibberellins

Gibberellins are considered as leaf senescence inhibitors and are able to avoid or delay leaf yellowing. Gibberellins are commonly used as postharvest treatments in several cut flowers to prevent the leaf yellowing (Ferrante et al., 2009). The reduction of functional gibberellins content or the conjugation of them with glucose (inactivation) induced leaf yellowing in several sensitive species. The exogenous applications are able to delay senescence and reduce ethylene biosynthesis. In cut stock flowers, the gibberellin 3 (GA3) applications did not enhance the ethylene biosynthesis, but strongly increased ethylene production, combining with thidiazuron (TDZ) (Ferrante et al., 2009). However, leaf yellowing was not affected by the ethylene production. This showed that the tissues were insensitive to ethylene because the leaves probably were not ready to senesce. However, further research should be taken into consideration to reveal the exact role of both the hormones in leaf senescence.

Ethylene and Abscisic Acid

Abscisic acid is considered a leaf senescence inducer and its exogenous applications lead to leaf senescence in mature leaves of different crops. The ABA content increased during leaf senescence and the exogenous treatment with ABA accelerate the leaf senescence (Oh et al., 1997; Yang et al., 2003). The saul1 mutant (Senescence-Associated E3 Ubiquitin Ligase 1) naturally exhibited an accelerated leaf senescence phenotype with an increase of the ABA level, providing genetic evidence of the ABA signaling role during leaf senescence (Raab et al., 2009). The use of ore mutants which showed a delayed leaf senescence phenotypes in the following treatments with ABA and ACC suggested that ORE1, ORE3, and ORE9 were required for the proper progression of leaf senescence mediated by both ABA and ethylene (Kim et al., 2011).

FLOWER DEVELOPMENT

Ethylene

The floral transition is a major progress in the plant’s life cycle that signals the onset of conditions favorable for reproductive success (Simpson and Dean, 2002). The exact timing of flowering can be controlled by the plant-environment interaction and endogenous developmental competence of plants to flower, which allows the transition from the vegetative phase to a reproductive phase (Lin et al., 2009). Changes in the levels of ethylene influence the genetic circuits that integrate different signals for the regulation of flowering timing. In Arabidopsis, through the growth comparison of ethylene-related mutants, eto1, etr1, ein2-1 and ein3-1, with the wild-type (WT), the regulatory role of ethylene in the transition from vegetative to reproductive growth in Arabidopsis was discovered (Ogawara et al., 2003). The ethylene-overproducing mutant eto1, produces an excessive amount of ethylene (Guzman and Ecker, 1990) by affecting the post-transcriptional regulation of a key enzyme of ethylene biosynthesis, the 1-aminocyclopropane-1-carboxylic acid synthase (ACS) (Woeste et al., 1999), whereas the ein2-1, ein3-1 and etr1 mutants are insensitive or had a reduced sensitivity to ethylene (Bleecker et al., 1988; Guzman and Ecker, 1990). These perturbations in the ethylene signaling may flow large or less amount of ethylene signal respectively, into the hormonal pathway leading to an early- or late-flowering phenotype compared to WT (Ogawara et al., 2003). However, the effects of ethylene in the regulation of flower transition appear complex. In fact, the mutation of Ser/Thr kinases CTR1 (Atctr1), which is the key negative regulator of ethylene signaling and the ACC-treated WT showed delayed flowering, indicating that ethylene inhibited flowering in Arabidopsis (Achard et al., 2007). In addition, contrasting roles of ethylene have been noticed in rice (Oryza sativa). Ethylene promotes a reproductive transition in rice through the activity of its receptor protein OsETR2 (Wuriyanghan et al., 2009). In this study, the overexpression of OsETR2 reduced ethylene sensitivity and delayed flower development, whereas the knockdown mutations of OsETR2, OsETR3, and OsERS2 exhibited enhanced ethylene sensitivity and early flowering. Conversely, flowering time was delayed in Osctr2 loss-of-function and 35S:OsCTR2 transgenic lines, indicating that ethylene represses the floral transition in rice (Wang Q. et al., 2013). These evidences suggest that ethylene signaling delays flowering in both rice and Arabidopsis. On the other hand, exogenous ethylene, or ethephon, has been widely used to induce flowering of Bromeliads, such as Ananas comosus and Aechmea fasciata, as well as early sprouting, early flowering and formation of more flowers per inflorescence in dormant corms of common triteleia (Triteleia laxa; Han et al., 1989). Furthermore, an inhibitor of ethylene biosynthesis, amino vinylglycine (AVG), can delay the natural flowering of pineapple (Kuan et al., 2005). Trusov and Botella (2006) proposed that the pineapple flowering is triggered by a small burst of ethylene production in the meristem in response to environmental cues through the induction of ACC synthase gene AcACS2. Moreover, the silencing of this gene AcACS2 has been shown to delay flowering in pineapple. Overall, these results are consistent with ethylene having a fundamental role in flower development and may be related to different endogenous and external cues, which affected the ethylene signaling components.

Flower development occurs through a series of sequential steps required for the cell proliferation proper regulation, expansion, and the reproductive tissue development. The expression of ethylene biosynthesis genes seems to be linked to the formation of particular flower tissues. In tobacco, ACC oxidase (ACO) gene was expressed in early developing stigma, style, and ovary (De Martinis and Mariani, 1999). In tomato, LeACO1,2,3, and 4 and LeACS1A transcripts were detected in pistils (Llop-Tous et al., 2000). In the China rose (Hibiscus rosa-sinensis), ACS and ACO were found to be specifically expressed in developing style–stigma plus stamen and ovary tissues (Trivellini et al., 2011a). Similar evidence has been reported in carnation (Dianthus caryophyllus) and petunia (Tang et al., 1994; Jones, 2002), and may indicate that ethylene plays a role in the reproductive process during the development of flowers. Ethylene receptors are involved in reproductive organ development. In China rose HrsETR and HrsERS transcript levels were differentially expressed in the bud flower stage in style-stigma plus stamen, petals and ovary with different temporal patterns suggesting a possible tissue-specific role (Trivellini et al., 2011a). In pineapple, the expression of the ethylene receptors AcERS1a, AcERS1b, AcETR2a, and AcETR2b was higher in bract primordia and flower primordia ethephon-treated (Li et al., 2016), suggesting an important role during inflorescence development because ethylene induces pineapple flowering. In Arabidopsis, ETR2 receptor was developmentally regulated in the inflorescence, floral meristems, and developing petals and ovules (Sakai et al., 1998).

Flower development occurs with the specification of floral identity in shoot meristem and then floral organ primordial initiates and rises to the formation of sepal, petal, stamen, carpel, and ovule. The development of floral organ is controlled by homeotic genes during reproductive phase. Each of these steps involves elaborate networks of factors that regulate floral morphogenesis. A potential genetic network involving ethylene as a regulator of flower development and homeotic genes has been emerging. Flower locus protein T (FT) is the major component of the mobile flower-promoting signal florigen and promotes the transition from vegetative growth to flowering in plants, ensuring the regulation of floral meristem identity genes such as APETALA (AP) and LEAFY (Krizek and Fletcher, 2005). In silver vase (A. asciata) using a comparative global transcriptome profile between adult and juvenile plants under ethylene, treatment was reported of the downregulation of TARGET OF EAT 1 (TOE1) and TOE3, belonging to AP2-like transcription factors, in adult plants (Li et al., 2015). These results suggest that the AP2 family genes, such as TOE1 and TOE3 acting as repressors of FT, may participate in the induction of flowering by ethylene. In tomato, the ectopic expression of LeHB-1 was reported to disrupt flower development, suggesting a critical role in floral organogenesis (Lin et al., 2008). LeHB-1 encodes a class-I HD-Zip protein that binds to the promoter of LeACO1, involved in the regulation of tomato floral organogenesis, carpel development and ripening (Lin et al., 2008). A novel tomato mutant altered in the formation of floral organs, called unfinished flower development (ufd), showed higher hormone contents, particularly the ethylene precursor ACC compared to wild type (Poyatos-Pertíñez et al., 2016). Moreover, the global transcriptome profile showed that several MADS-box genes regulating floral identity as well as genes related to ethylene response were affected in ufd mutant inflorescences. These results suggest that ethylene signaling may interact with the development of flower primordia and UFD may have a key function as a positive regulator of floral organ identity and growth genes, together with hormonal signaling pathways.

Interaction between Ethylene and Other Hormones during Flower Development

The present section gives an insight into the interaction of ethylene with other hormones during flower development.

Ethylene and Auxin

Auxins may influence flowering in plants by affecting ethylene evolution. In a classical study, Burg and Burg (1966) reported that auxin-induced flowering in pineapple by stimulating ethylene formation. Treatment of pineapple plants with naphthalene acetic acid (NAA) enhanced ethylene levels. However, this is an exceptional case, and ethylene generally inhibits flowering in many plant species, including Arabidopsis and pharbitis (Ipomoea nil, synonym Pharbitis nil) (Achard et al., 2007; Kaęsy et al., 2008, 2010). Achard et al. (2007) showed that in Arabidopsis grown under short-day (SD) conditions, ethylene delayed flowering in a DELLA-dependent manner and the inhibitory effect of auxins on flowering in pharbitis was caused by the induction of ethylene production (Kaęsy et al., 2008). Both the induction and inhibition of flowering have been reported by IAA, inhibition in SD plants cultivated under an inductive photoperiod, whereas stimulation in long-day (LD) plants under non-inductive conditions (Kulikowska-Gulewska et al., 1995; Wijayanti et al., 1997).

Ethylene and Abscisic Acid

Ethylene acts as a strong inhibitor of flowering in SD plants but only when it is applied in the second half of the inductive night (Kaęsy et al., 2008; Wilmowicz et al., 2008). ABA plays an important role in the photoperiodic induction of flowering in pharbitis seedlings, and the inhibitory effect of ethylene on pharbitis flowering inhibition may depend on its influence on the ABA level. The inhibition of flowering was observed when ABA was applied just before or at the beginning of a 16-h-long dark period (Wilmowicz et al., 2014). Moreover, the application of AVG partially reversed the inhibitory effect of ABA on flowering, suggesting that ABA influenced ethylene production which directly inhibited flowering. Thus, ABA could affect flowering indirectly by modifying other hormones. In Arabidopsis, ABA-deficient mutants aba2-1 and aba1-6 have a late flowering phenotype (Riboni et al., 2013) and the level of floral suppressing hormone ethylene have been shown to increase in aba mutant (LeNoble et al., 2004), and this condition may contribute to their late flowering phenotype.

Ethylene and Gibberellins

Various GAs, such as GA32 and 2,2-dimethyl G4, are especially florigenic when applied to non-induced Darnel ryegrass (Lolium temulentum) plants (Pharis et al., 1987). The treatment of GA to the foliar bud of japtropha (Jatropha curcas) increased the number of female flowers and fastened the flower development due to an increased endogenous level of GA and auxin. In contrast, ethrel (ethylene source) treatment decreased flower development due to the decreased endogenous level of auxin, while GA treatment significantly increased it (Makwana and Robin, 2013). Lee et al. (1998) suggested that the rhythm of bioactive GA production might play a role in the initiation of flowering. The pulses of GAs (especially GA1) may have different effects on floral initiation according to the time of day that they occur. The diurnal rhythm might be one way by which the absence of phytochrome B causes early flowering in 58M (phytochrome B null mutant) under most photoperiods. The expression of key oxidase genes in the biosynthesis of gibberellin, gibberellin 20 oxidase 2 (GA20OX2) is high in flowers and siliques, as is the expression of GA20OX3 (Phillips et al., 1995; Dugardeyn et al., 2008). However, Mitchum et al. (2006) reported lower levels of GA3OX2 during the later stages of development (in stems, flowers, and siliques). The GA-deficient mutant, gal-3, which is severely defective in ent-kaurene production (Zeevaart and Talon, 1992) flowers later than the Thale cress (Landsberg erecta) wild type in a long day but is totally unable to flower in SD unless treated with exogenous GA3 (Wilson et al., 1992). Although it is quite apparent that GA governs flowering in plants, however, its independence of ethylene is also an important question to be addressed.

The growth of plants in the presence of an ethylene precursor (ACC) or in an ethylene-enriched atmosphere delayed WT flowering (Achard et al., 2006). These findings were the basis for the current model for integration of the ethylene and GA–DELLA signaling pathways in the regulation of the floral transition (Achard et al., 2007). Previous analyses have shown that CTR1 is the major negative regulator of ethylene signaling (Kieber et al., 1993). A study of Achard et al. (2007) found that the ctr1–1 loss-of-function mutation confers late flowering under any photoperiod. Moreover, the ethylene-mediated inhibition of CTR1 activity resulted in a reduction in bioactive GA levels, causing increased accumulation of DELLAs, a family of nuclear growth repressor proteins (Achard et al., 2007). DELLAs repress plant growth, whereas GA promotes growth via the mitigation of DELLA-mediated growth inhibition (King et al., 2001). Accumulation of DELLAs, in turn, delayed the initiation of the floral transition by repressing the up-regulation of the floral meristem identity genes LEAFY (LFY) and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1) (Achard et al., 2007). These results indicate that ethylene affects the GA biosynthesis and its interaction with GA governs the stability of DELLA proteins and hence flowering.

Transcript meta-analysis suggests that applying exogenous ethylene to plants represses the expression of GA metabolism genes. Conversely, upon treatment with GAs, the expression of some ethylene synthesis genes is up-regulated. At reduced ethylene levels, the growth of gai-t6 rga-24 double loss-of-function mutants is more resistant to the effects of ACC than the wild type. Furthermore, in WT seedlings, GA treatment can substantially overcome the ACC-induced inhibition of root growth (Achard et al., 2003). Ethylene up-and down-regulates different GA biosynthesis and catabolism genes in Arabidopsis seedlings (Vandenbussche et al., 2007).

FLOWER SENESCENCE

The life of flowers is genetically determined due to their role in sexual reproduction and fertilization, and the maintenance of floral structure has a considerable cost in terms of respiratory energy, nutrients, and water loss (Stead, 1992; Jones et al., 2009). The flowers are therefore programmed to senesce after pollination or when the stigma is no longer receptive. In fact, young and mature petals are sinks, and only after pollination, when fertilization and fruit set are accomplished, a controlled senescence program allows important nutrients to be salvaged from dying tissue, from the petal to the developing ovary or transported to other sink tissues (i.e., young leaves), before flower death occurs (Rogers, 2013; Rogers and Munné-Bosch, 2016).

Flower senescence involves an ordered set of events coordinated at tissue and cellular level that can be regulated by endogenous signals, such as plant hormones, and by environmental factors, such as temperature, nutrients, light, and pathogen attack. All major plant hormones have been reported to affect flower senescence, with ethylene, jasmonic acid, salicylic acid (SA), ABA, and brassinosteroids as inducers and with cytokinins, GA, and auxin as inhibitors (Reid and Chen, 2008).

Ethylene is known to be a key player of plant aging, including fruit ripening, and flower and leaf senescence (Abeles et al., 1992). Ethylene in flower petals is involved in the inhibition of cell expansion through the regulation of water channel proteins (aquaporin) that facilitate the passage of water through biological membranes (Ma et al., 2008). The crucial role of aquaporins in flower development suggests that cellular collapse during the flower aging process might be regulated by transcellular and the transmembrane water transport which are important for motor cell dynamics. This condition might be supported by the massive transcriptional regulation of over 300 genes encoding for aquaporins among different flower developmental stages, from anthesis to senescence, in China rose (Trivellini et al., 2016).

A large number of flowers are affected by ethylene, but sensitivity to ethylene varies according to species and cultivars (Van Doorn, 2001). In many ethylene sensitive species, pollination triggers senescence leading to a climacteric rise in ethylene production, which becomes autocatalytic and coordinates cellular events among and within the different floral tissues, leading to wilt, fade, and abscise (Woltering and Van Doorn, 1988). The use of pharmacological treatments affect at different levels the ethylene signaling pathway, [i.e., AVG and AOA which affect the ACS enzyme, or, silver thio sulfate (STS) and 1-MCP which prevent ethylene to bind to its receptor, thus modulating the tissue sensitivity to the hormone], reveals collectively an intricate network of interactions as exemplified by numerous studies of senescence in flowers reviewed in Ferrante et al. (2015). For example, the exogenous application of ethylene or its biosynthetic precursor such as ACC accelerates corolla senescence in China rose flowers (Trivellini et al., 2011a). On the other hand, senescence can significantly delayed the treatment of flowers with inhibitors of ethylene biosynthesis, such as AOA (Trivellini et al., 2011b), or action, such as 1-MCP (Trivellini et al., 2011a).

Acid synthase catalyzes the synthesis of ACC, which is directly converted into ethylene by the ACO (Wang et al., 2002). Expression of ACS and ACO genes increased and are often coordinately regulated during flower senescence (Trivellini et al., 2011a; Ichimura and Niki, 2014; Tanase et al., 2015). Their suppression by antisense technology has been successful in prolonging floral display life. The down-regulation of the ACS and ACO genes in carnation reduced ethylene production and was effective in delaying floral senescence (Savin et al., 1995; Kiss et al., 2000). The antisense transformations of ethylene biosynthetic genes have been successfully attempted in other ornamental species including petunia (Huang et al., 2007), torenia (Torenia fournieri; Aida et al., 1998), and Christmas begonia (Begonia x cheimantha; Hvoslef-Eide et al., 1995). ACS is the rate-limiting enzyme of ethylene biosynthesis in plants (Wang et al., 2002), and its activity regulation may involve post-transcriptional regulation through its degradation (Wang et al., 2004). In Arabidopsis the ETHYLENE-OVERPRODUCER1-like (EOL1), negatively regulates ethylene biosynthesis (Wang et al., 2004) and in petunia the VIGS-mediated suppression of PhEOL1 accelerated the senescence of flowers and increased ethylene production in corollas (Liu et al., 2016).

A positive feedback regulation, in senescing the China rose flowers through an increase in ethylene production among the different flower organs (Trivellini et al., 2011a,b) with the activation of ACS and/or ACO (Trivellini et al., 2016) is shown in Figure 1. Recently, the global transcriptome profiling of China rose reveals that the senescence is caused by the enhancement of signals that would naturally occur via transcriptional upregulation of the ethylene biosynthetic pathway during aging (Trivellini et al., 2016). In addition to the transcripts associated with biosynthetic genes (ACO and ACS), also the ethylene response factors (ERFs) were differentially regulated among flower tissues during senescence (Figure 1).
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FIGURE 1. Schematic representation of flower senescence in H. rosa-sinesis L.. Representative flowers in bud (B), open (OF) and senescent (SF) flower stages. Ethylene changes in different flower organs, petal (pink line bar), style-stigma plus stamens (S-S+S; orange line bar) and ovary (yellow line bar). Data from Trivellini et al. (2011b). Ethylene biosynthetic (ACS and ACOs) and ethylene response factor genes (ERFs) differentially expressed in senescence flower organs. Red and blue indicate up-regulation and down-regulation, respectively. Data from Trivellini et al. (2016).



Ethylene perception mechanism and its signaling pathway are based on the presence of its receptors, which are essential to carry on the aging process (Kieber et al., 1993; Yoo et al., 2009; An et al., 2010; Ju et al., 2012; Ju et al., 2015). The alteration of ethylene signaling by transformations of several ornamental species (such as campanula, dianthus and kalanchoe) with the ETR1 mutated gene under control of the flower-specific promoters resulted in plants with considerably higher ethylene tolerance and a better flower longevity (Gubrium et al., 2000; Sriskandarajah et al., 2007; Sanikhani et al., 2008). Moreover, transgenic petunia plants with reduced PhEIN2 expression exhibited significant delays in flower senescence (Shibuya et al., 2004). And in Arabidopsis, a mutation in the CTR1 gene causes a constitutive ethylene response and early senescence and abscission of the flowers (Huang et al., 2003) suggesting again a central role of ethylene in the promotion of flower senescence.

The role of ethylene receptors in the regulation of ethylene signaling is subject to modification from various proteins such as RESPONSIVE TO ANTAGONIST1 (RAN1; Binder et al., 2010), REVERSION TO ETHYLENE SENSITIVITY1 (RTE1; Dong et al., 2010; Qiu et al., 2012) and RTE1-HOMOLOG (RTH; Stepanova and Alonso, 2009). In petunia, no interaction was detected between cEYFP–PhGRL2, (homolog to Arabidopsis RTE1 and the tomato GREEN RIPE, SlGR) and nEYFP–PhETR1-3a (closest homolog to the Arabidopsis ETR1) (Tan et al., 2014). By co-immunoprecipitation analysis, these authors demonstrated that PhGRL2 interacts with PhACO1. Moreover, the suppression of PhGRL2 by VIGS system conferred an accelerated flower senescence phenotype with enhanced ethylene production, and when PhGRL2 was transiently overexpressed in petunia buds, the ethylene production was reduced and the longevity of flowers treated with 35Spro:PhGRL2 was significantly prolonged. These results raised the possibility that PhGRL2 directly negatively regulates ACO activity.

EIN3-regulated genes trigger a diverse array of ethylene responses (Solano et al., 1998; Fujimoto et al., 2000; Potuschak et al., 2003; Yoo et al., 2008). In the petunia flowers, expression profiles of the ETHYLENE RESPONSE FACTOR (ERF) transcription factor family genes were studied in detail (Liu et al., 2011) and these transcription factors appear to be associated with corolla senescence. Recently, silencing an ERF petunia transcription factor homeodomain-leucine zipper protein (PhHD-Zip) dramatically reduced ethylene production and the abundance of transcripts of genes involved in ethylene (ACS, ACO) and led to an increase in flower longevity (Chang et al., 2014).

The dynamic activation of transcription factors during flower senescence is a key mechanism that controls the age-dependent expression of several senescence-related genes. These transcription factors, in turn, regulate the expression levels of various genes that may influence the ethylene pathway indirectly (Olsen et al., 2015). The MADS box genes are transcription factors that contain the conserved MADS domain that is responsible for DNA binding (Immink et al., 2002). A delay in senescence and flower abscission has been observed in 35S:AGL15 and 35S:AGL18 Arabidopsis overexpressing plants (Fernandez et al., 2000; Adamczyk et al., 2007). The ectopic expression of a MADS box gene FOREVER YOUNG FLOWER (FYF) caused a significant delay of senescence and a deficiency of abscission in flowers of transgenic Arabidopsis plants by the down-regulation of ETHYLENE RESPONSE DNA-BINDING FACTOR 1 (EDF1) and EDF2, downstream genes in the ethylene response (Chen et al., 2011) and by activating an ERF gene (Chen et al., 2015) suggesting a role for FYF in regulating senescence/abscission by suppressing the ethylene response.

Interaction between Ethylene and Other Hormones during Flower Senescence

In addition to studies which describe the influence of the individual ethylene hormone on flower senescence, there are also reports that describe the importance of hormonal interactions.

Ethylene and Cytokinins

Previous studies have shown that either exogenous application (Taverner et al., 1999) or increased exogenous production of cytokinins in transgenic lines overexpressing a senescence-associated gene (SAG12)-specific promoter for driving the expression of the isopentenyl transferase gene (SAG12-IPT) delays senescence (Xu et al., 2010). The overproduction of cytokinins in petunia flowers transformed with P-SAG12- IPT has been reported to delay corolla senescence and decrease sensitivity to ethylene (Chang et al., 2003). The PSAG12-IPT gene was also transferred to a miniature rose, as the first woody species to be transformed with SAG12-IPT system, resulting in increased ethylene tolerance due to specific up-regulation of the IPT gene under senescence promoting conditions (Zakizadeh et al., 2013). An increase in ethylene, in petunia flowers exogenously treated with cytokinin, was found during senescence, and the lack of a negative effect can be explained considering the expression of the ethylene receptors was down-regulated by treatment with BA (Trivellini et al., 2015). Similarly, the application of thidiazuron, a cytokinin-like compound, enhanced ethylene production but simultaneously extended vase life by inhibiting leaf yellowing in cut stock flowers (Ferrante et al., 2012). These results suggest that despite the enhanced ethylene production, flowers that accumulated cytokinins showed an increased flower longevity. In Iris (Iris germanica), the flower senescence is apparently not regulated by endogenous ethylene, auxins, GA or SA (Van Doorn et al., 2013). In contrast, exogenous cytokinins delayed senescence, suggesting they might play a role in the regulation of the time of senescence (Van Doorn et al., 2013).

Ethylene and Gibberellins

The HD–Zip I transcription factors are unique to plants and have been reported to be involved in various plant development responses, including flower senescence (Xu et al., 2007). In rose, ABA or ethylene treatment clearly accelerated petal senescence, while the application of the gibberellin GA3 delayed the process and silencing of RhHB1 delayed the ABA- or ethylene-mediated senescence in the rose petals (Lü et al., 2014). Moreover, the silencing of the key regulatory enzyme in the GA biosynthetic pathway, RhGA20ox1 accelerated the senescence in rose petals. Thus, RhHB1 mediates the antagonistic effect of GAs on ABA and ethylene during rose petal senescence, and the induction of petal senescence by ABA or ethylene operates through a RhHB1-RhGA20ox1 regulatory checkpoint. Another recent study suggests that a reduction in the bioactive GA content enhances the ethylene-mediated flower senescence (Yin et al., 2015). In this study, the overexpression of a basic helix-loop-helix (bHLH) transcription factor, PhFBH4, increased the abundance of transcripts of ethylene biosynthesis genes and also increased ethylene production. Moreover, the increased expression of the GA metabolic gene GA2ox3 in PhFBH4-OX transgenic plants would raise bioactive GAs content, while silencing PhFBH4 would reduce their levels (Yin et al., 2015). Another study reported that the transcriptome changes associated with delayed flower senescence on transgenic petunia by inducing the expression of etr1-1, down-regulated genes involved in gibberellin biosynthesis, response to gibberellins stimulus, and ethylene biosynthesis, at different time points (Wang H. et al., 2013).

Ethylene and Abscisic Acid

Similarly to the ethylene, ABA accumulation accelerates the senescence of cut flowers and flowering potted plants (Ferrante et al., 2015). In rose, ABA was reported to increase the sensitivity of flowers to ethylene, as the gene expression of some ethylene receptors increased after exogenous ABA treatment (Muller et al., 2000). On the other hand, ABA negatively affected the ethylene biosynthetic pathway and in hibiscus (Hibiscus rosa-sinensis) tissue sensitivity in all flower tissues, reducing the transcript abundance of HrsACS, HrsACO, HrsETR, and HrsERS when exogenously applied (Trivellini et al., 2011a). The over-expression of PhHD-Zip accelerated petunia flower senescence and this condition is another example highlighting the interaction of different hormones (Chang et al., 2014). In fact, PhHD-Zip transcript abundance in petunia flowers was increased by the application of hormones (ethylene, ABA) and the transcript abundance of 9-cis-epoxycarotenoid dioxygenase (NCED), a key enzyme in the ABA biosynthesis pathway, was in contrast in PhHD-Zip silenced flowers. These results suggest that PhHD-Zip plays an important role in regulating petunia flower senescence. Moreover, a transcriptome study reported that several genes involved in ABA biosynthesis, catabolism, and signaling pathways were induced by exogenous cytokinins (BA) treatment (Trivellini et al., 2015). In the experiment reported by Chang et al. (2003), transgenic lines of petunia overexpressing IPT gene, displayed a lower endogenous ABA level compared to the wild type, and this condition was confirmed by BA treatment which delayed senescence by lowering the ABA content with a higher ethylene production (Trivellini et al., 2015). These results suggest that in addition to the ethylene pathway, the cytokinins seem to be strongly involved in the regulation of ABA biosynthesis and its degradation in flower tissues, thus ABA plays a primary role in petunia flower senescence.

FRUIT RIPENING

Ethylene

The fruit is the development of the ovary after the fertilization and protects the seeds until complete maturation. The seeds represent the germ plasm of the plants and are responsible for the dissemination of the species. From an ecological point of view, fruits during the unripe stage represent an organ that must be protected from insects or frugivores. A fruit must be unattractive and its green color allows the camouflage itself with leaves. The ripening of fruits is a unique coordination of various biochemical and developmental pathways regulated by ethylene, which affects color, texture, nutritional quality and aroma of fruits (Barry and Giovannoni, 2007).

During ripening in climacteric fruits, the ethylene regulates firmness and color changes involving chlorophyll reduction, increase in carotenoids or anthocyanins, sugars, and biosynthesis of volatile organic compounds (VOCs).

Ethylene is tightly correlated with the VOCs biosynthesis, which increases in ripe fruit and enhances the attraction of frugivores. The inhibition of ethylene biosynthesis reduces production of VOCs and reduces the aroma of fruits (Figure 2). It has been found that transgenic apples expressing antisense genes for ACS or ACO produced lower VOCs and in particular, the strongest reduction was observed in the esters, which were 3–4 fold lower compared with WT (Dandekar et al., 2004). The same behavior has been observed in ACO antisense melon (Cucumis melo) fruits, the esters were inhibited and were 60–85% less than the control plants (Bauchot et al., 1998; Flores et al., 2002). The exogenous application of ethylene reconverted the VOCs evolution. This result indicates that ethylene inhibits the key steps of volatile biosynthesis. The study with the application of 1-MCP or AVG demonstrated that ethylene regulates VOCs biosynthesis directly through the pathway of volatile biosynthesis and indirectly through the ethylene perception. In fact, apricots (Prunus armeniaca) treated with ethylene biosynthesis inhibitor, such as AVG, strongly reduced the VOCs biosynthesis, while the 1-MCP, an ethylene action inhibitor, enhanced the evolution of aldehydes (Valdes et al., 2009).
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FIGURE 2. (A) Schematic and simplified ethylene and VOCs biosynthesis during fruit development. SlACS (Solanum lycopersicum ACC synthase) families are differentially expressed during fruit development. VOCs biosynthesis derive from different pathways such as phenylpropanoids, fatty acid, and carotenoids degradation. (B) The main enzymes involved in cell wall degradation during fruit ripening and senescence. The action of these enzymes induces loss of firmness and softening.



The relationship between fruit ripening and ethylene/respiration pattern allows the classification of fruits as climacteric or non-climacteric. In climacteric fruits, ethylene biosynthesis increases and shows a peak corresponding to respiration pattern, while in non-climacteric fruits the ethylene declines with fruit ripening and senescence.

The tomato has been used as a model plant for studying the role of ethylene in fruit ripening. The transition from unripe to ripe fruit induces several biochemical changes that involve ethylene biosynthesis and perception. Unripe fruits produce a low amount of ethylene and are insensitive to exogenous ethylene. Hence, ethylene treatments do not induce the fruit ripening (system 1). At the beginning of ripening, ethylene production increases and induces an increase of autocatalytic biosynthesis. These fruits, in this development stage, if exposed to exogenous ethylene show a burst of ethylene production and ripen faster (system 2). These two systems are proposed to explain the auto-inhibitory effect of the ethylene during vegetative growth and the auto-stimulatory effect of the ethylene during ripening (Lelièvre et al., 1998). Fruits are classified in system 1 when they produce a low amount of ethylene and tissues are insensitive to exogenous ethylene (Alexander and Grierson, 2002). At this stage, ethylene biosynthesis is regulated by ACS6 and ACS1 genes. The delay of ethylene increase is the most common strategy used in post-harvest for prolonging the storage and increasing the shelf life. The inhibition of ethylene biosynthesis or action usually leads to an extension of shelf life of the climacteric fruits.

Ethylene regulates fruit ripening by affecting the ACS and ACO genes and the fruit specific polygalacturonase, involved in the depolymerization of cell wall pectin during ripening (Smith et al., 1988). It affects pectin methylesterase (PME), which provides accessibility to pectin by polygalacturonase and phytoene synthase responsible for the pigmentation of many fruits and flowers (Koch and Nevins, 1989; Fray and Grierson, 1993).

Cloned mRNAs that accumulate in the unripe tomato fruits exposed to exogenous ethylene were investigated through blot hybridization experiment. The expression of cloned genes was developmentally regulated by the ethylene during fruit ripening, with more mRNAs produced by these genes in ripe fruits than in unripe fruits and the increase in mRNA was repressed by norbornadiene, an ethylene action inhibitor (Lincoln et al., 1987).

Tomato ethylene receptor, LeETR4 or LeETR6, played an important role in flowering and reduction in its expression level (Tieman et al., 2000; Kevany et al., 2007). Gene expression analysis of Never-ripe (Nr) and additional tomato receptor homologs indicated that Nr and LeETR4 transcripts were most abundant in the ripen fruit tissues (Zhou et al., 1996; Lashbrook et al., 1998).

Alba et al. (2005) identified 869 genes, differentially expressed in developing tomato pericarp. A 37% of these differentially expressed genes showed altered expression patterns in the Nr mutant background. The mutation of the ethylene receptor Nr, which reduces ethylene sensitivity and inhibits ripening, also influenced fruit morphology, seed number, ascorbate accumulation, carotenoid biosynthesis, ethylene evolution, and the expression of many genes during fruit maturation, indicating that ethylene governed multiple aspects of development both prior and during fruit ripening in tomato (Alba et al., 2005). In tomato, the E8 gene plays a role in the negative regulation of ethylene biosynthesis through repression of ethylene signal transduction. The expression of the gene increased during ripening and its antisense repression resulted in an increased ethylene evolution but delayed ripening (Penarrubia et al., 1992).

Interaction between Ethylene and Other Hormones during Fruit Ripening and Senescence

Ethylene and Auxin

The relationship between ethylene and auxin in the fruit development has been studied. Auxins are involved in fruit development and inhibit ripening (Brady, 1987). The exogenous application of auxins in different fruits delayed the senescence such as observed in Bartlett pears (Pyrus communis; Frenkel and Dyck, 1973), banana (Musa acuminate; Purgatto et al., 2001), peaches (Trainotti et al., 2007) and strawberry (Fragaria ananassa; Harpster et al., 1998). The application of auxin lowered the ethylene production in sliced apples (Malus domestica), if applied at pre-climacteric phase, while enhancing its biosynthesis at the climacteric stage (Lieberman et al., 1977). The transcription factor AUXIN RESPONSE FACTOR 2A (ARF2A) has been recognized as an auxin signaling component and was able to control ripening (Breitel et al., 2016). There exists a crosstalk between auxin and ethylene; and Bleecker and Kende (2000) pointed out that auxins can stimulate the biosynthesis of more climacteric ethylene through its inductive action on the expression of the key enzyme ACS (Abel and Theologis, 1996).

Ethylene and auxins are tightly related during fruit senescence. The free auxin increases during senescence and stimulates ethylene biosynthesis. Further studies are required to understand the ethylene sensitivity changes after 1-MCP treatment. The CTG134, a calcineurin B-like protein similar to GOLVEN (GLV) peptides, seems to shut down genes that are commonly repressed during ripening by ethylene and auxin treatments (Tadiello et al., 2016). The nature and transcriptional response of CTG134 led to discovering a rise in free auxin in the 1-MCP treated fruits.

Ethylene and Cytokinin

The exogenous application of cytokinins or compounds with cytokinins-like activity increased the sugar content of fruits and induced earlier ripening. Spray application on kiwi (Actinidia deliciosa) using N-(2-chloro-4-pyridyl)-N’-phenylurea (CPPU), a diphenylurea derivative cytokinin, increased the starch content and induced faster fruit development. Recent studies have shown that CPPU delayed the ethylene increase during fruit ripening and also delayed central placenta softening (Ainalidou et al., 2016). In avocado, the application of isopentenyl adenosine increased the ethylene and fruit ripening (Bower and Cutting, 1988). The studies regarding the role of cytokinins in the plant senescence are available in the literature, but the relationship between cytokinins and ethylene during fruit ripening and senescence has not yet completely been elucidated and needs further investigations.

Ethylene and Abscisic Acid

In tomato fruit, ABA biosynthesis occurs via carotenoids degradation pathways and the key enzyme is the 9-cis-epoxycarotenoid dioxygenase (NCED). The ABA content increases following the biosynthesis of carotenoids during ripening. These changes are associated with ripening and also with ethylene production. During fruit ripening, NCED gene expression occurs earlier than ACS or ACO which are also involved in the ethylene biosynthesis. The exogenous application of ABA increases ethylene biosynthesis (Mou et al., 2016). These results suggest that ABA can be a trigger for ethylene production and influence fruit ripening (Zhang et al., 2009). In banana fruit, ABA stimulates ripening independently from the ethylene. ABA application increases all hydrolases, which can enhance the softening, with exception to the polygalacturonase activity (Lohani et al., 2004). Recently, it has been reported that an ABA Stress Ripening (ASR) transcription factor acts as a downstream component of a common transduction pathway for ABA and sucrose signals during fruit ripening (Jia et al., 2016). Interestingly, these authors provide new insights into the regulatory mechanism underlying tomato fruit development and ripening with the ethylene involved in the downstream signal transduction of ABA and sucrose, as a negative regulator of ASR gene expression, which influenced the expression of several cell wall and ripening-related genes leading to fruit softening.

The relationship of other phytohormones such as ABA and GA with ethylene during fruit senescence needs to be elucidated.

FRUIT SENESCENCE

Ethylene and Enzymes Involved in Fruit Senescence

The loss of firmness or softening of fruits is a very important quality parameter. The softening is due to cell wall degradation induced from several enzymes that are synergistically activated. These enzymes are pectine methyl esterases, polygalacturonase, cellulase, galactosidases, pectate lyase (PL), xyloglucan transglucosylase/hydrolases, and expansins. Almost all these enzymes are encoded by multi-genes family, which regulates the spatial-temporal activation of these enzymes. Ethylene plays a crucial role in regulating these genes and enzymes during ripening and senescence. The cell wall degradation is facilitated by expansins that are proteins, which are involved in the enlargement of cell matrix. This phenomenon occurs during cell wall growth and disruption. The action of these enzymes has been found to be tightly associated with the fruit ripening and senescence (Civello et al., 1999). The expansins are tightly dependent on pH. The transcription of these enzymes is carried out by gene families, which have been isolated and characterized in several plant species. Different isoforms can provide the expansins action during plant growth and fruit senescence, linking the development stage with the activation of specific isoforms. During tomato ripening, EXP1 was induced by ethylene exposure to concentrations higher than 1 μL L-1. The inhibition of ethylene biosynthesis also reduced and inhibited the EXP1 gene expression (Rose et al., 1997). The activation of the expansin EXP1 has also been shown in other climacteric fruits such as banana (Trivedi and Nath, 2004).

Pectin methylesterase is an enzyme activated before fruit ripening and catalyzes the de-esterification of pectin, by removing the methyl group C-6 of galacturonic acid and allows the polygalacturonase action. The PME has an important role during fruit senescence and cell wall degradation with loss of firmness. This enzyme is stimulated by ethylene and inhibited by ethylene inhibitors such as 1-MCP (El-Sharkawy et al., 2016). Exo- and endopolygalacturonase are involved in depolymerization of galacturonic acid, hydrolysis of bonds 1, 4 of homopolymers of α-D-galacturonic acid. This enzyme is activated after the action of PME and is also induced by ethylene. In antisense ACC synthase tomato, the exposure to ethylene rapidly increased transcript accumulation of the PG. The gene expression of PG was directly correlated with ethylene concentrations used (Sitrit and Bennett, 1998).

The β-galactosidase breaks bonds between β-(1,4)-galactans in the cell wall. This enzyme is involved in fruit softening by degrading the β-(1,4)-galactans pericarp cell wall (Eda et al., 2016). Transgenic tomato for antisense of β-galactosidase showed higher firmness at the red ripening stage (Smith et al., 2002). The inhibition of ethylene action in avocado using 1-MCP reduced β-galactosidase activity (Jeong and Huber, 2004). The exogenous ethylene application increased β-galactosidase activity in watermelon and the higher activities of these enzymes were observed in immature fruits (Karakurt and Huber, 2002). PL catalyzes the breakdown of 1-4 of α-D-galacturonic acid (Uluisik et al., 2016). Bananas treated with ethylene increased the activity of this enzyme, while the use of 1-MCP reduced its activity (Lohani et al., 2004). Analogous results were observed in mango treated with ethylene for inducing ripening or treated with 1-MCP for delaying ripening (Chourasia et al., 2006). The cell wall degrading enzymes is sequentially activated during ripening and senescence. Ethylene is one key regulator of these enzymes at transcriptional and post-transcriptional level (Figures 2A,B).

CONCLUSION AND FUTURE PROSPECTS

It may be summarized that ethylene plays a key role in plant growth and development. The action of ethylene in the growth and development may not be isolated. It triggers the network of signaling pathways and influences through the interaction with other phytohormones regulation of several processes. The understanding of the crosstalk between ethylene and other phytohormones in regulating growth and senescence could provide a promising strategy to manipulate the content of these hormones through molecular techniques in order to get specific plant responses.

During plant life, the transition from vegetative to reproductive stages and senescence is largely influenced by ethylene and its interplay with other plant hormones. This networking not only influences the ethylene concentration but also tissues sensitivity. There are few studies focusing on the molecular changes in plant tissues after the combined treatments of ethylene with other plant hormones. These studies should be extended to different organs and development stages to deeply understand the intricate network affecting relevant agronomic traits such as yield, longevity, and appearance (morphology). The discovery of new synergistic or antagonist relationships among ethylene and other hormones can have great potential to support cell division and differentiation processes during plant development, to enhance crop yield by delaying aging and prolong shelf-life of flowers and maintain the quality of climacteric fruits.

Moreover, the equilibrium between the ethylene biosynthesis and its perception influences the crop adaptability and performance under different stress conditions. It has been shown that other plant hormones can positively or negatively influence this equilibrium. The interplay of ethylene and plant hormones on plant performance should also be investigated at the post-translation level.

AUTHOR CONTRIBUTIONS

NI and MK wrote on the role of ethylene in leaf, flower and fruit growth and development and its interaction with other hormones in the process, together with the introduction. NK suggested the concept of the manuscript, wrote the abstract and looked over the whole manuscript order and language and contributed to the overall look of the manuscript. AFe, AT, and AFr wrote on the role of ethylene in leaf, flower and fruit senescence and its interaction with other hormones in the process.

REFERENCES

Abel, S., and Theologis, A. (1996). Early genes and auxin action. Plant Physiol. 111, 9. doi: 10.1104/pp.111.1.9

Abeles, F. B., Morgan, P. W., and Saltveit, M. E. Jr. (1992). Ethylene in Plant Biology, 2nd Edn. San Diego, CA: Academic Press.

Achard, P., Baghour, M., Chapple, A., Hedden, P., Van Der Straeten, D., Genschik, P., et al. (2007). The plant stress hormone ethylene controls floral transition via DELLA-dependent regulation of floral meristem-identity genes. Proc. Natl. Acad. Sci. U.S.A. 104, 6484–6489. doi: 10.1073/pnas.0610717104

Achard, P., Cheng, H., De Grauwe, L., Decat, J., Schoutteten, H., Moritz, T., et al. (2006). Integration of plant responses to environmentally activated phytohormonal signals. Science 311, 91–94. doi: 10.1126/science.1118642

Achard, P., Vriezen, W. H., Van Der Straeten, D., and Harberd, N. P. (2003). Ethylene regulates Arabidopsis development via the modulation of DELLA protein growth repressor function. Plant Cell 15, 2816. doi: 10.1105/tpc.015685

Adamczyk, B. J., Lehti-Shiu, M. D., and Fernandez, D. E. (2007). The MADS domain factors AGL15 and AGL18 act redundantly as repressors of the floral transition in Arabidopsis. Plant J. 50, 1007–1019. doi: 10.1111/j.1365-313X.2007.03105.x

Aharoni, N., and Lieberman, M. (1979). Ethylene as a regulator of senescence in tobacco leaf discs. Plant Physiol. 64, 801–804. doi: 10.1104/pp.64.5.801

Aida, R., Yoshida, T., Ichimura, K., Goto, R., and Shibata, M. (1998). Extension of flower longevity in transgenic torenia plants incorporating ACC oxidase transgene. Plant Sci. 138, 91–101. doi: 10.1016/S0168-9452(98)00139-3

Ainalidou, A., Tanou, G., Belghazi, M., Samiotaki, M., Diamantidis, G., Molassiotis, A., et al. (2016). Integrated analysis of metabolites and proteins reveal aspects of the tissue-specific function of synthetic cytokinin in kiwifruit development and ripening. J. Proteom. 143, 318–333. doi: 10.1016/j.jprot.2016.02.013

Alba, R., Payton, P., Fei, Z., McQuinnb, R., Debbiea, P., Martin, G. B., et al. (2005). Transcriptome and selected metabolite analyses reveal multiple points of ethylene control during tomato fruit development. Plant Cell 17, 2954–2965. doi: 10.1105/tpc.105.036053

Alexander, L., and Grierson, D. (2002). Ethylene biosynthesis and action in tomato: a model for climacteric fruit ripening. J. Exp. Bot. 53, 2039–2055. doi: 10.1093/jxb/erf072

An, F., Zhao, Q., Ji, Y., Li, W., Jiang, Z., Yu, X., et al. (2010). Ethylene-induced stabilization of ETHYLENE INSENSITIVE3 and EIN3-LIKE1 is mediated by proteasomal degradation of EIN3 binding F-box 1 and 2 that requires EIN2 in Arabidopsis. Plant Cell 22, 2384–2401. doi: 10.1105/tpc.110.076588

Anderson, L. W. J. (1982). Effects of abscisic acid on growth and leaf development in american pondweed (Potamogeton nodosus POIR.). Aquat. Bot. 13, 29–44. doi: 10.1016/0304-3770(82)90038-9

Bar, M., and Ori, N. (2014). Leaf development and morphogenesis. Development 141, 4219–4230. doi: 10.1242/dev.106195

Barry, C. S., and Giovannoni, J. J. (2007). Ethylene and fruit ripening. J. Plant Growth Regul. 26, 143. doi: 10.1007/s00344-007-9002-y

Bauchot, A. D., Mottram, D. S., Dodson, A. T., and John, P. (1998). Effect of aminocyclopropane-1-carboxylic acid oxidase antisense gene on the formation of volatile esters in Cantaloupe Charentais melon (cv. Védrantais). J. Agric. Food Chem. 46, 4787–4792. doi: 10.1021/jf980692z

Belimov, A. A., Dodd, I. C., Hontzeas, N., Theobald, J. C., Safronova, V. I., and Davies, W. J. (2009). Rhizosphere bacteria containing 1-aminocyclopropane-1-carboxylate deaminase increase yield of plants grown in drying soil via both local and systemic hormone signalling. New Phytol. 181, 413–423. doi: 10.1111/j.1469-8137.2008.02657.x

Beyer, E. M. (1976). A potent inhibitor of ethylene action in plants. Plant Physiol. 58, 268–271. doi: 10.1104/pp.58.3.268

Binder, B. M., Rodríguez, F. I., and Bleecker, A. B. (2010). The copper transporter RAN1 is essential for biogenesis of ethylene receptors in Arabidopsis. J. Biol. Chem. 285, 37263–37270. doi: 10.1074/jbc.M110.170027

Bleecker, A. B., Esch, J. J., Hall, A. E., Rodriguez, F. I., and Binder, B. M. (1998). The ethylene-receptor family from Arabidopsis: structure and function. Philos. Trans. R. Soc. Lond. B 353, 1405–1412.

Bleecker, A. B., Estelle, M. A., Somerville, C., and Kende, H. (1988). Insensitivity to ethylene conferred by a dominant mutation in Arabidopsis thaliana. Science 241, 1086–1089. doi: 10.1098/rstb.1998.0295

Bleecker, A. B., and Kende, H. (2000). Ethylene: a gaseous signal molecule in plants. Ann. Rev. Cell Dev. Biol. 16, 1–18. doi: 10.1126/science.241.4869.1086

Bower, J. P., and Cutting, J. G. (1988). Avocado fruit development and ripening physiology. Hort. Rev. 10, 229–271. doi: 10.1146/annurev.cellbio.16.1.1

Brady, C. J. (1987). Fruit ripening. Ann. Rev. Plant Physiol. 38, 155–178. doi: 10.1002/9781118060834.ch7

Breitel, D. A., Chappell-Maor, L., Meir, S., Panizel, I., Puig, C. P., Hao, Y., et al. (2016). AUXIN RESPONSE FACTOR 2 intersects hormonal signals in the regulation of tomato fruit ripening. PLoS Genet. 12:e1005903. doi: 10.1371/journal.pgen.1005903

Brown, K. M. (1997). Ethylene and abscission. Physiol. Plant. 100, 567–576. doi: 10.1371/journal.pgen.1005903

Buchanan-Wollaston, V. (1997). The molecular biology of leaf senescence. J. Exp. Bot. 48, 181–199. doi: 10.1111/j.1399-3054.1997.tb03062.x

Buchanan-Wollaston, V., Earl, S., Harrison, E., Mathas, E., Navabpour, S., Page, T., et al. (2003). The molecular analysis of leaf senescence - a genomics approach. Plant Biotechnol. J. 1, 3–22. doi: 10.1046/j.1467-7652.2003.00004.x

Burg, S. P. (1968). Ethylene, plant senescence and abscission. Plant Physiol. 43, 1503. doi: 10.1093/jxb/48.2.181

Burg, S. P., and Burg, E. A. (1966). Auxin-induced ethylene formation: its relation to flowering in the pineapple. Science 152, 1269. doi: 10.1126/science.152.3726.1269

Calderini, O., Bovone, T., Scotti, C., Pupilli, F., Piano, E., and Arcioni, S. (2007). Delay of leaf senescence in Medicago sativa transformed with the ipt gene controlled by the senescence-specific promoter SAG12. Plant Cell Rep. 26, 611–615. doi: 10.1007/s00299-006-0262-y

Carabelli, M., Possenti, M., Sessa, G., Ciolfi, A., Sassi, M., Morelli, G., et al. (2007). Canopy shade causes a rapid and transient arrest in leaf development through auxin-induced cytokinin oxidase activity. Genes Dev. 21, 1863–1868. doi: 10.1101/gad.432607

Chang, H., Jones, M. L., Banowetz, G. M., and Clark, D. G. (2003). Overproduction of cytokinins in petunia flowers transformed with P-SAG12- IPT delays corolla senescence and decreases sensitivity to ethylene. Plant Physiol. 132, 2174–2183. doi: 10.1104/pp.103.023945

Chang, X., Donnelly, L., Sun, D., Rao, J., Reid, M. S., and Jiang, C.-Z. (2014). A petunia homeodomain-leucine zipper protein, PhHD-Zip, Plays an important role in flower senescence. PLoS ONE 9:e88320. doi: 10.1371/journal.pone.0088320

Chen, L. F. O., Hwang, J. Y., Charng, Y. Y., Sun, C. W., and Yang, S. F. (2001). Transformation of broccoli (Brassica oleracea var. italica) with isopentenyltransferase gene via Agrobacterium tumefaciens for post-harvest yellowing retardation. Mol. Breed. 7, 243–257. doi: 10.1023/A:1011357320259

Chen, M. K., Hsu, W. H., Lee, P. F., Thiruvengadam, M., Chen, H. I., and Yang, C. H. (2011). The MADS box gene, FOREVER YOUNG FLOWER, acts as a repressor controlling floral organ senescence and abscission in Arabidopsis. Plant J. 68, 168–185. doi: 10.1111/j.1365-313X.2011.04677.x

Chen, W. H., Li, P. F., Chen, M. K., Lee, Y. I., and Yang, C. H. (2015). FOREVER YOUNG FLOWER negatively regulates ethylene response DNA-binding factors by activating an ethylene-responsive factor to control Arabidopsis floral organ senescence and abscission. Plant Physiol. 168, 1666–1683. doi: 10.1104/pp.15.00433

Cheng, Y., Dai, X., and Zhao, Y. (2007). Auxin synthesized by the YUCCA flavin monooxygenases is essential for embryogenesis and leaf formation in Arabidopsis. Plant Cell 19, 2430–2439. doi: 10.1105/tpc.107.053009

Chourasia, A., Sane, V. A., and Nath, P. (2006). Differential expression of pectate lyase during ethylene-induced postharvest softening of mango (Mangifera indica var. Dashehari). Physiol. Plant. 128, 546–555. doi: 10.1111/j.1399-3054.2006.00752.x

Civello, P. M., Powell, A. L., Sabehat, A., and Bennett, A. B. (1999). An expansin gene expressed in ripening strawberry fruit. Plant Physiol. 121, 1273–1279. doi: 10.1104/pp.121.4.1273

Dandekar, A. M., Teo, G., Defilippi, B. G., Uratsu, S. L., Passey, A. J., Kader, A. A., et al. (2004). Effect of down-regulation of ethylene biosynthesis on fruit flavor complex in apple fruit. Trans. Res. 13, 373–384. doi: 10.1023/B:TRAG.0000040037.90435.45

De Grauwe, L., Dugardeyn, J., and Van Der Straeten, D. (2008). Novel mechanisms of ethylene-gibberellin crosstalk revealed by the gai eto2-1 double mutant. Plant Signal. Behav. 3, 1113–1115. doi: 10.4161/psb.3.12.7037

De Martinis, D., and Mariani, C. (1999). Silencing gene expression of the ethylene-forming enzyme results in a reversible inhibition of ovule development in transgenic tobacco plants. Plant Cell 11, 1061–1072. doi: 10.1105/tpc.11.6.1061

Dong, C. H., Jang, M., Scharein, B., Malach, A., Rivarola, M., Liesch, J., et al. (2010). Molecular association of the Arabidopsis ETR1 ethylene receptor and a regulator of ethylene signaling, RTE1. J. Biol. Chem. 285, 40706–40713. doi: 10.1074/jbc.M110.146605

Dubois, M., Skirycz, A., Claeys, H., Maleux, K., Dhondt, S., De Bodt, S., et al. (2013). ETHYLENE RESPONSE FACTOR6 acts as a central regulator of leaf growth under water-limiting conditions in Arabidopsis. Plant Physiol. 162, 319–332. doi: 10.1104/pp.113.216341

Dubois, M., Van den Broeck, L., Claeys, H., Van Vlierberghe, K., Matsui, M., and Inzé, D. (2015). The ETHYLENE RESPONSE FACTORs ERF6 and ERF11 antagonistically regulate mannitol-induced growth inhibition in Arabidopsis. Plant Physiol. 169, 166–179. doi: 10.1104/pp.15.00335

Dugardeyn, J., Vandenbussche, F., and Van Der Straeten, D. (2008). To grow or not to grow: what can we learn on ethylene-gibberellin cross-talk by in silico gene expression analysis? J. Exp. Bot. 59, 1–16. doi: 10.1093/jxb/erm349

Eda, M., Matsumoto, T., Ishimaru, M., and Tada, T. (2016). Structural and functional analysis of tomato β-galactosidase 4: insight into the substrate specificity of the fruit softening-related enzyme. Plant J. 86, 300–307. doi: 10.1111/tpj.13160

El-Sharkawy, I., Sherif, S., Qubbaj, T., Sullivan, A. J., and Jayasankar, S. (2016). Stimulated auxin levels enhance plum fruit ripening, but limit shelf-life characteristics. Posthar. Biol. Technol. 112, 215–223. doi: 10.1016/j.postharvbio.2015.09.012

Fernandez, D. E., Heck, G. R., Perry, S. E., Patterson, S. E., Bleecker, A. B., and Fang, S.-C. (2000). The embryo MADS domain factor AGL15 acts postembryonically: inhibition of perianth senescence and abscission via constitutive expression. Plant Cell 12, 183–197. doi: 10.1105/tpc.12.2.183

Ferrante, A., and Francini, A. (2006). “Ethylene and leaf senescence,” in Ethylene Action in Plants, ed. N. A. Khan (Berlin: Springer), 51–67. doi: 10.1007/978-3-540-32846-9_3

Ferrante, A., Mensuali-Sodi, A., and Serra, G. (2009). Effect of thidiazuron and gibberellic acid on leaf yellowing of cut stock flowers. Central Eur. J. Biol. 4, 461–468. doi: 10.2478/s11535-009-0039-8

Ferrante, A., Mensuali-Sodi, A., Tognoni, F., and Serra, G. (2005). Postharvest studies on leaf yellowing of chrysanthemum cut flowers. Adv. Hortic. Sci. 19, 81–85.

Ferrante, A., Trivellini, A., and Mensuali-Sodi, A. (2012). Interaction of 1-methylcyclopropene and thidiazuron on cut stock flowers vase life. Open Hortic. J. 5, 1–5. doi: 10.2174/1874840601205010001

Ferrante, A., Trivellini, A., Scuderi, D., Romano, D., and Vernieri, P. (2015). Post-production physiology and handling of ornamental potted plants. Posthar. Biol. Technol. 100, 99–108. doi: 10.1016/j.postharvbio.2014.09.005

Ferrante, A., Vernieri, P., Serra, G., and Tognoni, F. (2004). Changes in abscisic acid during leaf yellowing of cut stock flowers. Plant Growth Regul. 43, 127–134. doi: 10.1023/B:GROW.0000040119.27627.b2

Fiorani, F., Bogemann, G. M., Visser, E. J. W., Lambers, H., and Voesenekm, L. A. C. J. (2002). Ethylene emission and responsiveness to applied ethylene vary among Poa species that inherently differ in leaf elongation rates. Plant Physiol. 129, 1382–1390. doi: 10.1104/pp.001198

Flores, F., El Yahyaoui, F., De Billerbeck, G., Romojaro, F., Latché, A., Bouzayen, M., et al. (2002). Role of ethylene in the biosynthetic pathway of aliphatic ester aroma volatiles in Charentais Cantaloupe melons. J. Exp. Bot. 53, 201–206. doi: 10.1093/jexbot/53.367.201

Fray, R. G., and Grierson, D. (1993). Molecular genetics of tomato fruit ripening. Trend Genet. 9, 438–443. doi: 10.1016/0168-9525(93)90108-T

Frenkel, C., and Dyck, R. (1973). Auxin inhibition of ripening in Bartlett pears. Plant Physiol. 51, 6–9. doi: 10.1104/pp.51.1.6

Fujimoto, S. Y., Ohta, M., Usui, A., Shinshi, H., and Ohme-Takagi, M. (2000). Arabidopsis ethylene-responsive element binding factors act as transcriptional activators or repressors of GCC box-mediated gene expression. Plant Cell 12, 393–404. doi: 10.1105/tpc.12.3.393

Gan, S., and Amasino, R. M. (1995). Inhibition of leaf senescence by autoregulated production of cytokinin. Science 270, 1986. doi: 10.1126/science.270.5244.1986

Gepstein, S., and Thimman, K. V. (1987). The role of ethylene in the senescence of oat leaves. Plant Physiol. 68, 349–354. doi: 10.1104/pp.68.2.349

Gordon, S. P., Chickarmane, V. S., Ohno, C., and Meyerowitz, E. M. (2009). Multiple feedback loops through cytokinin signaling control stem cell number within the Arabidopsis shoot meristem. Proc. Natl Acad. Sci. U.S.A. 106,16529–16534. doi: 10.1073/pnas.0908122106

Grossmann, K. (1998). Quinclorac belongs to a new class of highly selective auxin herbicides. Weed Sci. 46, 707–716. doi: 10.1016/j.saa.2009.08.018

Gubrium, E. K., Clevenger, D. J., Clark, D. G., Barrett, J. E., and Nell, T. A. (2000). Reproduction and horticultural performance of transgenic ethylene-insensitive petunias. J. Am. Soc. Hortic. 125, 277–281.

Guzman, P., and Ecker, J. R. (1990). Exploiting the triple response of Arabidopsis to identify ethylene-related mutants. Plant Cell 2, 513–524. doi: 10.1105/tpc.2.6.513

Han, S., Halevy, A. H., Sachs, R. M., and Reid, M. S. (1989). Effect of ethylene on growth and flowering of Triteleia laxa. Acta Hortic. 261, 209–214. doi: 10.17660/ActaHortic.1989.261.26

Han, S. S. (1997). Preventing postproduction leaf yellowing in Easter lily. J. Am. Soc. Hort. Sci. 122, 869–872.

Hansen, H., and Grossmann, K. (2000). Auxin-induced ethylene triggers abscisic acid biosynthesis and growth inhibition. Plant Physiol. 124, 1437–1448. doi: 10.1104/pp.124.3.1437

Harpster, M. H., Brummell, D. A., and Dunsmuir, P. (1998). Expression analysis of a ripening-specific, auxin-repressed endo-1, 4-β-glucanase gene in strawberry. Plant Physiol. 118, 1307–1316. doi: 10.1104/pp.118.4.1307

He, C., Davies, F. R. Jr., and Lacey, R. E. (2009). Ethylene reduces gas exchange and growth of lettuce plants under hypobaric and normal atmospheric conditions. Physiol. Plant. 135, 258–271. doi: 10.1111/j.1399-3054.2008.01190.x

Hong, S. B., Sexton, R., and Tucker, M. L. (2000). Analysis of gene promoters for two tomato polygalacturonases expressed in abscission zones and the stigma. Plant Physiol. 123, 869–881. doi: 10.1104/pp.123.3.869

Huang, L. C., Lai, U. L., Yang, S. F., Chu, M. J., Kuo, C. I, Tsai, M. F., et al. (2007). Delayed flower senescence of Petunia hybrida plants transformed with antisense broccoli ACC synthase and ACC oxidase genes. Posthar. Biol. Technol. 46, 47–53. doi: 10.1016/j.postharvbio.2007.03.015

Huang, Y., Li, H., Hutchison, C. E., Laskey, J., and Kieber, J. J. (2003). Biochemical and functional analysis of CTR1, a protein kinase that negatively regulates ethylene signaling in Arabidopsis. Plant J. 33, 221–233. doi: 10.1046/j.1365-313X.2003.01620.x

Humphries, E. C. (1958). Effect of gibberellic acid and kinetin on growth of the primary leaf of dwarf bean (Phaseolus vulgaris). Nature 181, 1081–1082. doi: 10.1038/1811081a0

Hunter, D. A., Yoo, S. D., Butcher, S. M., and McManus, M. T. (1999). Expression of 1-aminocyclopropane-1-carboxylate oxidase during leaf ontogeny in white clover. Plant Physiol. 120, 131–142. doi: 10.1104/pp.120.1.131

Hussain, A., Black, C. R., Taylor, I. B., and Roberts, J. A. (2000). Does an antagonistic relationship between ABA and ethylene mediate shoot growth when tomato (Lycopersicon esculentum Mill.) plants encounter compacted soil?. Plant Cell Environ. 23, 1217–1226. doi: 10.1046/j.1365-3040.2000.00639.x

Hvoslef-Eide, A. K., Fjeld, T., and Einset, J. W. (1995). Breeding Christmas begonia Begonia 3 cheimantha Everett for increased keeping quality by traditional and biotechnological methods. Acta Hortic. 1995, 197–204. doi: 10.17660/ActaHortic.1995.405.25

Ichimura, K., and Niki, T. (2014). Ethylene production associated with petal senescence in carnation flowers is induced irrespective of the gynoecium. J. Plant Physiol. 171, 1679–1684. doi: 10.1016/j.jplph.2014.08.006

Immink, R. G., Gadella, T. W. Jr., Ferrario, S., Busscher, M., and Angenent, G. C. (2002). Analysis of MADS box protein-protein interactions in living plant cells. Proc. Natl Acad. Sci. U.S.A. 99, 2416–2421. doi: 10.1073/pnas.042677699

Iqbal, N., Khan, N. A., Nazar, R., and Teixeira da Silva, J. A. (2012). Ethylene-stimulated photosynthesis results from increased nitrogen and sulfur. Environ. Exp. Bot. 78, 84–90. doi: 10.1016/j.envexpbot.2011.12.025

Jackson, M. B., Drew, M. C., and Giffard, S. C. (1981). Effects of applying etnylene to the root system of Zea mays on growth and nutrient concentration in relation to flooding tolerance. Physiol. Plant 52, 23–28. doi: 10.1111/j.1399-3054.1981.tb06028.x

Jeong, J., and Huber, D. J. (2004). Suppression of avocado (Persea americana Mill.) fruit softening and changes in cell wall matrix polysaccharides and enzyme activities: differential responses to 1-MCP and delayed ethylene application. J. Am. Soc. Hortic. Sci. 129, 752–759.

Jia, H., Jiu, S., Zhang, C., Wang, C., Tariq, P., Liu, Z., et al. (2016). Abscisic acid and sucrose regulate tomato and strawberry fruit ripening through the abscisic acid-stress-ripening transcription factor. Plant Biotechnol. J. 4, 2045–2065. doi: 10.1111/pbi.12563

Jiang, C. Z., Lu, F., Imsabai, W., Meir, S., and Reid, M. S. (2008). Silencing polygalacturonase expression inhibits tomato petiole abscission. J. Exp. Bot. 59, 973–979. doi: 10.1093/jxb/ern023

Jing, H. C., Schippers, J. H., Hille, J., and Dijkwel, P. P. (2005). Ethylene-induced leaf senescence depends on age-related changes and OLD genes in Arabidopsis. J. Exp. Bot. 56, 2915–2923. doi: 10.1093/jxb/eri287

Jones, M. L. (2002). Ethylene responsiveness in carnation styles is associated with stigma receptivity. Sex. Plant Reprod. 15, 107–112. doi: 10.1007/s00497-002-0146-4

Jones, M. L., Stead, A. D., and Clark, D. G. (2009). “Petunia flower senescence,” in Petunia: A Model System for Comparative Research, eds T. Gerats and J. Strommer (New York, NY: Springer), 301–324.

Jordi, W., Schapendonk, A. H. C. M., Davelaar, E., Stoopen, G. M., Pot, C. S., De Visser, R., et al. (2000). Increased cytokinin levels in transgenic PSAG12–IPT tobacco plants have large direct and indirect effects on leaf senescence, photosynthesis and N partitioning. Plant Cell Environ. 23, 279–289. doi: 10.1046/j.1365-3040.2000.00544.x

Ju, C., Van de Poel, B., Cooper, E. D., Thierer, J. H., Gibbons, T. R., Delwiche, C. F., et al. (2015). Conservation of ethylene as a plant hormone over 450 million years of evolution. Nat. Plants 1, 14004. doi: 10.1038/nplants.2014.4

Ju, C., Yoon, G. M., Shemansky, J. M., Lin, D. Y., Ying, Z. I., Chang, J., et al. (2012). CTR1 phosphorylates the central regulator EIN2 to control ethylene hormone signaling from the ER membrane to the nucleus in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 109, 19486–19491. doi: 10.1073/pnas.1214848109

Junttila, O., Heide, O. M., Lindgard, B., and Ernstsen, A. (1997). Gibberellins and the photoperiodic control of leaf growth in Poa pratensis. Physiol. Plant. 101, 599–605. doi: 10.1111/j.1399-3054.1997.tb01043.x

Karakurt, Y., and Huber, D. J. (2002). Cell wall-degrading enzymes and pectin solubility and depolymerization in immature and ripe watermelon (Citrullus lanatus) fruit in response to exogenous ethylene. Physiol. Plant. 116, 398–405. doi: 10.1034/j.1399-3054.2002.1160316.x

Kawa-Miszczak, L., Wêgrzynowicz-Lesiak, E., Miszczak, A., and Saniewski, M. (2003). Effect of methyl jasmonate and ethylene on leaf growth, anthocyanin accumulation and CO2 evolution in tulip bulbs. J. Fruit Orna. Plant Res. 11, 59–68.

Keller, C. P., Stahlberg, R., Barkawi, L. S., and Cohen, J. D. (2004). Long-term inhibition by auxin of leaf blade expansion in Bean and Arabidopsis. Plant Physiol. 134, 1217–1226. doi: 10.1104/pp.103.032300

Kaaaesy, J., Frankowski, K., Wilmowicz, E., Glaziñska, P., Wojciechowski, W., and Kopcewicz, J. (2010). The possible role of PnACS2 in IAA-mediated flower inhibition in Pharbitis nil. Plant Growth Regul. 61, 1–10. doi: 10.1016/j.jplph.2008.02.013

Kaaaesy, J., Maciejewska, B., Sowa, M., Szumilak, M., Kawałowski, K., Borzuchowska, M., et al. (2008). Ethylene and IAA interactions in the inhibition of photoperiodic flower induction of Pharbitis nil. Plant Growth Regul. 55, 43–50. doi: 10.1007/s10725-008-9256-9

Kevany, B. M., Tieman, D. M., Taylor, M. G., Cin, V. D., and Klee, H. J. (2007). Ethylene receptor degradation controls the timing of ripening in tomato fruit. Plant J. 51, 458–467. doi: 10.1111/j.1365-313X.2007.03170.x

Khan, N. A. (2005). The influence of exogenous ethylene on growth and photosynthesis of mustard (Brassica juncea) following defoliation. Sci. Hortic. 105, 499–505. doi: 10.1016/j.scienta.2005.02.004

Khan, N. A., Mir, M. R., Nazar, R., and Singh, S. (2008). The application of ethephon (an ethylene releaser) increases growth, photosynthesis and nitrogen accumulation in mustard (Brassica juncea L.) under high nitrogen levels. Plant Biol. 10, 534–538. doi: 10.1111/j.1438-8677.2008.00054.x

Kieber, J. J., Rothenberg, M., Roman, G., Feldmann, K. A., and Ecker, J. R. (1993). CTR1, a negative regulator of the ethylene response pathway in Arabidopsis, encodes a member of the raf family of protein kinases. Cell 72, 427–441. doi: 10.1016/0092-8674(93)90119-B

Kim, J., Yang, J., Yang, R., Sicher, R. C., Chang, C., and Tucker, M. L. (2016). Transcriptome analysis of soybean leaf abscission identifies transcriptional regulators of organ polarity and cell fate. Front. Plant Sci. 7:125. doi: 10.3389/fpls.2016.00125

Kim, J. H., Chung, K. M., and Woo, H. R. (2011). Three positive regulators of leaf senescence in Arabidopsis, ORE1, ORE3 and ORE9, play roles in crosstalk among multiple hormone-mediated senescence pathways. Genes Genomics 33, 373–381. doi: 10.1007/s13258-011-0044-y

King, K. E., Moritz, T., and Harberd, N. P. (2001). Gibberellins are not required for normal stem growth in Arabidopsis thaliana in the absence of GAI and RGA. Genetics 159, 767–776.

Kiss, E., Veres, A., Galli, Z., Nagy, N., Tóth, E., Varga, A., et al. (2000). Production of transgenic carnation with antisense ACS (1-aminocyclopropane-1-carboxylate synthase) gene. Int. J. Hortic. Sci. 6, 103–107.

Koch, J. L., and Nevins, D. J. (1989). Tomato fruit cell wall. I. Use of purified tomato polygalacturonase and pectinmethylesterase to identify developmental changes in pectins. Plant Physiol. 91, 816–822. doi: 10.1104/pp.91.3.816

Konings, H., and Jackson, M. B. (1979). A relationship between rates of ethylene production by roots and the promoting or inhibiting effects of exogenous ethylene and water on root elongation. Z. Pflanzenphysiol. 92, 385–397. doi: 10.1016/S0044-328X(79)80184-1

Koukounaras, A., Siomos, A. S., and Sfakiotakis, E. (2006). 1-Methylcyclopropene prevents ethylene induced yellowing of rocket leaves. Posthar. Biol. Technol. 41, 109–111. doi: 10.1016/j.postharvbio.2006.01.018

Krizek, B. A., and Fletcher, J. C. (2005). Molecular mechanisms of flower development: an armchair guide. Nat. Rev. Genet. 6, 688–698. doi: 10.1038/nrg1675

Kuan, C. S., Yu, C. W., Lin, M. L., and Hsu, H. T. (2005). Foliar application of aviglycine reduces natural flowering in pineapple. HortScience 40, 123–126.

Kulikowska-Gulewska, H., Cymerski, M., Czaplewska, J., and Kopcewicz, J. (1995). IAA in the control of photoperiodic flower induction of Pharbitis nil Chois. Acta Soc. Bot. Pol. 64, 45–50. doi: 10.5586/asbp.1995.008

Kurakawa, T., Ueda, N., Maekawa, M., Kobayashi, K., Kojima, M., Nagato, Y., et al. (2007). Direct control of shoot meristem activity by a cytokinin-activating enzyme. Nature 445, 652–655. doi: 10.1038/nature05504

La Rue, C. D. (1936). The effect of auxin on the abscission of petioles. Proc. Natl. Acad. Sci. U.S.A. 22, 254–259. doi: 10.1073/pnas.22.5.254

Lashbrook, C., Giovannoni, J., Hall, B., Fischer, R., and Bennett, A. (1998). Transgenic analysis of tomato endo-beta-1,4-glucanase gene function: role of CEL1 in floral abscission. Plant J. 13, 303–310. doi: 10.1046/j.1365-313X.1998.00025.x

Lee, B. H., Yu, S. I., and Jackson, D. (2009). Control of plant architecture: the role of phyllotaxy and plastochron. J. Plant Biol. 52, 277–282. doi: 10.1007/s12374-009-9034-x

Lee, I. J., Foster, K. R., and Morgan, P. W. (1998). Photoperiod control of gibberellin levels and flowering in sorghum. Plant Physiol. 116, 1003–1011. doi: 10.1104/pp.116.3.1003

Lelièvre, J. M., Latché, A., Jones, B., Bouzayen, M., and Pech, J. C. (1998). Ethylene and fruit ripening. Physiol. Plant. 101, 727–739. doi: 10.1111/j.1399-3054.1997.tb01057.x

LeNoble, M. E., Spollen, W. G., and Sharp, R. E. (2004). Maintenance of shoot growth by endogenous ABA: genetic assessment of the involvement of ethylene suppression. J. Exp. Bot. 55, 237–245. doi: 10.1093/jxb/erh031

Lewington, R. J., Tablot, M., and Simon, E. W. (1967). The yellowing of attached and detached cucumber cotyledons. J. Exp. Bot. 18, 526–531. doi: 10.1093/jxb/18.3.526

Li, Y., Wu, Q. S., Huang, X., Liu, S. H., Zhang, H. N., Zhang, Z., et al. (2016). Molecular cloning and characterization of four genes encoding ethylene receptors associated with pineapple (Ananas comosus L.) Flowering. Front. Plant Sci. 7:710. doi: 10.3389/fpls.2016.00710

Li, Z., Wang, J., Zhang, X., Lei, M., Fu, Y., Zhang, J., et al. (2015). Transcriptome sequencing determined flowering pathway genes in Aechmea fasciata treated with ethylene. J. Plant Growth Regul. 35, 316–329. doi: 10.1007/s00344-015-9535-4

Lieberman, M., Baker, J. E., and Sloger, M. (1977). Influence of plant hormones on ethylene production in apple, tomato, and avocado slices during maturation and senescence. Plant Physiol. 60, 214–217. doi: 10.1104/pp.60.2.214

Lin, Z., Hong, Y., Yin, M., Li, C., Zhang, K., and Grierson, D. (2008). A tomato HB-zip homeobox protein, LeHB-1, plays an important role in floral organogenesis and ripening. Plant J. 55, 301–310. doi: 10.1111/j.1365-313X.2008.03505.x

Lin, Z., Zhong, S., and Grierson, D. (2009). Recent advances in ethylene research. J. Exp. Bot. 60, 3311–3336. doi: 10.1093/jxb/erp204

Lincoln, J. E., Cordes, S., Read, E., and Fischer, R. L. (1987). Regulation of gene expression by ethylene during Lycopersicon esculentum (tomato) fruit development. Proc. Natl. Acad. Sci. U.S.A. 84, 2793–2797. doi: 10.1073/pnas.84.9.2793

Liu, J., Zhao, J., Xiao, Z., Chang, X., Chen, G., and Yu, Y. (2016). Expression and functional analysis of PhEOL1 and PhEOL2 during flower senescence in petunia. Funct. Plant Biol. 43, 413–422. doi: 10.1071/fp15311

Liu, J. X., Li, J. Y., Wang, H. N., Fu, Z. D., Liu, J. A., and Yu, Y. (2011). Identification and expression analysis of ERF transcription factor genes in petunia during flower senescence and in response to hormone treatments. J. Exp. Bot. 62, 825–840. doi: 10.1093/jxb/erq324

Ljung, K., Bhalerao, R. P., and Sandberg, G. (2001). Sites and homeostatic control of auxin biosynthesis in Arabidopsis during vegetative growth. Plant J. 28, 465–474. doi: 10.1046/j.1365-313X.2001.01173.x

Llop-Tous, I. I., Barry, C. S., and Grierson, D. (2000). Regulation of ethylene biosynthesis in response to pollination in tomato flowers. Plant Physiol. 123, 971–978. doi: 10.1104/pp.123.3.971

Lohani, S., Trivedi, P. K., and Nath, P. (2004). Changes in activities of cell wall hydrolases during ethylene-induced ripening in banana: effect of 1-MCP, ABA and IAA. Postharvest Biol. Technol. 31, 119–126. doi: 10.1016/j.postharvbio.2003.08.001

Lü, P., Zhang, C., Liu, J., Liu, X., Jiang, G., Jiang, X., et al. (2014). RhHB1 mediates the antagonism of gibberellins to ABA and ethylene during rose (Rosa hybrida) petal senescence. Plant J. 78, 578–590. doi: 10.1111/tpj.12494

Lutts, S., Kinet, J. M., and Bouharmont, J. (1996). NaCl-induced senescence in leaves of rice (Oryza sativa L.) cultivars differing in salinity resistance. Ann. Bot. 78, 389–398. doi: 10.1006/anbo.1996.0134

Ma, N., Xue, J. Q., Li, Y. H., Liu, X. J., Dai, F. W., Jia, W. S., et al. (2008). RhPIP2;1, a rose aquaporin gene, is involved in ethylene-regulated petal expansion. Plant Physiol. 148, 894–907. doi: 10.1104/pp.108.120154

Makwana, V., and Robin, P. (2013). Interaction between GA and ethrel in inducing female flowers in Jatropha curcas. Int. J. Biotechnol. Bioeng. Res. 4, 465–472.

Masood, A., Iqbal, N., and Khan, N. A. (2012). Role of ethylene in alleviation of cadmium-induced photosynthetic capacity inhibition by sulphur in mustard. Plant Cell Environ. 35, 524–533. doi: 10.1111/j.1365-3040.2011.02432.x

Matile, P., Hörtensteiner, S., Thomas, H., and Kräutler, B. (1996). Chlorophyll breakdown in senescent leaves. Plant Physiol. 112, 1403–1409. doi: 10.1104/pp.112.4.1403

Mattsson, J., Ckurshumova, W., and Berleth, T. (2003). Auxin signaling in Arabidopsis leaf vascular development. Plant Physiol. 131, 1327–1339. doi: 10.1104/pp.013623

McCabe, M. S., Garratt, L. C., Schepers, F., Jordi, W. J. R. M., Stoopen, G. M., Davelaar, E., et al. (2001). Effects of PSAG12–IPT gene expression on development and senescence in transgenic lettuce. Plant Physiol. 127, 505–516. doi: 10.1104/pp.010244

Métraux, J. P., and Kende, H. (1983). The role of ethylene in the growth response of submerged deep water rice. Plant Physiol. 72, 441–446. doi: 10.1104/pp.72.2.441

Millenaar, F. F., Cox, M. C., van Berkel, Y. E. D. J., Welschen, R. A., Pierik, R., Voesenek, L. A., et al. (2005). Ethylene-induced differential growth of petioles in Arabidopsis. Analyzing natural variation, response kinetics, and regulation. Plant Physiol. 137, 998–1008. doi: 10.1104/pp.104.053967

Mitchum, M. G., Yamaguchi, S., Hanada, A., Kuwahara, A., Yoshioka, Y., Kato, T., et al. (2006). Distinct and overlapping roles of two gibberellin 3-oxidases in Arabidopsis development. Plant J. 45, 804–818. doi: 10.1111/j.1365-313X.2005.02642.x

Mou, W., Li, D., Bu, J., Jiang, Y., Khan, Z. U., Luo, Z., et al. (2016). Comprehensive analysis of ABA effects on ethylene biosynthesis and signaling during tomato fruit ripening. PLoS ONE 11:e0154072. doi: 10.1371/journal.pone.0154072

Muller, R., Stummann, B. M., and Serek, M. (2000). Characterization of an ethylene receptor family with differential expression in rose (Rosa hybrida L.) flowers. Plant Cell Rep. 19, 1232–1239. doi: 10.1007/s002990000251

Musgrave, A., and Walters, J. (1973). Ethylene-stimulated growth and auxin ansport in ranunculus sceleratus petioles. New Phytol. 72, 783–789. doi: 10.1111/j.1469-8137.1973.tb02053.x

Mutui, T. M., Emongor, V. N., and Hutchinson, M. J. (2003). Effect of benzyladenine on the vase life and keeping quality of Alstoemeria cut flowers. J. Agric. Sci. Technol. 5, 91–105.

Nazar, R., Khan, M. I. R., Iqbal, N., Masood, A., and Khan, N. A. (2014). Involvement of ethylene in reversal of salt-inhibited photosynthesis by sulfur in mustard. Physiol. Plant. 152, 331–344. doi: 10.1111/ppl.12173

Noh, Y. S., and Amasino, R. M. (1999). Identification of a promoter region responsible for the senescence-specific expression of SAG12. Plant Mol. Biol. 41, 181–194. doi: 10.1023/A:1006342412688

Ogawara, T., Higashi, K., Kamada, H., and Ezura, H. (2003). Ethylene advances the transition from vegetative growth to flowering in Arabidopsis thaliana. J. Plant Physiol. 160, 1335–1340. doi: 10.1078/0176-1617-01129

Oh, S. A., Park, J. H., Lee, G. L., Pack, K. H., Park, S. K., and Nam, H. G. (1997). Identification of three genetic loci controlling leaf senescence in Arabidopsis thaliana. Plant J. 12, 527–535. doi: 10.1046/j.1365-313X.1997.00527.x

Olsen, A., Lutken, H., Hegelund, J. N., and Muller, R. (2015). Ethylene resistance in flowering ornamental plants–improvements and future perspectives. Hortic. Res. 2:15038. doi: 10.1038/hortres.2015.38

Özgen, M., Park, S., and Palta, J. P. (2005). Mitigation of ethylene-promoted leaf senescence by a natural lipid, lysophosphatidylethanolamine. HortScience 40, 1166–1167.

Paltridge, G. W., Denholm, J. V., and Connor, D. J. (1984). Determinism, senescence and the yield of plants. J. Theor. Biol. 110, 383–398. doi: 10.1016/S0022-5193(84)80181-2

Patterson, S. E., and Bleecker, A. B. (2004). Ethylene-dependent and–independent processes associated with floral organ abscission in Arabidopsis. Plant Physiol. 134, 194–203. doi: 10.1104/pp.103.028027

Penarrubia, L., Aguilar, M., Margossian, L., and Fischer, R. (1992). An antisense gene stimulates ethylene hormone production during tomato fruit ripening. Plant Cell 4, 681–687. doi: 10.1105/tpc.4.6.681

Pharis, R. P., Evans, L. T., Klng, R. W., and Mander, L. M. (1987). Gibberellins, endogenous and applied, in relation to flower induction in the long-day plant Lolium temulentum. Plant Physiol. 84, 1132–1138. doi: 10.1104/pp.84.4.1132

Phillips, A. L., Ward, D. A., Uknes, S., Appleford, N. E. J., Lange, T., and Huttly, A. K. (1995). Isolation and expression of 3 Gibberellin 20-Oxidase CDNA clones from Arabidopsis. Plant Physiol. 108, 1049–1057. doi: 10.1104/pp.108.3.1049

Philosoph-Hadas, S., Michaeli, R., Reuveni, Y., and Meir, S. (1996). Benzyladenine pulsing retards leaf yellowing and improves quality of goldenrod (Solidago canadensis) cut flowers. Postharvest Biol. Technol. 9, 65–73. doi: 10.1016/0925-5214(96)00023-3

Pierik, R., Tholen, D., Poorter, H., Visser, E. J., and Voesenek, L. A. C. J. (2006). The Janus face of ethylene: growth inhibition and stimulation. Trends Plant Sci. 11, 176–183. doi: 10.1016/j.tplants.2006.02.006

Pinon, V., Prasad, K., Grigg, S. P., Sanchez-Perez, G. F., and Scheres, B. (2013). Local auxin biosynthesis regulation by PLETHORA transcription factors controls phyllotaxis in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 110, 1107–1112. doi: 10.1073/pnas.1213497110

Potuschak, T., Lechner, E., Parmentier, Y., Yanagisawa, S., Grava, S., Koncz, C., et al. (2003). EIN3-dependent regulation of plant ethylene hormone signaling by two Arabidopsis F box proteins: EBF1 and EBF2. Cell 115, 679–689. doi: 10.1016/S0092-8674(03)00968-1

Poyatos-Pertíñez, S., Quinet, M., Ortíz-Atienza, A., Yuste-Lisbona, F. J., Pons, C., Giménez, E., et al. (2016). A factor linking floral organ identity and growth revealed by characterization of the tomato mutant unfinished flower development (ufd). Front. Plant Sci. 7:1648. doi: 10.3389/fpls.2016.01648

Purgatto, E., Lajolo, F. M., do Nascimento, J. R. O., and Cordenunsi, B. R. (2001). Inhibition of β-amylase activity, starch degradation and sucrose formation by indole-3-acetic acid during banana ripening. Planta 212, 823–828. doi: 10.1007/s004250000441

Qiu, L., Xie, F., Yu, J., and Wen, C. K. (2012). Arabidopsis RTE1 is essential to ethylene receptor ETR1 amino-terminal signaling independent of CTR1. Plant Physiol. 159, 1263–1276. doi: 10.1104/pp.112.193979

Raab, S., Drechsel, G., Zarepour, M., Hartung, W., Koshiba, T., Bittner, F., et al. (2009). Identification of a novel E3 ubiquitin ligase that is required for suppression of premature senescence in Arabidopsis. Plant J. 59, 39–51. doi: 10.1111/j.1365-313X.2009.03846.x

Reid, M., and Chen, J. C. (2008). “Flower senescence,” in Senescence Process in Plant. Annual Plant Reviews, Vol. 26, ed. S. Gan (Ithaca NY: Blackwell Publishing), 256–277.

Reid, M. S. (1995). “Ethylene in plant growth, development, and senescence,” in Plant Hormones, ed. P. J. Davis (Dordrecht: Springer). doi: 10.1007/978-94-011-0473-9_23

Reinhardt, D., Mandel, T., and Kuhlemeier, C. (2000). Auxin regulates the initiation and radial position of plant lateral organs. Plant Cell 12, 507–518. doi: 10.1105/tpc.12.4.507

Reyes-Arribas, T., Barrett, J. E., Huber, D. J., Nell, T. A., and Clark, D. G. (2001). Leaf senescence in a non-yellowing cultivar of chrysanthemum (Dendranthema grandiflora). Physiol. Plant. 111, 540–544. doi: 10.1034/j.1399-3054.2001.1110415.x

Riboni, M., Galbiati, M., Tonelli, C., and Conti, L. (2013). GIGANTEA enables drought escape response via abscisic acid-dependent activation of the florigens and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS. Plant Physiol. 162, 1706–1719. doi: 10.1104/pp.113.217729

Richmond, A. E., and Lang, A. (1957). Effect of kinetin on protein content and survival of detached xanthium leaves. Science 125, 650–651. doi: 10.1126/science.125.3249.650-a

Riov, J., and Goren, R. (1979). Effect of ethylene on auxin transport and metabolism in midrib sections in relation to leaf abscission of woody plants. Plant Cell Environ. 2, 83–89. doi: 10.1111/j.1365-3040.1979.tb00778.x

Rogers, H., and Munné-Bosch, S. (2016). Production and scavenging of reactive oxygen species and redox signaling during leaf and flower senescence: similar but different. Plant Physiol. 171, 1560–1568. doi: 10.1104/pp.16.00163

Rogers, H. J. (2013). From models to ornamentals: how is flower senescence regulated? Plant Mol. Biol. 82, 563–574. doi: 10.1007/s11103-012-9968-0

Rose, J. K., Lee, H. H., and Bennett, A. B. (1997). Expression of a divergent expansin gene is fruit-specific and ripening-regulated. Proc. Natl. Acad. Sci. U.S.A. 94, 5955–5960. doi: 10.1073/pnas.94.11.5955

Royer, D. L., Wilf, P., Janesko, D. A., Kowalski, E. A., and Dilcher, D. L. (2005). Correlations of climate and plant ecology to leaf size and shape: potential proxies for the fossil record. Am. J. Bot. 92, 1141–1151. doi: 10.3732/ajb.92.7.1141

Sack, L., Cowan, P. D., Jaikumar, N., and Holbrook, N. M. (2003). The ‘hydrology’ of leaves: co-ordination of structure and function in temperate woody species. Plant Cell Environ. 26, 1343–1356. doi: 10.1046/j.0016-8025.2003.01058.x

Sakai, H., Hua, J., Chen, Q. G., Chang, C., Medrano, L. J., Bleecker, A. B., et al. (1998). ETR2 is an ETR1-like gene involved in ethylene signaling in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 95, 5812–5817. doi: 10.1073/pnas.95.10.5812

Sanikhani, M., Mibus, H., Stummann, B. M., and Serek, M. (2008). Kalanchoe blossfeldiana plants expressing the Arabidopsis etr1-1 allele show reduced ethylene sensitivity. Plant Cell Rep. 27, 729–737. doi: 10.1007/s00299-007-0493-6

Savin, K. W., Baudinette, S. C., Graham, M. W., Michael, M. Z., Nugent, G. D., Lu, C. Y., et al. (1995). Antisense ACC oxidase RNA delays carnation petal senescence. Hortic. Sci. 30, 970–972.

Shibuya, K., Barry, K. G., Ciardi, J. A., Loucas, H. M., Underwood, B. A., Nourizadeh, S., et al. (2004). The central role of PhEIN2 in ethylene responses throughout plant development in petunia. Plant Physiol. 136, 2900–2912. doi: 10.1104/pp.104.046979

Simpson, G. G., and Dean, C. (2002). Arabidopsis, the Rosetta Stone of flowering time? Science 296, 285–289.

Sitrit, Y., and Bennett, A. B. (1998). Regulation of tomato fruit polygalacturonase mRNA accumulation by ethylene: a re-examination. Plant Physiol. 116,1145–1150. doi: 10.1104/pp.116.3.1145

Smith, C. J. S., Watson, C. F., Ray, J., Bird, C. R., Morris, P. C., Schuch, W., et al. (1988). Antisense RNA inhibition of polygalacturonase gene expression in transgenic tomatoes. Nature 334, 724–726. doi: 10.1038/334724a0

Smith, D. L., Abbott, J. A., and Gross, K. C. (2002). Down-regulation of tomato β-galactosidase 4 results in decreased fruit softening. Plant Physiol. 129,1755–1762. doi: 10.1104/pp.011025

Solano, R., Stepanova, A., Chao, Q. M., and Ecker, J. R. (1998). Nuclear events in ethylene signaling: a transcriptional cascade mediated by ETHYLENE-INSENSITIVE3 and ETHYLENE-RESPONSE-FACTOR1. Genes Dev. 12, 3703–3714. doi: 10.1101/gad.12.23.3703

Sriskandarajah, S., Mibus, H., and Serek, M. (2007). Transgenic Campanula carpatica plants with reduced ethylene sensitivity. Plant Cell Rep. 26, 805–813. doi: 10.1007/s00299-006-0291-6

Stead, A. D. (1992). Pollination-induced flower senescence: a review. Plant Growth Regul. 11, 13–20. doi: 10.1007/BF00024427

Stepanova, A. N., and Alonso, J. M. (2009). Ethylene signaling and response: where different regulatory modules meet. Curr. Opin. Plant Biol. 12, 548–555. doi: 10.1016/j.pbi.2009.07.009

Sterling, T. M., and Hall, J. C. (1997). “Mechanism of action of natural auxins and the auxinic herbicides,” in Herbicide Activity: Toxicology, Biochemistry and Molecular Biology, eds R. M. Roe, J. D. Burton, and R. J. Kuhr (Amsterdam: IOS Press).

Sun, T. P., and Gubler, F. (2004). Molecular mechanism of gibberellin signaling in plants. Ann. Rev. Plant Biol. 55, 197–223. doi: 10.1146/annurev.arplant.55.031903.141753

Sýkorová, B., Kurešová, G., Daskalova, S., Trèková, M., Hoyerová, K., Raimanová, I., et al. (2008). Senescence-induced ectopic expression of the A. tumefaciens ipt gene in wheat delays leaf senescence, increases cytokinin content, nitrate influx, and nitrate reductase activity, but does not affect grain yield. J. Exp. Bot. 59, 377–387. doi: 10.1093/jxb/erm319

Tadiello, A., Ziosi, V., Negri, A. S., Noferini, M., Fiori, G., Busatto, N., et al. (2016). On the role of ethylene, auxin and a GOLVEN-like peptide hormone in the regulation of peach ripening. BMC Plant Biol. 16:1. doi: 10.1186/s12870-016-0730-7

Tan, Y., Liu, J., Huang, F., Guan, J., Zhong, S., Tang, N., et al. (2014). PhGRL2 protein, interacting with PhACO1, is involved in flower senescence in the petunia. Mol. Plant 7, 1384–1387. doi: 10.1093/mp/ssu024

Tanase, K., Otsu, S., Satoh, S., and Onozaki, T. (2015). Expression levels of ethylene biosynthetic genes andsenescence-related genes in carnation (Dianthus caryophyllus L.) with ultra-long-life flowers. Sci. Hortic. 183, 31–38. doi: 10.1016/j.scienta.2014.11.025

Tang, X., Gomes, A., Bhatia, A., and Woodson, W. R. (1994). Pistil-specific and ethylene-regulated expression of 1-aminocyclopropane-1-carboxylate oxidase genes in Petunia flowers. Plant Cell 6, 1227–1239. doi: 10.1105/tpc.6.9.1227

Tardieu, F., Parent, B., and Simonneau, T. (2010). Control of leaf growth by abscisic acid: hydraulic or non-hydraulic processes? Plant Cell Environ. 33, 636–647. doi: 10.1111/j.1365-3040.2009.02091.x

Taverner, E., Letham, D. S., Wang, J., Cornish, E., and Willcocks, D. A. (1999). Influence of ethylene on cytokinin metabolism in relation to Petunia corolla senescence. Phytochemistry 51, 341–347. doi: 10.1016/S0031-9422(98)00757-2

Taylor, J. E., and Whitelaw, C. A. (2001). Signals in abscission. New Phytol. 151, 323–340. doi: 10.1046/j.0028-646x.2001.00194.x

Tholen, D., Voesenek, L. A. C. J., and Poorter, H. (2004). Ethylene insensitivity does not increase leaf area or relative growth rate in Arabidopsis thaliana, Nicotiana tabacum and Petunia x hybrida. Plant Physiol. 134, 1803–1812. doi: 10.1104/pp.103.034389

Thompson, J. E., Froese, C. D., Madey, E., Smith, M. D., and Hong, Y. W. (1998). Lipid metabolism during plant senescence. Prog. Lipid Res. 37, 119–141. doi: 10.1016/S0163-7827(98)00006-X

Tieman, D. M., Taylor, M. G., Ciardi, J. A., and Klee, H. J. (2000). The tomato ethylene receptors NR and LeETR4 are negative regulators of ethylene response and exhibit functional compensation within a multigene family. Proc. Natl. Acad. Sci. U.S.A. 97, 5663–5668. doi: 10.1073/pnas.090550597

Trainotti, L., Tadiello, A., and Casadoro, G. (2007). The involvement of auxin in the ripening of climacteric fruits comes of age: the hormone plays a role of its own and has an intense interplay with ethylene in ripening peaches. J. Exp. Bot. 58, 3299–3308. doi: 10.1093/jxb/erm178

Trivedi, P. K., and Nath, P. (2004). MaExp1, an ethylene-induced expansin from ripening banana fruit. Plant Sci. 167, 1351–1358. doi: 10.1016/j.plantsci.2004.07.005

Trivellini, A., Cocetta, G., Hunter, D. A., Vernieri, P., and Ferrante, A. (2016). Spatial and temporal transcriptome changes occurring during flower opening and senescence of the ephemeral hibiscus flower. J. Exp. Bot. 67, 5919–5931. doi: 10.1093/jxb/erw295

Trivellini, A., Cocetta, G., Vernieri, P., Sodi, A. M., and Ferrante, A. (2015). Effect of cytokinins on delaying petunia flower senescence: a transcriptome study approach. Plant Mol. Biol. 87, 169–180. doi: 10.1007/s11103-014-0268-8

Trivellini, A., Ferrante, A., Vernieri, P., and Serra, G. (2011a). Effects of abscisic acid on ethylene biosynthesis and perception in Hibiscus rosa-sinensis L. flower development. J. Exp. Bot. 62, 5437–5452. doi: 10.1093/jxb/err218

Trivellini, A., Ferrante, A., Vernieri, P., and Serra, G. (2011b). Effects of promoters and inhibitors of ABA and ethylene on flower senescence of Hibiscus rosa-sinensis L. J. Plant Growth Regul. 30, 175–184. doi: 10.1093/jxb/err218

Trusov, Y., and Botella, J. R. (2006). Silencing of the ACC synthase gene ACACS2 causes delayed flowering in pineapple (Ananas. comosus (L.) Merr.). J. Exp. Bot. 57, 3953–3960. doi: 10.1093/jxb/erl167

Uluisik, S., Chapman, N. H., Smith, R., Poole, M., Adams, G., Gillis, R. B., et al. (2016). Genetic improvement of tomato by targeted control of fruit softening. Nat. Biotechnol. 34, 1072. doi: 10.1038/nbt.3602

Valdes, H. H., Pizarro, M. M., Campos-Vargas, R. R., Infante, R. R., and Defilippi, B. (2009). Effect of ethylene inhibitors on quality attributes of apricot cv. Modesto and Patterson during storage. Chilean J. Agric. Res. 69, 134–144. doi: 10.4067/S0718-58392009000200002

Van Doorn, W. G. (2001). Categories of petal senescence and abscission: are-evaluation. Ann. Bot. 87, 447–456. doi: 10.1006/anbo.2000.1357

Van Doorn, W. G., Fisun, G. C., Pak, C., and Harkema, H. (2013). Delay of Iris flower senescence by cytokinins and jasmonates. Physiol. Plant. 148, 105–120. doi: 10.1111/j.1399-3054.2012.01690.x

Vandenbussche, F., Vancompernolle, B., Rieu, I., Ahmad, M., Phillips, A., Moritz, T., et al. (2007). Ethylene induced Arabidopsis hypocotyl elongation is dependent on but not mediated by gibberellins. J. Exp. Bot. 58, 4269–4281. doi: 10.1093/jxb/erm288

Voisin, A. S., Reidy, B., Parent, B., Rolland, G., Redondo, E., Gerentes, D., et al. (2006). Are ABA, ethylene or their interaction involved in the response of leaf growth to soil water deficit? An analysis using naturally occurring variation or genetic transformation of ABA production in maize. Plant Cell Environ. 29, 1829–1840. doi: 10.1111/j.1365-3040.2006.01560.x

Wang, H., Stier, G., Lin, J., Liu, G., Zhang, Z., Chang, Y., et al. (2013). Transcriptome changes associated with delayed flower senescence on transgenic Petunia by inducing expression of etr1-1, a mutant ethylene receptor. PLoS ONE 8:e65800. doi: 10.1371/journal.pone.0065800

Wang, K. L., Li, H., and Ecker, J. R. (2002). Ethylene biosynthesis and signaling networks. Plant Cell 14, 131–151.

Wang, K. L., Yoshida, H., Lurin, C., and Ecker, J. R. (2004). Regulation of ethylene gas biosynthesis by the Arabidopsis ETO1 protein. Nature 428, 945–950. doi: 10.1038/nature02516

Wang, Q., Zhang, W., Yin, Z., and Wen, C. K. (2013). Rice CONSTITUTIVE TRIPLE-RESPONSE2 is involved in the ethylene-receptor signaling and regulation of various aspects of rice growth and development. J. Exp. Bot. 264, 4863–4875. doi: 10.1093/jxb/ert272

Wijayanti, L., Fujioka, S., Kobayashi, M., and Sakurai, A. (1997). Involvement of abscisic acid and indole-3-acetic acid in the flowering of Pharbitis nil. J. Plant Growth Regul. 16, 115–119. doi: 10.1007/PL00006977

Wilkinson, S., and Davies, W. J. (2010). Drought, ozone, ABA and ethylene: new insights from cell to plant to community. Plant Cell Environ. 33, 510–525. doi: 10.1111/j.1365-3040.2009.02052.x

Wilmowicz, E., Frankowski, K., Kućko, A., Kaaaesy, J., and Kopcewicz, J. (2014). Involvement of the iaa-regulated acc oxidase gene PNACO3 in Pharbitis nil flower inhibition. Acta Biol. Crac. Ser. Bot. 56, 90–96. doi: 10.2478/abcsb-2014-0013

Wilmowicz, E., Kaaaesy, J., and Kopcewicz, J. (2008). Ethylene and ABA interactions in the regulation of flower induction in Pharbitis nil. J. Plant Physiol. 165, 1917–1928. doi: 10.1016/j.jplph.2008.04.009

Wilson, R. N., Heckman, J. W., and Somerville, C. R. (1992). Gibberellin is required for flowering in Arabidopsis thaliana under short days. Plant Physiol. 100, 403–408. doi: 10.1104/pp.100.1.403

Woeste, K. E., Ye, C., and Kieber, J. J. (1999). Two Arabidopsis mutants that overproduce ethylene are affected in the posttranscriptional regulation of 1-aminocyclopropane-1-carboxylic acid synthase. Plant Physiol. 119, 521–530. doi: 10.1104/pp.119.2.521

Woltering, E. J., and Van Doorn, W. (1988). Role of ethylene in senescence of petals-morphological and taxonomical relationships. J. Exp. Bot. 39, 1605–1616. doi: 10.1093/jxb/39.11.1605

Wuriyanghan, H., Zhang, B., Cao, W. H., Ma, B., Lei, G., Liu, Y. F., et al. (2009). The ethylene receptor ETR2 delays floral transition and affects starch accumulation in rice. Plant Cell 21, 1473–1494. doi: 10.1105/tpc.108.065391

Xu, X., Gookin, T., Jiang, C. Z., and Reid, M. S. (2007). Genes associated with opening and senescence of Mirabilis jalapa flowers. J. Exp. Bot. 58, 2193–2201. doi: 10.1093/jxb/erm058

Xu, Y., Gianfagna, T., and Huang, B. R. (2010). Proteomic changes associated with expression of a gene (ipt) controlling cytokinin synthesis for improving heat tolerance in a perennial grass species. J. Exp. Bot. 61, 3273–3289. doi: 10.1093/jxb/erq149

Xu, Y., Tian, J., Gianfagna, T., and Huang, B. (2009). Effects of SAG12-ipt expression on cytokinin production, growth and senescence of creeping bentgrass (Agrostis stolonifera L.) under heat stress. Plant Growth Regul. 57, 281–291. doi: 10.1007/s10725-008-9346-8

Yamaguchi, S. (2008). Gibberellin metabolism and its regulation. Ann. Rev. Plant Biol. 59, 225–251. doi: 10.1146/annurev.arplant.59.032607.092804

Yang, J., Zhang, J., Wang, Z., Zhu, Q., and Liu, L. (2003). Involvement of abscisic acid and cytokinins in the senescence and remobilization of carbon reserves in wheat subjected to water stress during grain filling. Plant Cell Environ. 26, 1621–1631. doi: 10.1046/j.1365-3040.2003.01081.x

Yin, J., Chang, X., Kasuga, T., Bui, M., Reid, M. S., and Jiang, C. Z. (2015). A basic helix-loop-helix transcription factor, PhFBH4, regulates flower senescence by modulating ethylene biosynthesis pathway in petunia. Hortic. Res. 2:15059. doi: 10.1038/hortres.2015.59

Yoo, S. D., Cho, Y., and Sheen, J. (2009). Emerging connections in the ethylene signaling network. Trends Plant Sci. 14, 270–279. doi: 10.1016/j.tplants.2009.02.007

Yoo, S. D., Cho, Y. H., Tena, G., Xiong, Y., and Sheen, J. (2008). Dual control of nuclear EIN3 by bifurcate MAPK cascades in C2H4 signalling. Nature 451, 789–795. doi: 10.1038/nature06543

Zakizadeh, H., Lutken, H., Sriskandarajah, S., Serek, M., and Muller, R. (2013). Transformation of miniature potted rose (Rosa hybrida cv. Linda) with P(SAG12)-ipt gene delays leaf senescence and enhances resistance to exogenous ethylene. Plant Cell Rep. 32, 195–205. doi: 10.1007/s00299-012-1354-5

Zeevaart, J. A. D., and Talon, M. (1992). “Gibberellin mutants in Arabidopsis thaliana,” in Progress in Plant Growth Regulation, eds C. M. Karssen, L. C. Van Loon, and D. Vreugdenhil (Dordrecht: Kluwer), 34–42. doi: 10.1007/978-94-011-2458-4_4

Zhang, M., Yuan, B., and Leng, P. (2009). The role of ABA in triggering ethylene biosynthesis and ripening of tomato fruit. J. Exp. Bot. 60, 1579–1588. doi: 10.1093/jxb/erp026

Zhang, P., Wang, W. Q., Zhang, G. L., Kaminek, M., Dobrev, P., Xu, J., et al. (2010). Senescence-inducible expression of isopentenyl transferase extends leaf life, increases drought stress resistance and alters cytokinin metabolism in cassava. J. Integr. Plant Biol. 52, 653–669. doi: 10.1111/j.1744-7909.2010.00956.x

Zhou, D., Kalaitzis, P., Mattoo, A. K., and Tucker, M. L. (1996). The mRNA for an ETR1 homologue in tomato is constitutively expressed in vegetative and reproductive tissues. Plant Mol. Biol. 30, 1331–1338. doi: 10.1007/BF00019564

Zimmermann, P., Hirsch-Hoffmann, M., Hennig, L., and Gruissem, W. (2004). GENEVESTIGATOR Arabidopsis microarray database and analysis toolbox. Plant Physiol. 136, 2621–2632. doi: 10.1104/pp.104.046367

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer BVDP and handling Editor declared their shared affiliation, and the handling Editor states that the process nevertheless met the standards of a fair and objective review.

Copyright © 2017 Iqbal, Khan, Ferrante, Trivellini, Francini and Khan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
, frontiers

in Plant Science

Ethylene Role in Plant
Growth, Development and
Senescence: Interaction with
Other Phytohormones





OPS/images/fpls-08-00475-t001.jpg
Plant Species

Cotton (Gossypium hirsutum)
Rice (Oryza sativa)

Celery-leaved buttercup
(Ranunculus sceleratus)

Maize (Zea mays)

Arabidopsis (Arabidopsis thaliana)

Oat (Avena sativa)

Potato (Sofanum tuberosum)

Rocket salad (Eruca sativa)

Ethylene treatments

12 uL L~ of ethylene at 181 min~"

Submergence condition (7 days) with
1L L=" in the internods

10-50 nL. mL~" ethylene

0.1-5.0 pL L~ ethylene

Col-0 plants exposed to 1-5 pL L~
ethylene

0.2 Mm ACC

snLL!

fpLL-t

Effect on plants

Leaf abscission in plants 5 weeks olds

Stimulate the internodes growth 3-5
fold

Increased 4-5 times petiole growth

Inhibited leaf extension
Strong hyponastic response of leaf

Leaf chlorophyl loss followed by leaf
senescence.

Severe leaf senescence symptoms
such as yellowing, epinasty and lack of
growth

Leaf chlorophyll loss

Reference

Beyer, 1976
Métraux and Kende, 1983

Musgrave and Walters, 1973

Jackson et al., 1981
Millenaar et al., 2005

Gepstein and Thimman, 1987

Ozgen et al., 2005

Koukounaras et al., 2006





OPS/images/cross.jpg
3,

i





OPS/images/logo.jpg
' frontiers
in Plant Science





OPS/images/fpls-08-00475-g002.jpg
Relative units

%

Ethylene/VOCs biosynthesis

Senescence

Ethylene
VOCs

>

(!

Methionine

J ACC synthase

— AT
I lACCnxidase
ETRs «— C,H,

Autocatalytic ethylene biosynthesis

Expansins (EXP)
Pectin methylesterase (PME)
Polygalacturonase (PG)
B-galactosidase (GAL)
Pectate lyase (PL)

Ripening/softening Senescence





OPS/images/fpls-08-00475-g001.jpg
1t FW)

Ethylene production
(nL g

Petal S-S+S Ovary
ACS10

ACO1 ACO1 ACO1
ACO3 ACO3 ACO3
ACO4 04

ERF2 ERF2 ERF2
ERF3 ERF3

ER ERFS

E SF
flower developmetal stages





