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The gaseous molecule ethylene (C2H4), which is small in size and simple in structure, is a plant hormone most often associated with fruit ripening yet has a diversity of effects throughout the plant life cycle. While its agricultural effects were known even in ancient Egypt, the complexity of its mode of action and the broad spectrum of its effects and potential uses in plant physiology remain important scientific challenges today. In the last few decades, the biochemical pathway of ethylene production has been uncovered, ethylene perception and signaling have been molecularly dissected, ethylene-responsive transcription factors have been identified and numerous effects of ethylene have been described, ranging from water stress, development, senescence, reproduction plant-pathogen interactions, and of course, ripening. Thus ethylene is involved in plant development, in biotic and abiotic stress, and in reproduction. There is no stage in plant life that is not affected by ethylene, modulated by a complex and fascinating molecular machinery.
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The small and simple gaseous molecule ethylene (C2H4) is usually associated with ripening and senescence events in plants. Its effects have been known for ages (literally), and in the last century there have been some major breakthroughs in ethylene biology. These breakthroughs include the discovery that the molecule that hastened the ripening of fruits and caused growth distortions in plants was indeed ethylene (early 1900's), the demonstration that while generally associated with leaking gas mains, ethylene is produced by plants themselves (1930) and finally, the description of the ethylene biosynthesis pathway by Shang Fa Yang (the “Yang cycle” 1979) (Bradford, 2008).

Yet, it was at the end of the Twentieth century that research on ethylene received massive attention with the understanding of how the ethylene chemical signal is perceived and processed by plants via complex mechanisms and that almost all physiological events in plants are influenced by ethylene.

This is probably why ethylene research in plant science is so broad and active; biosynthesis, perception, signal transduction and mode of action indeed keep scientists from different disciplines very busy.

This activity and breadth in our Frontiers research topic are clearly in evidence with the involvement of scientists describing many of these aspects of ethylene biology.

Metabolism is reviewed by Rodrigues and colleagues (Shedding light on ethylene metabolism in higher plants) describing both ethylene biosynthesis and the mechanisms controlling it, as well as the influence of light on ethylene evolution.

Ethylene biosynthesis and ripening is approached by Hoogstrate and colleagues, analyzing a single ACC synthase gene, ACS4, and demonstrating how ACS4 is necessary for the normal progression of tomato fruit ripening and how mutation of this gene (out 12 ACS genes in the tomato genome) may provide a useful means for altering ripening traits.

The effects of ethylene on the fruit metabolome and the resulting fruit quality are not fully understood. In their study, Sobolev et al. approach the issue, showing that ripening-associated metabolic changes are both ethylene dependent and independent, and that the fruit metabolome is under the control of multiple regulators.

The role of ACS is also described in the model plant, poplar. In their study, Plett et al. describe how ethylene affects the important agronomic trait of plant height. The study also describes the effect of ethylene on leaf senescence, an important biological event that is more broadly described in the reviews by Tomotsugu Koyama and Kim et al. in terms of physiological events and molecular regulation.

The ethylene precursor, ACC itself, also serves as a substrate for several other derivatives. Van de Poel and Van Der Straeten describe the potential role of ACC as more than just the precursor of ethylene but as a means for plants to quickly communicate between organs, whenever ethylene diffusion is too slow.

Besides ripening, numerous other events are regulated by ethylene. Bianka Steffens describes flooding, one of the main abiotic stresses resulting in crop yield loss, a worldwide problem in different landscapes. Some crop species endure soil waterlogging for some hours, others for days or months. Flooding can be associated with water quality changes (salinity, pH, and heavy metal concentration). One metabolic response is the induction of ethylene production and reactive oxygen species (ROS) that together play an important role in mediating numerous specific growth or cell death responses.

Ethylene perception is described in the original research paper by Wilson et al. In their paper, the authors also describe a physiological effect of loss of ethylene perception that reduces the effect of far-red light and darkness on seed germination.

A possible mode of action of signal translation is addressed in the perspective by Zhang et al. and the review by Cho and Yoo, while ethylene effects on germination are reviewed by Corbineau et al.

Last but not least, the important role of ethylene in plant-microbe interaction with the biotech relevant Agrobacterium is reviewed by Nonaka and Ezura.

The breadth of participation has been as broad as the topic itself. This research topic arrives after approximately 10 months from the initiative of Frontiers in Plant Science to invite us to serve as guest associate editors. During those months we contacted about one hundred scientists worldwide including established experts in the fields as well as “young guns.” We eventually published 13 articles involving authors from Europe, North and South America, and Asia. The result is an issue with a broad view that matches and complements the others topics in the “signaling” area.

In this topic, the fascinating biology of ethylene has led us to approach, in modern terms, questions posed about 100 years ago. How many more questions will arise? It must be noted that ethylene is also massively produced and widely used in chemical industry and can even be released by humans (Cristescu et al., 2014).

Chemistry and Medicine other than Biology are therefore the domain of research and development for ethylene; and the more we study, the more we discover that ethylene, indeed, is all around.
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Ethylene metabolism in higher plants is regulated by a wide array of endogenous and environmental factors. During most physiological processes, ethylene levels are mainly determined by a strict control of the rate-limiting biosynthetic steps responsible for the production of 1-aminocyclopropane-1-carboxylic acid (ACC) and its subsequent conversion to ethylene. Responsible for these reactions, the key enzymes ACC synthase and ACC oxidase are encoded by multigene families formed by members that can be differentially regulated at the transcription and post-translational levels by specific developmental and environmental signals. Among the wide variety of environmental cues controlling plant ethylene production, light quality, duration, and intensity have consistently been demonstrated to influence the metabolism of this plant hormone in diverse plant tissues, organs, and species. Although still not completely elucidated, the mechanisms underlying the interaction between light signal transduction and ethylene evolution appears to involve a complex network that includes central transcription factors connecting multiple signaling pathways, which can be reciprocally modulated by ethylene itself, other phytohormones, and specific light wavelengths. Accumulating evidence has indicated particular photoreceptors as essential mediators in light-induced signaling cascades affecting ethylene levels. Therefore, this review specifically focuses on discussing the current knowledge of the potential molecular mechanisms implicated in the light-induced responses affecting ethylene metabolism during the regulation of developmental and metabolic plant responses. Besides presenting the state of the art in this research field, some overlooked mechanisms and future directions to elucidate the exact nature of the light–ethylene interplay in higher plants will also be compiled and discussed.
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INTRODUCTION

Light is one of the most influential and versatile environmental stimuli controlling plant life. It varies not only in quantity (fluence) but also in quality (wavelength), periodicity (photoperiod), and direction (unidirectional or diffuse). As photoautotroph and sessile organisms, most higher plants rely on sophisticated and plastic mechanisms to use light as both an energy source and abiotic signal to control decisive developmental adjustments. Not unexpectedly, during evolution plants have evolved a variety of photosensory systems that perceive the light environment and integrate this information into intrinsic developmental programs. Acting at the interface between the external and the internal plant environments, four main families of photoreceptors are responsible for the perception of light signals and their transduction through an array of gene expression modifications that will ultimately lead to adjustments in the plant growth and morphogenic patterns—a sequence of light-triggered processes collectively known as photomorphogenesis (Neff et al., 2000; Ma et al., 2001; Gyula et al., 2003; Franklin et al., 2005; Franklin and Quail, 2010).

During photomorphogenic responses the initial light cue is often translated into changes in the hormonal homeostasis in particular tissues or even throughout the entire plant. Hence, by modulating their hormonal status plants can rapidly adjust growth fitness to constantly changing environments (Li et al., 2004; Achard et al., 2006; Wolters and Jürgens, 2009). The early development of seedlings, which in nature is often skotomorphogenic, and the transition to photomorphogenic growth upon light exposure is one of the best-studied light-controlled processes in eudicotyledons, and it is tightly regulated by an intricate interplay between light signals and plant hormones. In fact, most of the current knowledge about light signaling pathways and ethylene biosynthesis, signal transduction, and response pathways has arisen from experimental approaches based on the etiolated seedling system. The simplicity of the light-induced responses in dark-grown seedlings made it ideal for quickly identifying photomorphogenic mutants in the model plant Arabidopsis thaliana (Liscum and Hangarter, 1993; Stepanova and Ecker, 2000; Li et al., 2004; Stepanova and Alonso, 2005; Chen and Chory, 2011; Boron and Vissenberg, 2014). In addition, the triple response phenotype of etiolated seedlings triggered by ethylene has also been proven as a simple and useful trait to screen for ethylene mutants in the same model plant (Bleecker et al., 1988; Guzman and Ecker, 1990; Lin et al., 2009).

Ethylene is an important growth regulator of numerous developmental aspects during plant life cycle (e.g., both vegetative and reproductive development, and responses to biotic and abiotic stresses), playing a key role in signaling pathways responsible for adaptive adjustments of plant’s fitness in a continuously fluctuating array of environmental signals. Moreover, ethylene biosynthesis is highly regulated by both developmental and external inputs, and stress-induced ethylene production can mediate multiple physiological and morphological responses involved in redirecting all required resources from standard growth to promote plant defense, resistance, resource forage, and/or “escape” mechanisms, including senescence, abscission, and plastic alterations in tissue/organ elongation and shoot–root ratios. However, the variable degree of plasticity observed in such ethylene-mediated responses seems to be dependent on the environmental challenge and species-specific features (Pierik et al., 2006, 2007; Lin et al., 2009; Wolters and Jürgens, 2009).

The development of photomorphogenic and hormonal mutant collections together with a considerable improvement in the experimental methods employed in molecular and genetics research over the last years have paved the way for elegant studies that have begun to shed light on the “black box” of how light signaling controls ethylene production to coordinate plant development. For example, it has been shown that light can modulate ethylene biosynthesis through particular photoreceptor-mediated pathways. Moreover, some transcription factors have been identified as potential integrators for light signaling and ethylene biosynthesis modulation. Furthermore, many regulators of ethylene biosynthesis at both transcriptional (Zhang et al., 2009; Wan et al., 2011; Xiao et al., 2013) and post-transcriptional levels (Wang et al., 2002, 2004; Chae et al., 2003; Liu and Zhang, 2004; Argueso et al., 2007; Joo et al., 2008; Prasad et al., 2010; Wan et al., 2011) have also been documented in the last decades. Besides controlling ethylene biosynthesis, light also influences ethylene signaling and, although not covered in this review, this is also an important aspect that has received increasing attention in the last decades.

Here we have compiled the major controlling mechanisms of both light signaling and ethylene biosynthesis and discussed the latest information on the potential signaling networks connecting both these pathways, with an emphasis on the emerging evidence of molecular mechanisms regulating the transcription and post-translational modifications of key participants in the ethylene biosynthetic pathway.

LIGHT PERCEPTION AND SIGNALING MECHANISMS

Light perception and signal transduction are responsible for modulating many processes throughout the plant life cycle and in diverse environmental contexts. Among the different wavelengths detected by the plant photosensory system, red light (RL), blue light (BL), UV-A and UV-B radiation are particularly informative and their perception involves four main families of information-transducing photoreceptors: the RL-absorbing phytochromes, the UV-A/BL-absorbing cryptochromes and phototropins, and the recently identified UVR8 receptors, which essentially perceive UV-B radiation. These signaling molecules provide the plants with information concerning various aspects of the light environment, thereby playing a vital role in plant survival and optimal growth (Franklin et al., 2005; Franklin and Quail, 2010; Rizzini et al., 2011). Detailed signaling mechanisms triggered by photoreceptors have been the focus of excellent reviews (Quail, 2002; Gyula et al., 2003; Chory, 2010; Chen and Chory, 2011); therefore, only general information about this theme will be provided here.

IDENTITY AND GENERAL FEATURES OF PLANT PHOTORECEPTORS

Phytochromes are the RL and far-red light (FRL) photoreceptors that play essential roles during plant photomorphogenesis (Chen and Chory, 2011). They are part of a chromoprotein multigene family, which in Arabidopsis is divided into photodegradable (phytochrome A—PHYA) and photostable (phytochrome B, C, D, and E—PHYB, PHYC, PHYD, and PHYE) types. These photoreceptors are formed by the association of one globular apoprotein and one chromophore which confers the properties of activation in response to the RL spectrum and photoreversibility upon FRL exposure (Wagner et al., 2005). The perception of RL is mediated by the chromophore (Wagner et al., 2005), which is synthesized in plastids and combined with the phytochrome apoproteins in the cytosol. Under dark conditions, the chromophore is maintained in a stable-inactive conformation (PHYPr) whereas the RL triggers the photoconversion of the inactive state PHYPr into the active form (PHYPfr), resulting in the phytochrome translocation from the cytoplasm into the nucleus (Ulijasz et al., 2010; Song et al., 2011; Figure 1). Despite the relatively well-conserved structure, PHYA and PHYB have different response patterns in terms of light stimulation and action mechanisms. PHYA-mediated responses are mainly triggered by FRL and this phytochrome does not show photoreversibility (Quail, 2002). Once in the active form, PHYAPfr associates with the proteins FAR RED ELONGATED HYPOCOTYL (FHR) and FHR-LIKE (FHL) and transiently accumulates in the nucleus (Kircher et al., 2002; Pfeiffer et al., 2012). On the other hand, PHYB is primarily activated by RL, presents R/FR photoreversibility, and accumulates in the nucleus for longer periods than PHYA (Gil et al., 2000). Furthermore, distinct members of the PHY family can display a certain degree of organ specificity in response to RL (Tepperman et al., 2004).


[image: image]

FIGURE 1 | Simplified overview of light signal transduction via phytochromes (PHY) and cryptochromes (CRY) and their main interacting proteins. (1) Upon far-red light (FRL) or red light (RL) irradiation, cytosolic PHYAPr and PHYBPr, respectively, are converted into their active Pfr forms, which migrate to the nucleus. (2) In the cell nucleus, PHYPfr represses CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) E3-complex (“COP1 complex”), which is responsible for targeting positive components of the light signal transduction pathway such as LONG HYPOCOTYL 5 (HY5) and LONG HYPOCOTYL IN FAR-RED 1 (HFR1) to proteasomal degradation. The expression of genes coding for HY5 and HFR1 is also promoted by PHYPfr and these transcription factors are responsible for stimulating the expression of numerous photomorphogenesis-associated genes. (3) In parallel, PHYPfr activates an unidentified E3 Ubiquitin (Ub) ligase responsible for targeting light signal transduction repressor proteins such as PHYTOCHROME-INTERACTING FACTORS (PIFs) to degradation via 26S proteasome. (4) PIFs are also known to stimulate HFR1 and HFR1 blocks PIFs transcriptional activity. (5) Upon blue light (BL) or UV-A exposure, nuclear-localized CRY is converted into active CRY*, which also repress “COP1 complex” action.


The cryptochromes (CRY) are nuclear proteins that primarily respond to BL and UV-A radiation (Ahmad and Cashmore, 1997) and present an intricate interaction with phytochromes during the control of numerous photomorphogenic responses (Guo et al., 2001; Facella et al., 2008). In Arabidopsis, cryptochrome 1 (CRY1) is photostable and acts mainly at high light fluence (Yang et al., 2000; Herbel et al., 2013) whereas cryptochrome 2 (CRY2) is photodegradable and plays an important role at relatively lower light fluence (Lin et al., 1998; Guo et al., 2001; Gyula et al., 2003). CRY1/2 phosphorylation and subsequent molecular modifications are triggered soon after BL/UV-A exposure, facilitating the CRY interaction with other proteins (Kondoh et al., 2011). Such BL/UV-A-driven modifications in the CRY molecules can be reversed in complete darkness or upon exposure to green radiation (Sellaro et al., 2010).

In contrast, phototropins 1 and 2 are membrane-localized photoreceptors that undergo auto-phosphorylation in response to BL/UV-A radiation (Christie, 2007) and play an important role in many phototropic responses in plants (Kinoshita et al., 2001; Sakai et al., 2001). In the case of the UVR8 receptors, the perception of UV-B radiation occurs via tryptophan residues present at the protein homodimeric interface which leads to the monomerization and subsequent association of the UVR8 monomers with CONSTITUTIVE PHOTOMORPHOGENESIS 1 (COP1), which functions as an E3 ubiquitin ligase in multiple protein complexes and represents a master repressor during light signaling cascades. Such protein interaction will ultimately result in differential gene expression (Rizzini et al., 2011; Wu et al., 2012), and its potential outputs will be discussed later in the context of light signaling mechanisms controlling the transcription of genes involved in ethylene biosynthesis.

HUB TRANSCRIPTION FACTORS UNDER PHYTOCHROME CONTROL

Downstream of the RL perception, an increasing number of transcription factors has been identified as central integrators of light and multiple internal signals to optimize plant development. A key mechanism by which PHYs regulate gene expression is by modulating the protein stability of target transcription factors in the nucleus. One of the most important PHYPfr-mediated signaling pathways relies on the regulation of a multigene family of basic helix–loop–helix transcription factors known as PHYTOCHROME INTERACTION FACTOR (PIF). Accordingly, under inductive light conditions PHYAPfr and/or PHYBPfr migrates to the nucleus, where they can physically interact with PIF proteins and promote their ubiquitination and subsequent degradation via proteasome 26S (Figure 1). Under continuous darkness, PIF proteins inhibit the transcription of many genes associated with photomorphogenic responses; therefore, PHY activation and migration to the nucleus followed by its positive influence on PIF degradation represents a major point of transcriptional control of such genes under PIF-dependent inhibition (Ni et al., 1999; Khanna et al., 2004; Shen et al., 2007; Leivar et al., 2008; Lorrain et al., 2008; Chen and Chory, 2011). Besides playing a central role during the scoto-to-photomorphogenesis transition, PIFs are also involved in many developmental processes triggered by low R/FR conditions, such as shade avoidance responses, during which they control the transcription of genes coding for important proteins such as PIF3-LIKE 1 (PIL-1) and ARABIDOPSIS THALIANA HOMEOBOX PROTEIN 2 (ATHB2), and some components of the biosynthetic routes of plant hormones such as auxins, gibberellin, and ethylene (Martínez-Garcia et al., 2000; Leivar et al., 2009).

Active PHYAPfr and PHYBPfr are also known to increase the levels of LONG HYPOCOTYL 5 (HY5), which is another crucial transcription factor associated with light signaling and several photomorphogenic responses in plants. Hence, under continuous darkness HY5 undergoes very rapid destabilization mediated by COP1 (Gyula et al., 2003; Chory, 2010; Boron and Vissenberg, 2014). In fact, COP1 usually acts in association with other regulatory proteins (“COP1 complex”) promoting the ubiquitin-dependent degradation of both HY5 and PHYs, thereby representing an important element in the post-translational regulation of the PHY-dependent signaling cascades. In an intricate crosstalk with PHY, CRY also plays a fundamental role in the stabilization of HY5 since both CRY1 and CRY2 have been shown to increase the half-life of this protein by directly interacting with COP1 and promoting its destabilization or removal from the cell nucleus (Figure 1), which ultimately leads to an extended window of time for the stimulatory action of HY5 on the transcription of genes associated with photomorphogenic responses. Moreover, CRY also increases the half-life of PHYA by destabilizing the COP1 complex (Schwechheimer and Deng, 2000; Gyula et al., 2003; Chory, 2010; Fankhauser and Ulm, 2011; Boron and Vissenberg, 2014).

INFLUENCE OF DIVERSE LIGHT REGIMES ON ETHYLENE EVOLUTION

Light influence on ethylene evolution rate has been consistently demonstrated in several plants and can either stimulate or inhibit ethylene production depending on the tissue, organ, species, plant developmental phase, and the nature of light signal (Abeles et al., 1992; Corbineau et al., 1995; Halliday and Fankhauser, 2003; Kurepin et al., 2010). For example, European production of lilies can be hampered by long periods of low light, which induce higher production of ethylene, causing the abscission of developing flower buds (Abeles et al., 1992). On the other hand, potato plants treated with continuous light for faster tuber development displayed up to 15-fold increase in ethylene production, while ethylene levels rapidly dropped when these plants were transferred back to the 12 h light/dark photoperiod (Wheeler and Tibbitts, 1986). Despite the physiological response, most light-triggered adjustments in ethylene production seem to be mainly under PHY and CRY control (Vandenbussche et al., 2003; Kurepin et al., 2010).

PHYPfr-mediated signaling usually represses ethylene emission in several monocotyledons and eudicotyledons, as reported for etiolated seedlings of pea (Pisum sativum; Goeschl et al., 1967; Kang and Burg, 1972; Steed et al., 2004), light-grown seedlings of sorghum (Sorghum bicolor; Finlayson et al., 1998, 1999), coleoptiles and apical segments of etiolated rice (Oryza sativa) seedlings (Imaseki et al., 1971), light-grown leaves of both oat (Avena sativa; Corbineau et al., 1995) and wheat (Triticum aestivum; Jiao et al., 1987), and adult plants of both tobacco (Nicotiana tabacum; Pierik et al., 2004a) and Arabidopsis thaliana (Vandenbussche et al., 2003; Bours et al., 2014). Given its important role in RL perception and signaling, PHYB is the photoreceptor more closely associated with the negative regulation of ethylene levels in several plant models (Finlayson et al., 1998; Vandenbussche et al., 2003). In addition, the inhibitory effect of RL on ethylene emission depends on plant light exposure duration, radiation fluence (Imaseki et al., 1971; Pierik et al., 2004b; Kurepin et al., 2010), and some light-evoked adjustments on the plant circadian clock (Finlayson et al., 1998). However, in some plant systems PHYA also seems to play a prominent role in repressing ethylene production by direct action and/or via CRY1 repression, as reported for de-etiolating phyAphyB mutant pea seedlings (Foo et al., 2006).

CENTRAL METABOLIC INTERMEDIATES AND ENZYMES IN ETHYLENE BIOSYNTHESIS

Ethylene is a relatively simple unsaturated two-carbon gas which can be produced by numerous non-biological chemical reactions catalyzed by heat, oxidation, light, or ionizing radiation. In fact, non-biological model systems were systematically employed during the initial search for metabolic components and steps involved in ethylene production (Yang and Hoffman, 1984; Abeles et al., 1992). Such approaches led to the unexpected discovery that ethylene could be chemically generated from the amino acid methionine and its derivatives (Yang et al., 1966). Following this breakthrough, significant advances were achieved in ethylene research with biological systems, providing the basis of knowledge regarding the ethylene biosynthetic pathway (Yang and Hoffman, 1984; Abeles et al., 1992; Kende, 1993).

Ethylene biosynthesis in higher plants is now well characterized by a relatively simple metabolic pathway, which is, however, coordinated with some other equally important synthetic pathways involved in the plant metabolism regulation (e.g., polyamines). The identification of the intermediate components in ethylene biosynthesis allowed further elucidation of the two committed reactions in this pathway, which comprise the rate-limiting enzymes 1-aminocyclopropane-1-carboxylic acid (ACC) synthase (ACS, EC 4.4.1.14) and ACC oxidase (ACO, EC 1.4.3; Yang and Hoffman, 1984; Kende, 1993; Zarembinski and Theologis, 1994; Argueso et al., 2007; McClellan and Chang, 2008; Harpaz-Saad et al., 2012). Both ACS and ACO are encoded by multigene families whose members have been well characterized in some plant species and they are recognized as major players in ethylene biosynthetic regulation. However, as we will discuss in more detail below, the regulatory mechanisms of ethylene biosynthesis usually converge on the modulation of ACS proteins (Fluhr and Mattoo, 1996; Wang et al., 2002).

YANG CYCLE AND SYNTHETIC PATHWAYS ASSOCIATED WITH ETHYLENE PRODUCTION

Ethylene biosynthesis in planta starts with the conversion of L-methionine to S-adenosyl methionine (AdoMet or SAM) in a reaction catalyzed by the enzyme L-methionine–S-adenosyltransferase (SAM synthetase, EC 2.5.1.6; Figure 2). The subsequent conversion of SAM to ACC is catalyzed by ACS and is generally considered the first committed and rate-limiting step in ethylene biosynthesis. The following crucial step in this pathway is catalyzed by ACO in a reaction that converts ACC to ethylene, CO2, HCN, and H2O (Adams and Yang, 1977, 1979; Lürssen et al., 1979; Yang and Hoffman, 1984; McKeon and Yang, 1987; Argueso et al., 2007; Lin et al., 2009). Behind this relatively linear sequence of few reactions hides a fundamental metabolic mechanism that prevents potential depletion of the methionine pools when a high rate of ethylene production is required. Such metabolic detail is significant because methionine, the biological precursor of ethylene, is a very scarce sulfur-containing amino acid and the amounts of sulfur available are usually limited in plants. In this sense, the methylthio-group from methionine needs to be recycled after SAM production. This is possible because the conversion of SAM to ACC by ACS also produces 5′-methylthioadenosine (MTA) as a by-product that retains the reduced methylthio-group and is readily recycled back to methionine through the Yang cycle. Therefore, the Yang cycle facilitates the occurrence of high rates of ethylene biosynthesis without influencing the steady-state levels of methionine pool (Yang and Hoffman, 1984; Miyazaki and Yang, 1987; Argueso et al., 2007; Zheng et al., 2013).
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FIGURE 2 | Schematic representation of light-evoked impacts on ethylene biosynthetic pathway. (1) Light irradiation negatively impacts the conversion of methionine (Met) to S-adenosyl methionine (SAM). (2) Light also affects the transcription of particular 1-aminocyclopropane 1-carboxylic acid (ACC) synthases (ACS), responsible for converting SAM into ACC. In Arabidopsis, whereas ACS2 gene transcription is negatively controlled by PHYBPfr, ACS8/4 gene transcription is stimulated by PIF5, and, accordingly, PIF5 protein stability is negatively influenced by active phytochrome B (PHYBPfr). (3) Light is also known to inhibit the transcription and activity of ACC oxidase (ACO), whose activity converts ACC into ethylene. (4) PHYBPfr also stimulates the conversion of ACC into the non-volatile ACC metabolite 1-malonyl aminocyclopropane-1-carboxylic acid (MACC) via MACC transferase (MACCT). Biosynthetic enzymes and metabolic substrates or products are represented with green and blue ovals, respectively. Light-dependent transcriptional control of particular ACS genes is highlighted by the gray area of the figure.


Besides being the direct precursor of ethylene, ACC is also suggested as a cell-signaling molecule per se. ACC is a soluble molecule that seems to be translocated throughout different plant organs, and its translocation within flowers has been suggested to play an important role in floral senescence (Abeles et al., 1992; Harpaz-Saad et al., 2012; Yoon and Kieber, 2013a). Hence, it appears logical that most tissues can actively regulate the endogenous ACC levels during plant development. This function is mainly controlled by ACS and ACO; however, the cellular pool of ACC can be also modulated by other metabolic reactions leading to its conjugation (Yang and Hoffman, 1984; McKeon and Yang, 1987; Martin and Saftner, 1995; Peiser and Yang, 1998; Staswick and Tiryaki, 2004; Kombrink, 2012). Accordingly, ACC can be converted into ACC derivates, such as jasmonic acid-ACC (JA-ACC), γ-glutamyl-ACC (GACC), and 1-(malonylamino) cyclopropane-1-carboxylate (MACC). Both GACC and JA-ACC comprise minor moieties in the pool of ACC derivates, whose potential biological functions still remain poorly characterized. In this sense, the physiological significance of such derivates might be underestimated (Staswick and Tiryaki, 2004; Kombrink, 2012). Conversely, MACC formation seems to be a metabolic sink that allows depletion of ACC levels under certain conditions. This reaction is catalyzed by ACC-N-malonyltransferase (MACCT; Figure 2), an enzyme that displays increased activity during late stages of tomato fruit ripening (Yang and Hoffman, 1984). Some hypotheses suggest MACC as an end metabolite derived from ACC that can be easily accumulated (Yang and Hoffman, 1984; McKeon and Yang, 1987), while others consider MACC as a means for temporary storage of ACC in a non-reactive form which could be hydrolyzed back to ACC when needed for ethylene production (Hoffman et al., 1982; Jiao et al., 1986; Hanley et al., 1989).

LIGHT SIGNALING ON METABOLIC REGULATION OF THE ETHYLENE PRECURSOR LEVELS

One of the mechanisms involved in the PHYPfr-dependent regulation of ethylene production in plants precisely relies on regulating the abundance of the immediate ethylene precursor ACC. Although still not fully characterized at the molecular level, the active form PHYBPfr has been shown to promote the rapid conjugation of ACC into MACC during the light-induced seedling de-etiolation of wheat, thereby decreasing the internal ACC pool available for ethylene formation (Jiao et al., 1987; Figure 2). Interestingly, these events occurred without any modification in the extractable MACCT activity, indicating that light might have exerted its inductive effects by a mechanism other than increasing the MACCT levels (Jiao et al., 1987). Such mechanism could represent some potential post-translational control of MACCT yet unknown.

POST-TRANSLATIONAL MECHANISMS CONTROLLING ETHYLENE BIOSYNTHESIS

Both ACS and ACO family members are suggested to be at certain degree under post-translational regulation by proteasome-mediated degradation (Chen et al., 2005). However, particular attention has been devoted to unraveling the molecular structure and regulatory mechanisms of ACS proteins in Arabidopsis. For this reason, the following topics will mainly focus on discussing the central mechanisms involved in both transcriptional and post-translational control of ACS members in this plant model. Likewise, some evidence on ACS and ACO regulation in other species will be also comparatively discussed when opportune.

Briefly, ACS proteins belong to the α-superfamily of pyridoxal-5′-phosphate-dependent enzymes, which are represented in Arabidopsis by eight active members differentially regulated by several developmental and environmental signals. In addition to these active ACS enzymes, the Arabidopsis genome encodes an additional ACS (ACS1) that is catalytically inactive (Yamagami et al., 2003; Tsuchisaka and Theologis, 2004). Based primarily on the C-terminal sequence domains, ACS proteins are usually classified into three main groups which depict distinct regulatory features affecting the stability of the respective ACS proteins (Chae and Kieber, 2005; Yoshida et al., 2005). In Arabidopsis, type I ACS proteins (ACS2 and ACS6) have an extended C-terminus that contains phosphorylation sites (four conserved serine residues) targeted by mitogen-activated protein kinases (MPK) and calcium-dependent protein kinases (CDPK; Figure 3). Type II group includes isoforms (ACS4, ACS5, ACS8, and ACS9) with a shorter C-terminus that only contains a putative CDPK target site. Type III class is represented by one single member, ACS7, which has a very short C-terminal domain with no recognized phosphorylation sites (Tatsuki and Mori, 2001; Sebastià et al., 2004; Liu and Zhang, 2004; Chae and Kieber, 2005). Interestingly, this criterion of ACS classification has also been used for tomato ACS enzymes (Yoshida et al., 2005, 2006), indicating a general degree of structural conservation within ACS family. However, tomato encodes 10 LeACS isoenzymes with particular functional patterns (Yoshida et al., 2005, 2006).
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FIGURE 3 | Overview of the distinct regulatory mechanisms controlling stability of type I, II, and III 1-aminocyclopropane 1-carboxylic acid synthases (ACS) and their regulation by light. (1) Blue light stimulates mitogen-activated protein kinases 3 and 6 (MPK 3/6) which in turn phosphorylate type I ACSs, thereby preserving ACSs from 26S proteasome-mediated degradation. (2) Light also stimulates 14-3-3 proteins which influence ACSs protein stabilization by both direct protein interaction and destabilization of ETHYLENE-OVERPRODUCER1 (ETO1) and ETO1/2-LIKE (EOL1/2) responsible for targeting type II ACS proteins for proteasomal degradation. Moreover, the RING-type E3 ligase XBAT32 affects both type II and III ACSs degradation. Protein phosphorylation is represented with red ovals and “P” letters. Phosphorylation sites targeted by calcium-dependent protein kinases (CDPK) are represented with green ovals and “C” letters. Phosphorylation sites targeted by MPK are represented with gray ovals and “M” letters. Note that type I ACS have both CDPK (“C”) and MPK (“M”) phosphorylation sites, type II ACS lacks only the MPK (“M”) phosphorylation site and type III ACS lacks both phosphorylation sites.


ACS PHOSPHORYLATION

Several experimental approaches have consistently suggested an important role for ACS phosphorylation and dephosphorylation during ethylene biosynthesis (Spanu et al., 1994; Tuomainen et al., 1997; Zhong and Burns, 2003), which regulates protein stability in an ACS isoform-dependent manner (Joo et al., 2008; Hahn and Harter, 2009; Figure 3). Genetic and biochemical studies have indicated CDPK and/or MPK as important molecules that cooperatively regulate stability of most ACS proteins and thus ethylene production, in response to developmental and environmental stimuli (Tatsuki and Mori, 2001; Liu and Zhang, 2004; Huang et al., 2013). As discussed previously, particular residues at the C-terminal domain of different isoforms of ACS represent putative target sites for phosphorylation, with MPK usually targeting three Ser residues that are distinct from the CDPK target site in the C-terminal extended region of a subset of ACS isoenzymes (Liu and Zhang, 2004; Sebastià et al., 2004; Joo et al., 2008; Huang et al., 2013).

Although very little information is available on CDPK signaling mechanisms during ACS regulation, it is widely accepted that the MPK3/6 module of MPK kinase (MKK) cascades plays relevant roles in the regulation of ethylene biosynthesis (Liu and Zhang, 2004; Joo et al., 2008; Xu et al., 2008; Hahn and Harter, 2009; Ju and Chang, 2012). Accordingly, the MPK3/6 module is mostly under control of MKK4, MKK5, and MKK9, constituting an important step in various signaling pathways involved in stress-induced responses in plants (Xu et al., 2008; Yoo et al., 2008; Beckers et al., 2009). For example, the stress-activated MKK4/5 signaling cascade can positively regulate ethylene biosynthesis by activating MPK6 (Liu and Zhang, 2004). In addition, ACS6 was initially identified as a potential substrate for MPK3/6 phosphorylation (Feilner et al., 2005) and further studies have confirmed that the MPK3/6 module is associated with enhanced stability of both type I ACS2 and ACS6 (Liu and Zhang, 2004; Joo et al., 2008; Figure 3). Interestingly, the autocatalytic ethylene production is often stress related and at least in Arabidopsis relies on post-translational regulation of type I ACSs by MPK3/6 cascade (Vandenbussche et al., 2012). Furthermore, the MKK9–MPK3/6 module is also suggested as a potential regulatory mechanism of ACS2/6 stabilization in some particular biological contexts (Popescu et al., 2009), supporting previous suggestions of the possible role of MKK9 and MPKs in ethylene biosynthesis control (Joo et al., 2008; Xu et al., 2008).

Therefore, ACS phosphorylation appears to be a major mechanism controlling the enzyme activity by increasing protein stability (Tsuchisaka and Theologis, 2004; Chae and Kieber, 2005; Argueso et al., 2007). Besides, tobacco plants under stressful conditions display a rapid increase in ethylene production mediated by an active NtMEK2 (MPKK)/SIPK (MPK) cascade that triggers a dramatic increase in ACS activity, which is followed by the transcriptional activation of a subgroup of ACS and ACO genes (Kim et al., 2003). As discussed in the following sections, recent data also suggest that phosphorylation might increase ACS affinity to directly interact with other proteins that influence ACS stability (Yoon and Kieber, 2013b).

ACS DEGRADATION

As previously discussed, the ubiquitin–26S proteasome has been linked to diverse functions in plants, including hormone signaling, photomorphogenesis, and stress-triggered responses (Yi and Deng, 2005; Stone and Callis, 2007; Vierstra, 2009; Santner and Estelle, 2010). In fact, many aspects of ethylene biosynthesis are also highly regulated at the post-transcriptional level by degradation of proteins controlled by the ubiquitin–26S proteasome system. Genetic studies in Arabidopsis have begun to reveal a number of ethylene biosynthetic enzymes which are targeted for proteasomal degradation, including the type II ACS proteins and the type III ACS7 (Wang et al., 2004; Yoshida et al., 2005; Christians et al., 2009; Lyzenga et al., 2012). Although not fully understood, ample evidence indicates that protein phosphorylation preserves ACS proteins from 26S proteasome-mediated degradation (Figure 3), providing a direct and rapid mechanism to change ethylene production (Spanu et al., 1994; Kelley and Estelle, 2012).

Details on post-translational regulation of ACS proteins have been derived from analyses of the ethylene-overproducing (eto1–3) mutants of Arabidopsis. Accordingly, dark-grown eto seedlings display the triple-response phenotype even in the absence of exogenous ethylene application and produces 10- to 40-fold more ethylene in the dark than the wild-type seedlings (Guzman and Ecker, 1990; Woeste et al., 1999; Chae et al., 2003; Wang et al., 2004). The increased ethylene biosynthesis in eto1 and eto2 mutations results from two different modifications at the C-terminal region of ACS5 isoform, while eto3 mutation is the result of a single amino acid change at the C-terminal region of ACS9 (Chae et al., 2003; Chae and Kieber, 2005). Such mutations were identified to cause disruptions within the TOE (for target of ETO1) domain of these ACS, which is recognized as a target site for ubiquitin–26S proteasome degradation. In fact, ETHYLENE-OVERPRODUCER1 (ETO1)/ETO1/2-LIKE (EOL1/2) genes code for CULLIN-3 E3 ubiquitin ligases which recognize and directly interact with the TOE domain of type II ACS proteins, targeting them for rapid degradation via 26S proteasome (Vogel et al., 1998; Chae et al., 2003; Wang et al., 2004; Yoshida et al., 2005, 2006; Christians et al., 2009; Figure 3). Additionally, the stability of both ACS7 (type III) and ACS4 (type II) was recently found to be turned over in a 26S proteasome-dependent manner through the participation of a RING-type E3 ligase named XBAT32 (Lyzenga et al., 2012), which also negatively modulates the abundance of ACS proteins and ethylene biosynthesis (Prasad and Stone, 2010; Prasad et al., 2010; Lyzenga et al., 2012). As the type III ACS7 lacks a C-terminal extension with the TOE sequence (Lyzenga et al., 2012), XBAT32 seems to represent a still unknown TOE-independent mechanism controlling ACS stability.

Adding an extra level of complexity in the ubiquitin–26S proteasome-dependent ACS stability control, recent findings revealed that ACS stability is also affected by ACS interaction with 14-3-3 proteins (Yoon and Kieber, 2013c; Figure 3). In this sense, 14-3-3 seems to interact with multiple isoforms from all three classes of ACS proteins, and this interaction increases the stability of the ACS proteins (Yoon and Kieber, 2013b). The molecular mechanism behind such regulation appears to involve the direct interaction of 14-3-3 with ACS proteins by decreasing their degradation by a still unknown ETO1/EOL-independent mechanism. These findings support the previous hypothesis that there is at least one further system acting to degrade type II ACS proteins in addition to the ETO1/EOLs, and the 14-3-3 proteins seem to antagonize this second degradation pathway (Lyzenga et al., 2012; Yoon and Kieber, 2013c). However, 14-3-3 proteins also seem to facilitate increased ACS stability by their interaction with the ETO1/EOLs E3 ligases which down-regulates their stability, thus increasing their degradation in an ubiquitin/proteasome-dependent manner and, consequently, decreasing the abundance of the ubiquitin ligases that target a subset of ACS proteins for degradation (Yoon and Kieber, 2013b).

In rice, the type II OsACS1 can interact with 14-3-3 proteins and the C-terminal domain of this enzyme was presumably phosphorylated by OsCDPK on a 14-3-3 recognition motif, suggesting that the phosphorylated OsACS1 may interact with rice 14-3-3 proteins, thus preventing ETO1 from binding to OsACS1 and induce this enzyme degradation (Yao et al., 2007). Therefore, such a regulatory mechanism might explain why after CDPK-dependent phosphorylation ACS proteins display increased protein stability (Yao et al., 2007; Yoon and Kieber, 2013c). Moreover, some evidence has indicated that 14-3-3 proteins interacted with ACO2 and ACO4 proteins in a yeast two-hybrid system, thus indicating that 14-3-3 proteins may regulate the ethylene biosynthesis pathway by modulating both ACS and ACO proteins (Huang et al., 2013).

LIGHT SIGNALING AND THE POST-TRANSLATIONAL CONTROL OF ACS AND ACO PROTEINS

Recently, Yoon and Kieber (2013c) reported that etiolated seedlings of Arabidopsis submitted to light treatment present a rapid (within 2 h) increase in the levels ACS5 proteins without corresponding changes in ACS5 transcripts, suggesting that light stimuli act by increasing ACS5 stability in this plant system. Accordingly, light treatment triggers the opposite effect on EOL2 protein levels, which exhibit a significant and rapid reduction as soon as 2 h after light exposure. These authors have suggested that the mechanism by which 14-3-3 proteins control ACS stability could also be regulated by light stimuli; however, such hypothetical connection remains uncertain. Furthermore, some evidence indicates that the particular isoform SbACO2 from sorghum might show a light-regulated post-transcriptional regulation throughout the diurnal cycle. This suggestion was based on the observation that diurnal fluctuations in SbACO2 transcript abundance were translated into diel changes in enzymatic activity under unshaded environment, but not under simulated high-shade conditions (Finlayson et al., 1999). Additionally, recent findings have shown significant connections between MPK and light signaling pathways in plants which indicate the MKK3–MPK6 cascade being actively regulated by BL signaling at several levels (Sethi et al., 2014). Therefore, it is tempting to speculate that MKK3–MPK6-dependent cascades might possibly be implicated in the interplay between light signaling and ACS post-translational control (Figure 3).

TRANSCRIPTIONAL MECHANISMS CONTROLLING ETHYLENE BIOSYNTHESIS

Transcriptional regulation of ACS and ACO genes is one of the pivotal mechanisms controlling ethylene biosynthesis (Wan et al., 2011). As previously discussed, although regulatory mechanisms affecting ACS activity are generally considered the crucial regulatory point for ethylene production, increasing evidence has indicated that modulation of ACO expression can also represent a significant point of control for ethylene production under particular circumstances (Rudus et al., 2013; Xiao et al., 2013). Accordingly, a number of studies have reported that both ACS and ACO family members can be differentially expressed in diverse plant organ/tissues, distinct developmental phases, and in response to different environmental stimuli (Liang et al., 1992; Kende, 1993; Zarembinski and Theologis, 1994; Vahala et al., 1998; Wang et al., 2002; Argueso et al., 2007). Differences in the expression levels of each ACS and ACO genes might be an important means for adjusting differential ethylene production within a particular organ or plant tissue. For instance, the ACS multigene family of Arabidopsis has a prominent member-specific spatial regulation, suggesting a tissue-specific diversity of ethylene production (Tsuchisaka and Theologis, 2004). Likewise, members of the ACO gene family of tomato (Solanum lycopersicum) are also differentially regulated at the transcriptional level during climacteric fruit ripening, indicating distinct roles played by each ACO homolog during different tomato fruit developmental stages (Rudus et al., 2013; Xiao et al., 2013).

Additionally, both ACS and ACO expression can be directly and/or indirectly controlled by several signaling connections with other plant hormones such as auxin, brassinosteroid, and gibberellin (Guzman and Ecker, 1990; Joo et al., 2006). In this sense, auxin has been widely recognized as one of the most significant hormones controlling ethylene biosynthesis through transcriptional regulation of several ACS genes (Abel et al., 1995; Tsuchisaka and Theologis, 2004; Stepanova et al., 2007). In Arabidopsis, with the exception of ACS1/7/9 genes, the transcription of all other ACS members coding for functional enzymes are induced by auxin (Yamagami et al., 2003). In fact, the auxin–ethylene crosstalk often occurs via reciprocal regulation at biosynthetic level (Stepanova et al., 2007) with auxin apparently acting mostly via up-regulation of ACS4 transcription in Arabidopsis (Liang et al., 1992; Abel et al., 1995; Zhu and Guo, 2008). On the other hand, some data on the crosstalk between auxin and ethylene during transcriptional regulation of two ACO genes in rice (OsACO2/3) have indicated that auxin effects on ethylene biosynthesis are highly dependent of the ethylene status itself. For example, OsACO3 is induced by ethylene, but not in the presence of auxin, whereas OsACO2 is induced by auxin, but in a reduced extent when in the presence of ethylene (Chae et al., 2000). Hence, auxin induction of ACO transcripts is generally considered an indirect effect of auxin-stimulated ethylene production resulting from an increase in ACS activity (Peck and Kende, 1995). Hence, direct regulation of ACO transcription seems to be mainly induced by ethylene itself by an autocatalytic process that will be discussed in the next sections of this review.

ETHYLENE CONTROLLING ITS OWN BIOSYNTHESIS VIA ACS AND ACO TRANSCRIPTION

As mentioned previously, ethylene can modulate its own metabolism (Tsuchisaka et al., 2009) and this process usually occurs in an extremely flexible, developmentally and environmentally sensitive manner. Several studies have been reported on either positive or negative signaling feedback loops wherein ethylene regulates its own production (Sisler et al., 1985; Nakajima et al., 1990; Rottmann et al., 1991; Van Der Straeten et al., 1992; Woodson et al., 1992; Lincoln et al., 1993; Rodrigues-Pousada et al., 1999; Wang et al., 2002; Zhong and Burns, 2003). Therefore, depending on the plant tissue and the developmental/environmental context, ethylene can either restrain (auto-inhibition or system 1) or promote (autocatalysis or system 2) its own biosynthesis. Moreover, it has also been suggested that particular members of ACS gene family can play specific roles in these two systems of ethylene production in plants (Yang and Hoffman, 1984; Liu et al., 1985; Nakatsuka et al., 1998; Vandenbussche et al., 2012).

Negative feedback is particularly active during vegetative growth under non-stressful conditions and non-climacteric fruit development while autocatalytic ethylene production is usually related to stressful conditions, senescence and climacteric fruit ripening (McMurchie et al., 1972; Nakatsuka et al., 1998; Vandenbussche et al., 2012). During tomato fruit ripening different ACS and ACO genes are induced at particular stages of ripening. For example, LeACS2 and LeACS4 are mainly associated with autocatalytic ethylene production while LeACS6 is mostly related to the auto-inhibitory system responsible for the maintenance of basal ethylene production (Nakatsuka et al., 1998; Barry et al., 2000; Cara and Giovannoni, 2008).

In Arabidopsis, the auto-inhibitory system also operates through the tightly controlled activities of several ACS proteins, which generate the basal ethylene levels in a coordinated manner (Yoshii and Imaseki, 1982; Tsuchisaka et al., 2009). The transcription of ACS6 gene in this same species is generally associated with stress-induced conditions, in which ethylene autocatalysis plays an important role (Tsuchisaka et al., 2009; Vandenbussche et al., 2012). Furthermore, at least two ACO genes are ethylene inducible in Arabidopsis, suggesting that a feedback mechanism is in place to ensure that there will be no limitations to ethylene production once the precursor ACC is produced (Alonso et al., 2003; Zhong and Burns, 2003; Chen et al., 2005). Interestingly, the autocatalytic ethylene production in Arabidopsis is usually mediated by MPK cascade modules associated with stress-triggered signaling pathways. For example, besides post-translationally controlling ACS protein stability, the MPK3/6 module plays an important role in the ethylene autocatalytic pathway by inducing the transcription of the WRKY33 transcription factor which, in turn, directly interacts with ACS2/6 promoters (Smékalová et al., 2014). In addition, besides triggering ACS2/6 transcription up-regulation, the MKK9-MPK3/6 module also positively regulates the transcript abundance of several ERF (ETHYLENE RESPONSE FACTORS) genes (Xu et al., 2008; Yoo et al., 2008).

ERF or EREBP (ETHYLENE RESPONSE ELEMENT-BINDING PROTEIN) genes represent one of the largest families of transcription factors in the plant kingdom which regulates a diverse array of processes (including ethylene production) in response to multiple developmental and environmental cues (Smékalová et al., 2014). These plant-specific transcription factors function as trans-acting regulators at the last step of ethylene signaling pathway, and usually exhibit highly conserved motifs that includes AP2 (APETALA2)/ERF DNA-binding domain, RAV (related to ABI3/VP1), and DREB (dehydration-responsive element binding protein). These ERF domains can specifically interact with cis-elements in promoters of the ethylene-responsive genes, such as GCC box and/or dehydration-responsive elements/C-repeat (DRE/CRT) motifs, thus regulating the expression of different downstream genes (Ohme-Takagi and Shinshi, 1995; Park et al., 2001; Huang et al., 2004; Lin et al., 2009; Zhang et al., 2009; Kohli et al., 2013). In addition, some ERFs can induce the transcription of additional transcription factors, inducing a transcription-factor cascade that might facilitate the signal amplification and fine-tuning of signal output (Chen et al., 2005).

Several studies have already shown that ERFs participate in a feedback regulation of ethylene production by modulating the expression of ethylene biosynthesis genes during fruit ripening (Zhang et al., 2009; Sharma et al., 2010; Lee et al., 2012; Pirrello et al., 2012). For example, ectopic expression of the ERF.B3-SRDX dominant repressor in tomato caused reduction in ethylene biosynthesis associated with the down-regulation of ACS and ACO genes, which presented the GCC box and DRE/CRT motifs at their promoters (Liu et al., 2013; Pirrello et al., 2012). In addition, LeERF2/TERF2 activates ethylene biosynthesis by promoting the expression of ACS genes in tobacco and of both ACS and ACO genes in tomato (Zhang et al., 2009). On the other hand, the ERF repressor SlAP2a opposes tomato ripening by suppressing the expression of ACS2/4 and ACO1 genes, then causing down-regulation of ethylene biosynthesis (Chung et al., 2010). Interestingly, distinct MaERFs of banana (Musa acuminata) can be differentially expressed in a tissue-dependent manner during fruit ripening while different MaERFs appeared to regulate the transcription of particular ACS and/or ACO in either positive (MaERF9-induced activation of MaACS1) or negative (MaERF11-induced repression of MaACS1 and MaACO1) way (Xiao et al., 2013). Therefore, although the important role of multiple ERFs in the regulation of fruit ripening has been consistently described by several studies, little information is available about the signaling pathways involved in ERF regulation and the additional mechanisms modulating their target genes.

Furthermore, ERF proteins also play important roles in plant response to a variety of stress-related stimuli that involves modulation of ethylene synthesis (Xu et al., 2006; Wang et al., 2008; Hattori et al., 2009; Yaish et al., 2010). For instance, the ERF genes SUB1A and OsDERF1 of rice are, respectively, positive and negative regulators in drought response. Upon drought stress, the expression of both these ERFs is modulated, affecting in turn the ethylene production via alterations in the expression of ethylene biosynthesis genes (Xu et al., 2006; Fukao et al., 2011; Wan et al., 2011). Consequently, it has become clear that ERF transcription factors are the primary targets mediating stress-induced responses involving changes in ethylene signaling and/or biosynthesis. However, very little is known about the signaling mechanisms controlling ERF proteins in ethylene biosynthesis at the transcriptional level (Zhang et al., 2009), which highlights the great demand to identify transcription factors and other signaling elements involved in ethylene biosynthesis adjustments. The potential regulatory role of these transcription factors during the light-induced pathway leading to the regulation of ACS and/or ACO transcription will be discussed below.

LIGHT SIGNALING AND THE TRANSCRIPTIONAL CONTROL OF ACS AND ACO ENZYMES

PHYB is well known to module ethylene emission by repressing the transcription of genes encoding particular ACS isoenzymes (Figure 2). Illustrating this regulatory mechanism, mutations in phyA and phyB provide, respectively, increases on transcription of ACS1 in pea (Foo et al., 2006) and ACS2 in Arabidopsis (Bours et al., 2014). In fact, the genome-expression profiling of Arabidopsis revealed the light-regulated suppression of ACS, ACO, and SAM synthase transcripts (Ma et al., 2001). Accordingly, in this plant species the RL-evoked inhibition of ethylene emission not only depends on the repression of ACS2 gene transcription, but is also strongly associated with the PHYB-dependent degradation of PIF proteins, such as PIF4 and particularly PIF5. Interestingly, PIF1 and PIF3 biochemically interact with both PHYA and PHYB, whereas PIF4 and PIF5 are only degraded when associated with active PHYB and this PHYB-mediated degradation of PIF4 and PIF5 is considered to be an important mechanism responsible for controlling ethylene production in plant responses triggered by either darkness or low R/FR conditions, such as skotomorphogenic growth and shade avoidance responses (Lorrain et al., 2008; Shin et al., 2009).

As previously described, PIF5 protein is constitutively localized in the nucleus, where it exerts a repressive influence on the transcription of genes associated with photomorphogenic responses and presents a positive impact on genes associated with low R/FR responses, such as ACS4/8 (Figure 2). In agreement, Arabidopsis plants over-expressing PIF5 exhibited up to 300-fold increases in ACS4 transcripts even in the presence of light (Khanna et al., 2007). Although less prominent than observed for the ACS4 expression, PIF5 also positively influences ACS8 expression, which is the most abundantly expressed ACS gene in Arabidopsis and is the ACS gene most strongly controlled by endogenous ethylene and circadian clock (Yamagami et al., 2003; Thain et al., 2004). Due to such prominent impact on ethylene production, the PIF5 over-expression in Arabidopsis resulted in the triple response phenomenon characteristically triggered by excessive ethylene production. Moreover, PIF5 is also known to destabilize PHYB by promoting its degradation via proteasome 26S, and this PIF5-triggered degradation of PHYB might accentuate even more the ethylene production in conditions of high PIF5 protein abundance (Khanna et al., 2007).

Furthermore, it has become clear that an integrated, multi-hormonal network is a common signaling mechanism involved in ethylene biosynthesis control (Chae et al., 2000). For example, besides acting as repressors of gibberellins (GA) responses, DELLA proteins can also physically interact with PIF proteins, thereby inhibiting PIF responses via a PHY-independent mechanism. Such a DELLA-dependent PIF suppression mainly takes place under complete darkness, when both these proteins are at abundant levels. Thus, the influence of GA on the transcriptional regulation of some ethylene-related genes, such as ACS8, seems to be associated with the DELLA destabilization and consequent repression of PIF degradation. Another overlap between ethylene and GA consists of the fact that active PHYBPfr represses active GA biosynthesis, which in turn decreases ethylene emission via DELLA-dependent and independent pathways (Keller et al., 2011). Accordingly, low R/FR conditions promote DELLA degradation, leading to increased PIF-related responses (de Lucas et al., 2008) which include the stimulation of ethylene biosynthesis. Moreover, light responses triggered by low fluence radiation, such as shade avoidance, are well known to involve both auxins and ethylene, during which an intensive crosstalk between these phytohormones and PHYB is suggested (Vandenbussche et al., 2003; Millenaar et al., 2009; Pierik et al., 2009). For example, Arabidopsis mutants exhibiting low auxin sensitivity, such as auxin resistant 2 (axr2) and (axr1–3), usually present phenotypical similarities to wild-type plants maintained under complete darkness or low R/FR radiation. Treatment of these mutants with ethylene has been shown to revert this phenotype, suggesting that low R/FR leads to increased auxin levels, and these elevated auxin levels are responsible for stimulating ethylene production under these conditions. Additionally, auxin and low R/FR apparently share the same signaling pathways to increase ACS6/8 transcript abundance (Vandenbussche et al., 2003). However, some contrasting results obtained with low R/FR-treated Arabidopsis plants (Millenaar et al., 2009; Pierik et al., 2009) have indicated that signaling interactions among PHYs, auxins, and ethylene during low-light induced responses can be highly plastic and dependent on specific experimental conditions (i.e., plant material obtained by distinct growth methods, different periods of exposure to the light treatment).

Adding even more complexity to the crosstalk between light signaling and regulation of ethylene biosynthesis in plants, it is currently known that LONG HYPOCOTYL IN FAR-RED1 (HFR1) is particularly relevant during low F/FR responses. Accordingly, HFR1 is a nuclear protein structurally similar to PIF3 (Fairchild et al., 2000), which is phosphorylated by COP1 and usually marked for degradation under complete darkness (Figure 1). However, in the presence of light, especially under BL- or FRL-rich radiation, this protein remains much more stable due to the presence of active PHYA and CRYs. Some FRL-induced responses that are associated with modifications in ethylene emission (e.g., repression of ACS8 transcription) are apparently influenced by the biochemical interaction between PHYA-HFR1 or via the heterodimerization of HFR1 with PIF3 (Fairchild et al., 2000). However, it is also possible that such FRL-induced responses associated with modifications in ethylene evolution occurs through a more indirect pathway involving the HFR1-induced repression of genes and/or enzymes of other plant hormone biosynthetic pathways, such as GA and auxin (Sessa et al., 2005). Recent work has also suggested that PIFs and COP1 complexes synergistically repress photomorphogenesis in the dark, indicating that PIF proteins might inhibit HY5 by direct and indirect mechanisms (Xu et al., 2014). Furthermore, COP1 was reported as capable of physically interact with PIF3-LIKE1 (PIL1) and promote PIL1 degradation via the 26S proteasome, whereas PHYB physically interacts with PIL1 and enhances PIL1 protein accumulation upon RL irradiation, possibly via suppressing the COP1–PIL1 association (Jang et al., 2010; Luo et al., 2014).

Since PIF and COP1/HY5-mediated pathways are generally considered the two main light signaling branches downstream of the photoreceptors (Figure 1), it is likely that these components participate as central integrators between signaling pathways mediated by light and hormones cues (Yamamoto et al., 1998; Lau and Deng, 2010). In fact, some studies have consistently indicated PIF and COP/HY5 as hub steps of convergence and integration of signaling information mediated by both light and hormones. For example, such a PIF/COP/HY5-mediated network appears to control the opposite effects induced by ethylene on hypocotyl elongation of etiolated Arabidopsis seedlings when grown under darkness (elongation promotion) or light exposure (elongation repression; Feng et al., 2008; Liang et al., 2012). Interestingly, both these signaling steps are located downstream of ETHYLENE INSENSITIVE 3 (EIN3) during ethylene-regulated hypocotyl development in dark-grown seedlings (Ang and Deng, 1994; An et al., 2010). The transcription factors EIN3 and EIN3-LIKE 1 (EIL1) are intermediates in the ethylene signaling transduction responsible for the subsequent activation of ERF genes during multiple physiological processes (An et al., 2010; Liang et al., 2012). Moreover, COP1 appears to positively regulate the accumulation of EIN3 protein through a yet non-identified regulatory mechanism (Zhong et al., 2009) while COP1 affects the transcription of EIN3 downstream genes such as ERF1 (Solano et al., 1998; Liang et al., 2012).

CONCLUSION

Light has been acknowledged for some time as an important environmental cue capable of modulating ethylene biosynthesis in higher plants. While substantial progress has been made in identifying the metabolic components and enzymatic steps involved in ethylene biosynthetic route, our current understanding of how ethylene production is controlled by light signaling pathways is still very limited. Over the past decades, the identification of several mutants affected in particular aspects of ethylene production and/or photomorphogenic responses has facilitated significant advances in both research fields. As a result, some important breakthroughs on mechanistically explaining how light perception and signal transduction can modulate ethylene biosynthesis have been recently achieved, particularly in terms of the light-evoked changes in transcriptional and post-translational regulation of ACS and ACO enzymes.

Besides the direct effects of light-associated proteins on particular ethylene biosynthetic elements, we might also remain open-minded to conceive relatively more complex interconnection nodes, in which other plant hormones act in between the light perception and the actual modification of ethylene biosynthetic steps. Exciting new models of light–ethylene interaction networks might probably emerge when the combinatory influence of distinct photoreceptors (e.g., phytochromes and cryptochromes) or different environmental stimuli (e.g., light and biotic or abiotic stresses) started to be considered. Moreover, our knowledge about the mechanistic interplays between light and ethylene production might become even more complex as the research currently performed mainly in few plant models (e.g., Arabidopsis, tomato, pea) is extended to a wider range of species. Given the profuse influence of both light and ethylene on plant development, growth, and metabolism, studying the interplay between these stimuli is unarguably a promising research field for years to come.
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Climacteric fruit ripening, as it occurs in many fruit crops, depends on a rapid, autocatalytic increase in ethylene production. This agriculturally important process has been studied extensively, with tomato simultaneously acting both as a model species and target crop for modification. In tomato, the ethylene biosynthetic genes ACC SYNTHASE2 (ACS2) and ACS4 are highly expressed during fruit ripening, with a combined loss of both ACS2 and ACS4 activity preventing generation of the ethylene burst necessary for fruit ripening. However, the individual roles and importance of ACS2 and ACS4 have not been determined. In this study, we examined specifically the role of ACS4 by comparing the phenotype of an acs4 mutant firstly with that of the wild-type, and secondly with two novel ripening-inhibitor (rin) mutants. Ethylene production during ripening was significantly reduced in both acs4-1, and rin lines, with rin genotypes showing the weaker ethylene burst. Also i) the time between anthesis and the start of fruit ripening and ii) the time required to progress through ripening were significantly longer in acs4-1 than in the wild type, but shorter than in the strongest rin mutant. The delay in ripening was reflected in the lower expression of ripening-related transcripts during the mature green and light red ripening stages. Furthermore, expression of ACS2 and ACS4 was strongly dependent on a functional RIN gene, while ACS2 expression was largely independent of ACS4. Altogether, we show that ACS4 is necessary for normal progression of tomato fruit ripening and that mutation of this gene may provide a useful means for altering ripening traits.
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INTRODUCTION

Climacteric fruit ripening is a mechanism by which fully grown fruits go through a final phase of changes in texture, color, smell, and taste. It is accompanied by a burst in respiration and a rapid, autocatalytic increase in the production of the gaseous plant hormone ethylene (Alexander and Grierson, 2002). Because of the importance of climacteric fruits for the human diet (e.g., tomato, apple, banana, mango, avocado, and passion fruit) this type of ripening has been studied extensively, with tomato (Solanum lycopersicum) serving as both a model species and target crop for modification.

Research on non-ripening tomato mutants has provided detailed insights into the regulation of climacteric ripening. One of the best studied of these tomato mutants is ripening-inhibitor (rin), in which virtually all measured ripening phenomena, like the ethylene burst, change in color, fruit softening and the production of flavor compounds are inhibited (Tigchelaar et al., 1978). The dramatic phenotypic effect of the rin mutant suggests that RIN is a master regulator for many ripening related processes. RIN/rin hybrids are widely used in commercial tomato production because of their extended shelf-life (Vrebalov et al., 2002). Exogenous ethylene can still activate ethylene response genes in a rin background, but less effectively than in the wild type (Lincoln and Fischer, 1988), suggesting that RIN also has ethylene-independent functions and thus acts upstream of both ethylene- and non-ethylene-mediated ripening processes. In 2002, Vrebalov et al. showed that disruption of the gene LeMADS-RIN is responsible for the ripening phenotype of the rin mutant (Vrebalov et al., 2002). RIN is part of the MADS-box transcription factor family, known to function as DNA-binding protein dimers consisting of two interacting MADS monomers (Ng and Yanofsky, 2001; Ito et al., 2008; Smaczniak et al., 2012). Other well studied genes involved in the regulation of tomato fruit ripening are COLORLESS NONRIPENING (CNR), an SBP-type transcription factor (Manning et al., 2006) and NONRIPENING (NOR), a NAC transcription factor (Seymour et al., 2013). Complex interactions exist between RIN, CNR, and NOR, with NOR acting upstream and downstream RIN (Martel et al., 2011; Osorio et al., 2011) and CNR being both a target of RIN as well as a necessary factor for RIN DNA binding activity (Martel et al., 2011). Furthermore, RIN probably acts as part of a protein complex containing another ripening-associated MADS-box protein, TAGL1 (Giovannoni, 2007; Vrebalov et al., 2009).

RIN has been shown to directly interact with promoters of genes involved in the major pathways associated with ripening, like ethylene biosynthesis, ethylene perception, downstream ethylene response, cell wall metabolism, and carotenoid biosynthesis (Fujisawa et al., 2011, 2012; Martel et al., 2011). The induction of ethylene biosynthesis is an essential process in the ripening of climatic fruit (Alexander and Grierson, 2002). Ethylene is synthesized from methionine, which is converted to S-adenosyl-L-methionine in the Yang-cycle (Adams and Yang, 1979). S-adenosyl-L-methionine is processed into 1-aminocyclopropane-1-carboxylic acid (ACC) by ACC synthase (ACS) and subsequently the ACC is oxidized by ACC oxidases (ACO) to form ethylene (Kende, 1993 and references therein). Because ethylene is involved in a wide range of developmental processes throughout the plant, ethylene synthesis, perception and signaling must be tightly controlled (Lin et al., 2009). There are at least 12 ACS and 7 ACO genes in the tomato genome with specific temporal and spatial expression patterns (Seymour et al., 2013). It is suggested that the production of ethylene is regulated by two different systems (McMurchie et al., 1972). System 1 is pre-climacterically active and is responsible for providing the basal levels of ethylene which are found in developing fruits and vegetative tissues. ACS1a and ACS6 are thought to fulfill the function of ACC synthase in the auto-inhibitory ethylene synthesis of system 1 (Zarembinski and Theologis, 1994; Oetiker et al., 1997; Barry et al., 2000). When the fruit has reached a stage at which it is ripening-competent it goes through a transitional phase in which the expression of ACS1a is temporarily enhanced and the expression of ACS4 is induced. The RIN protein is thought to play a role during this transitional phase via the direct transcriptional activation of ACS2 and ACS4 (Barry et al., 2000; Fujisawa et al., 2011, 2012; Martel et al., 2011). Higher concentrations of ethylene trigger system 2, the system active during climacteric ripening of fruit and characterized by an increase in the expression of ACS2 and ACS4. Upon activation of system 2, the expression of ACS1a and ACS6 decreases and the ethylene production becomes auto-stimulatory (Barry et al., 2000). Consequently, the hyper-activation of ACS2 and ACS4 expression causes a burst of ethylene. This big increase in ethylene production promotes the ripening process and is essential for normal completion of ripening in climacteric-ripening plants.

Tomato plants expressing an antisense gene targeting ACS2 show strong down regulation of both ACS2 and ACS4. The antisense fruit slowly develop an orange color but never turn red and soft nor develop an aroma (Oeller et al., 1991). They have reduced ripening-related ethylene synthesis, down to 0.1% of control fruit, and show no respiratory burst. Treatment of the antisense plants with exogenous ethylene rescues the phenotype, induces the respiratory burst and initiates the ripening process (Oeller et al., 1991). These plants show that down-regulating ACS2 and ACS4 has a strong effect on ethylene production and ripening. However, the individual roles and importance of these genes have not been determined. In this study, we examined a newly generated acs4 mutant with a homozygous mutation introducing a stop-codon in the first half of the ACS4 coding sequence. We studied the effect of the mutation on ethylene production of the fruit, ripening timing and the expression of ripening-related genes.

MATERIALS AND METHODS

PLANT MATERIAL

Solanum lycopersicum var. TPAADASU was used for all experiments. For the ethylene measurements, plants were grown under standard greenhouse conditions, with 16 h/day and 8 h/night (assimilation lights used during the day at less than 250 W/m2) and temperature kept above 20/18°C (day/night). For the experiment regarding ripening time and gene expression analysis, plants were grown under standard greenhouse conditions, with 16 h/day and 8 h/night (assimilation lights used during the day at less than 300–350 W/m2) and temperature kept above 20.5/15.5°C (day/night). Genotypes were randomly distributed in the greenhouse. Self-pollination was stimulated by artificial vibration of flower clusters three times per week to get homogeneous fertilization and fruit size. Fruit stages were based on color, as determined by a single person throughout the experiments. Used stages were: mature green (MG), turning (T), orange (O), light red (LR) and red (R) (Gillaspy et al., 1993; Steinhauser et al., 2010). Because the coloring of the different lines was not uniform, the turning stage represented the fruits that were halfway in between mature green and orange. This included fruits that had a green skin with marks of orange and fruits that were more uniformly yellow. Green fruit of the wild type were harvested on average 36 days after pollination.

MUTANT GENERATION AND IDENTIFICATION

Mutations were identified by screening a TPAADASU EMS M2 mutant population for two PCR fragments with the TILLING protocol adapted for a HRM LightScanner platform as described previously (Gady et al., 2009). The acs4-1 mutant presented here was identified in a gene fragment amplified using the following primers: 5′-GCTATCGAAGAGGCCTATGAAAAAGG-3′ (forward) and 5′-CACAAATTCATCGTCAGACAACATG-3′ (reverse). Both mutations in the RIN gene were identified in a PCR fragment generated with primers 5′-TTGATGAAATTGATTTTCTTGTTG-3′ (forward) and 5′-AGCAAGTTGATCAAGAATGTGTT-3′ (reverse). PCRs were performed as follows on fourfold genomic DNA pools and, after positive pool selection, on single family genomic DNA: 94°C for 2 min; 40 cycles of 94°C for 5 s, 68°C for 10 s, and 72°C for 10 s; a final denaturation step of 30 s at 94°C; and renaturation by cooling to 30°C. RT-PCR to analyze rin-3 transcript length was done with a standard PCR program, using primers 5′-CCAAGACATTGGAGAGATACCA-3′ (forward) and 5′-TTTGCCTCAATGATGAATCC-3′ (reverse).

ETHYLENE MEASUREMENTS

Three individuals per genotype were used. After harvesting, fruits were left to recover for 1 h (for the stages T, O and LR) or 3 h (for stage MG) before being weighted and placed into glass cuvettes connected on-line with a laser-based ethylene detector (ETD-300, Sensor Sense B.V. Nijmegen, the Netherlands) (Cristescu et al., 2008). For mature green fruit the air flow was set at 1 L/h, for all other stages at 4 L/h. Ethylene measurement was performed as described before (Nitsch et al., 2012). The samples were measured at least twice for 10–12 min and a representative measurement was selected. Four to six biological replicas were used per stage and line. The ethylene emission was corrected for flow, weight, and background ethylene in the air.

RIPENING TIME MEASUREMENTS

For the mutant rin-3, two individuals were used; for the wild type and the rin-2 and acs4-1 mutant lines five. On specific time points during a period of 4 weeks the stage of each individual fruit (MG, T, O, LR and R) was determined. Based on these observations a model was developed to estimate the effect of the genotype on the number of days between anthesis and the start of ripening as well as on the ripening time (i.e., number of days between the first signs of ripening and the red stage) for the different plant lines in this study. As covariates the plant number, which truss the fruit was on and the fruit number were considered. The data was censored, since it was not known which day the fruit entered in a particular phase, only the phase at a fixed number of time points was known. Since this limited the amount of information in the data, not all possible interactions were considered. Furthermore, some plants carried very few fruits at the end of the experiment; the model therefore included a random effect for the plant number. Y = (Y(1), Y(2))t was defined as the two time points at which the plant entered the two stages of interest (i.e., first sign of ripening and actual ripening), p as an index indicating the plant number, b as an index indicating the truss and finally f as an index indicating the fruit number, forming the following model:
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Here, m(p) is the genetic modification of plant p, while μ, αm(p), βb, and γf are parameters of the linear model, and Zp is a random effect corresponding to each plant, such that
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where Σ0 is an unknown 2-by-2 covariance matrix. Finally, Umpbf is an independent random fluctuation
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with Σ unknown. Due to the censoring of the data L(i) = L(i)mpbf and R(i) = R(i)mpbf are defined as the last time the fruit was observed before, respectively after the relevant phase started (i C; L ≤ Y ≤ R). The log-likelihood of all observations as a function of the parameters is given by:
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Where U under Pσ has a N(0, Σ)-distribution and Z under Eσ0 has a N(0, Σ0)-distribution. This model was used on the data of 26 plants (including 9 plants from non-presented genotypes) and a full factorial design with respect to the truss, the fruit and the plant. Maximum likelihood was applied to estimate the parameters of this model.

REAL-TIME QUANTITATIVE RT-PCR ANALYSIS

Fruits were obtained from at least two individuals per genotype. Directly after harvesting the fruit, the pericarp tissue was collected, cut into small pieces, frozen in liquid nitrogen and stored at −80°C. The pieces were ground into powder with piston and mortar in liquid nitrogen to keep the tissue frozen. 200 mg of powder was used to isolate total RNA (RNeasy Plant Mini kit, Qiagen). The RNA was treated with DNase (TURBO DNA-free, Ambion) and 0.9 μ g was used for reverse transcription (iScript cDNA Synthesis kit, BioRad). The cDNA equivalent of 20 ng of total RNA was used in a 25 μ l PCR reaction on a thermocycler (CFX iCycler, BioRad) with cybergreen (iQ SYBR Green Supermix, BioRad). Three to four biological replicas of each sample type were analyzed with two technical replicates. Absence of genomic DNA and primer dimers was confirmed by analysis of RT-minus and water control samples and by examination of dissociation curves. PCR primers were designed using a computer program (Beacon Designer 7.51) and are listed in Supplemental Table 1. Quantitative gene expression data was analyzed according to Rieu and Powers (2009). To normalize the qPCR data, five reference genes were used (EF-1α, Actin2-7, RPL8, UBQ11, and GAPDH3) and the stability of these reference genes across samples was confirmed using geNORM software (V5/6 = 0.15; Vandesompele et al., 2002). Primer pair efficiencies were estimated by analysis of the amplification curves with LinReg v12.1 software (Ramakers et al., 2003) and the average efficiency of all reactions on a plate was used in calculations (Cook et al., 2004).

STATISTICAL ANALYSIS

Ethylene evolution data of the different genotypes was compared using one-way ANOVA with LSD on log-transformed data. To test hypothesis on differences in ripening time parameters, likelihood ratio testing (with asymptotic χ2-distributions) was applied to the ripening model described above. For analysis of the qPCR results, log-transformed normalized relative quantities were compared using a one-way ANOVA with LSD. In case of the LR stage, two datasets were combined following mean centering.

RESULTS

GENERATION AND IDENTIFICATION OF NEW ALLELES OF ACS4 AND RIN

Using the TILLING strategy (Gady et al., 2009), a new allele of ACS4, named acs4-1, was identified in tomato. The allele had an A-to-T mutation at bp 610 of the open-reading frame resulting in a premature stop codon [K204 (AAA) to stop (TAA)] and a truncated protein (Figure 1A). The truncated protein is likely to represent a null-allele, as it ends in the middle of the canonical aminotransferase class I/classII domain (IPR004839, aa 25-439), before the cofactor binding site (IPR004838, aa 279-292). In the same way, two novel RIN alleles were identified and named rin-2 and rin-3. The rin-2 mutation results in an amino-acid substitution Leu112 (CTA) to Pro112 (CCA) in the conserved K-box (IPR002487), which promotes protein dimerization. The mutation in rin-3 is a substitution of the last nucleotide (G to A) of intron 2. This nucleotide is part of the splicing acceptor site and cDNA sequencing showed that the mutation leads to an mRNA that misses the 62-bp long exon 3 (Figures 1B,C). This, in turn, introduces a stop codon in the ORF of the mutated gene, five codons downstream of Q88. The truncated protein still contains the complete MADS-box domain (IPR002100) for DNA binding, but has lost most of the K-box, making it a likely null-allele. These two new rin mutant lines are unique in that they are solely mutated in the LeMADS-RIN locus and therefore differ from the classical rin mutant, in which the mutation consists of a deletion of both LeMADS-RIN and the neighboring LeMADS-MACROCALYX (LeMADS-MC), the latter being is associated with sepal development (Vrebalov et al., 2002).
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FIGURE 1. Gene models and mutant description. Gene models of ACS4 (A) and RIN (B), indicating the sites of mutations in the alleles presented in this study. Exons are indicated as boxes and depicted in relative sizes, introns not. Coding sequence is indicated as filled boxes; red: the canonical aminotransferase class I/classII domain (IPR004839); blue: the cofactor binding site (IPR004838); green: MADS-box domain (IPR002100); orange: K-box (IPR002487). (C) RT-PCR showing reduced length of the rin-3 transcript. The 100-, 200- and 300-bp bands of the DNA marker are shown.



ETHYLENE EMISSION

As a characteristic of the climacteric fruit ripening process, ethylene production was strongly enhanced during the ripening phase in the wild-type tomato fruits (Figure 2). To determine the effect of the new mutations in ACS4 and RIN on the production of ethylene in the fruit, ethylene emission was measured at two ripening stages, i.e., turning and light red (Figure 2). The rin-2 and -3 mutant fruits showed a 90–95% reduction in ethylene emission at the analyzed stages, as compared to the similar stage in the wild-type (P < 0.001), confirming that both alleles have severely reduced RIN function, but produced more ethylene than mature-green wild-type fruit (P < 0.001). acs4-1 produced about a third to a quarter of the ethylene of the wild type at the turning and light red stages, respectively (P < 0.05).


[image: image]

FIGURE 2. Ethylene emission from fruits. The graph shows ethylene emission levels at four ripening stages in the wild-type and at two ripening stages in the mutants. Values represent the average of 3 plants (4–6 fruits per plant), ±SD. For statistical analysis, ethylene emissions were compared among the same developmental stage, with different letter indicating a significant difference of at least P < 0.05.



RIPENING TIMES

To estimate the effect of the genotype on both the period before the ripening process is initiated and the time required to progress through ripening, we developed a model, taking as covariates (i) the plant individual, (ii) the position of the truss on the plant and (iii) the position of the fruit in the truss (see Materials and Methods). Likelihood ratio tests showed that the position of the truss was not a significant covariate, and therefore this factor was removed from the equation. There was an effect of the position of the fruit, where the fruits formed earlier on a truss (closer to the stem) ripened somewhat faster. Using the model we found that the rin-2 mutant line showed a significant increase in both, the average time until fruit ripening started and the length of the climacteric ripening phase, as compared to the wild type (Figures 3A,B, also see Supplemental Table 2). The rin-3 mutant also had an increased ripening time but showed no significant delay in the appearance of the first sign of ripening. The acs4-1 mutant was delayed in both processes, but less so than the rin-2 mutant.
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FIGURE 3. Fruit ripening times. (A) Estimation of the number of days from open flower until the first sign of ripening, ±SD (n = 24–60 fruits, i.e., 10–12 fruits from 2–5 plants per genotype). (B) Estimation of the length of the climacteric ripening phase (ripening time), ±SD (n = 28–30 fruits, i.e., 5–6 fruits from 5 plants per genotype each). **, significantly different from the same stage in the wild type, P < 0.01; ***,P < 0.001.



EXPRESSION OF RIPENING RELATED GENES

To determine the effect of the mutations on the expression of ripening-related genes, quantitative RT-PCR was used to measure the transcript levels of ACS2, ACS4, expansin1 (EXP1), phytoene synthase 1 (PSY1) and polygalacturinase (PG) in fruits before and during the ripening phase (Figure 4). Each of these genes is known to function during fruit ripening. PSY1 is needed for the production of carotenoids (Bird et al., 1991) and PG and EXP1 are involved in the softening of the fruit (cell wall metabolism) (DellaPenna et al., 1989; Rose et al., 1997). As expected, the expression of all five genes was strongly up-regulated from the green to the light red fruit stage in the wild-type, from around 18 times (ACS4) to almost 1000 times (PG). The rin mutants showed a significant reduction in expression of all these transcripts during fruit ripening, and in rin-2 the expression of four out of the five genes was already down-regulated in mature green fruit. In the acs4-1 mutant EXP1 and PSY1 expression was significantly lower than in the wild type in the light red fruit stage, but no differences were detected before the start of ripening. ACS2 and PG showed the same trend, although not statistically significant. We also examined the system-1 ACS gene ACS6. In the wild-type, the expression of this gene was down-regulated during ripening (P < 0.01). Contrary to the genes mentioned above, the regulation of ACS6 was not affected by the rin mutations, and also not by the acs4-1 mutation.
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FIGURE 4. Relative expression levels of ripening related genes in wild-type and mutant fruits. (A) ACS2; (B) ACS4; (C) PG; (D) EXP1; (E) PSY1; (F) ACS6. In all cases, the expression level of the gene in the wild type genotype in the green stage has been valued 1. Values represent the average of 3–6 biological replicates, ±SD. *significantly different from the same stage in the wild type, P < 0.05; **P < 0.01; ***P < 0.001.



DISCUSSION

By measuring the ethylene production, ripening timing and ripening-related gene expression in an acs4-1 mutant and comparing it to control genotypes, we gained insight into the role of the tomato system-2 ACC synthase gene ACS4 in climacteric fruit ripening.

As control genotypes, we used two novel rin alleles, both in the TPAADASU background. As described here, rin-2 and -3 are severely affected in all measured ripening characteristics, indicating that they have reduced RIN function. The phenotypes, however, are weaker than described for the original rin mutant. In the latter, ACS2, ACS4, EXP1, PG, and PSY1 expression is not or hardly up-regulated during ripening (DellaPenna et al., 1989; Rose et al., 1997; Barry et al., 2000; Fujisawa et al., 2011, 2012; Martel et al., 2011), ethylene production does not rise above the pre-climacteric levels (i.e., about 1–2% of the orange to red stages in the wild type), even after 120 days of development, and fruits do not color beyond yellow (Robinson and Tomes, 1968; Herner and Sink, 1973; Tigchelaar et al., 1978). By contrast, significant up-regulation of the tested ripening-related transcripts was seen in rin-2 and -3 and fruit of the mutants still produced 5–10% of wild-type ethylene during ripening, well above pre-climacteric levels (Figure 2). Most tellingly, rin-2 and -3 fruit was able to complete fully the ripening process (Figure 3). As rin mutants are still ethylene responsive, the ripening-related gene expression and ripening progression could in theory be caused by exogenous ethylene from ethylene-producing neighboring plants during cultivation. However, because exogenous ethylene does not enhance ethylene production in rin (Herner and Sink, 1973), a more likely explanation might be that system-2 ethylene production is less RIN dependent in TPAADASU than in VF36, the original rin background or that the LeMADS-MC protein, which is not affected in rin-2 and -3, might play a redundant role in system-2 ethylene production in the absence of functional RIN protein. Public transcriptome sequencing data (http://www.ncbi.nlm.nih.gov/Traces/sra/?study=SRP010775) show that this gene is relatively active in the fruit at breaker stage (Tomato Genome Consortium, 2012). Also, we found that expression of the system-1 gene ACS6 was down-regulated upon ripening in rin-2 and -3 similar to wild type fruits, whereas Barry et al. (2000) did not see such down-regulation in rin. However, our results are similar to those on rin published in a public database (http://www.ncbi.nlm.nih.gov/Traces/sra/?study=SRP004923). These differences are likely to be due to differences in the stage analyzed. Further study is needed to clarify these aspects.

The acs4-1 mutant, too, had a significantly lower rate of ethylene production, delayed ripening and reduced ethylene-dependent gene expression. These effects, however, were less severe than described for an ACS2/ACS4 silenced line, which produced virtually no ethylene and did not ripen beyond the orange stage in up to 120 days (Oeller et al., 1991). Together, this shows that ACS4 has a unique function in the production of system-2 ethylene and climacteric ripening in tomato, but that there is an additional, important role for ACS2. Although ACS2 expression was suggested to depend on ACS4 expression during the transition from the system-1 to system-2 ethylene synthesis (Barry et al., 2000), no significant reduction in its expression was found in the acs4-1 mutant (Figure 4). Together with the finding that both ACS4 and ACS2 are direct targets of RIN (Martel et al., 2011), this does not support the idea that ACS4 has an essential role in the system-1-to-2 transition. However, it should be noted that the fact that fruits were always compared at similar ripening stages, instead of at similar time points during development, dampens observed differences between genotypes.

In summary, we conclude that ACS4 has an important role in the climacteric ripening of tomato fruit. A K204 truncation of the acs4 protein leads to a significant delay in the ripening process on multiple levels. This allele, as well as the new rin alleles, may be useful to increase tomato shelf life and reduce post-harvest losses.

ACKNOWLEDGMENTS

The authors thank Gerard van der Weerden (Experimental garden and gene bank, Radboud University Nijmegen, The Netherlands) and his staff for taking excellent care of the plants used in this study, Jurre Floors for technical assistance and William Teale for comments on the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://www.frontiersin.org/journal/10.3389/fpls.2014.00466/abstract

REFERENCES

 Adams, D. O., and Yang, S. F. (1979). Ethylene biosynthesis: identification of 1-aminocyclopropane-1-carboxylic acid as an intermediate in the conversion of methionine to ethylene. Proc. Natl. Acad. Sci. U.S.A. 76, 170–174. doi: 10.1073/pnas.76.1.170

 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

 Barry, C. S., Llop-Tous, M. I., and Grierson, D. (2000). The Regulation of 1-aminocyclopropane-1-carboxylic acid synthase gene expression during the transition from system-1 to system-2 ethylene synthesis in tomato. Plant Physiol. 123, 979–986. doi: 10.1104/pp.123.3.979

 Bird, C. R., Ray, J. A., Fletcher, J. D., Boniwell, J. M., Bird, A. S., Teulieres, C., et al. (1991). Using antisense RNA to study gene function: inhibition of carotenoid biosynthesis in transgenic tomatoes. Nat. Biotechnol. 9, 635–639. doi: 10.1038/nbt0791-635

 Cook, P., Fu, C., Hickey, M., Han, E. S., and Miller, K. S. (2004). SAS programs for real-time RT-PCR having multiple independent samples. Biotechniques 37, 990–995. Available online at: http://www.biotechniques.com/BiotechniquesJournal/2004/December/SAS-programs-for-real-time-RT-PCR-having-multiple-independent-samples/biotechniques-117478.html

 Cristescu, S. M., Persijn, S. T., te Lintel Hekkert, S., and Harren, F. J. M (2008). Laser-based systems for trace gas detection in life sciences. Appl. Phys. B 92, 343–349. doi: 10.1007/s00340-008-3127-y

 DellaPenna, D., Lincoln, J. E., Fischer, R. L., and Bennett, A. B. (1989). Transcriptional analysis of polygalacturonase and other ripening associated genes in rutgers, rin, nor, and Nr tomato fruit. Plant Physiol. 90, 1372–1377. doi: 10.1104/pp.90.4.1372

 Fujisawa, M., Nakano, T., and Ito, Y. (2011). Identification of potential target genes for the tomato fruit-ripening regulator RIN by chromatin immunoprecipitation. BMC Plant Biol. 11:26. doi: 10.1186/1471-2229-11-26

 Fujisawa, M., Shima, Y., Higuchi, N., Nakano, T., Koyama, Y., Kasumi, T., et al. (2012). Direct targets of the tomato-ripening regulator RIN identified by transcriptome and chromatin immunoprecipitation analyses. Planta 235, 1107–1122. doi: 10.1007/s00425-011-1561-2

 Gady, A. L., Hermans, F. W., van de Wal, M. H., van Loo, E. N., Visser, R. G., and Bachem, C. W. (2009). Implementation of two high through-put techniques in a novel application: detecting point mutations in large EMS mutated plant populations. Plant Methods 5, 13. doi: 10.1186/1746-4811-5-13

 Gillaspy, G., Ben-David, H., and Gruissem, W. (1993). Fruits – a developmental perspective. Plant Cell 5, 1439–1451. doi: 10.1105/tpc.5.10.1439

 Giovannoni, J. J. (2007). Fruit ripening mutants yield insights into ripening control. Curr. Opin. Plant Biol. 10, 283–289. doi: 10.1016/j.pbi.2007.04.008

 Herner, R. C., and Sink, K. C. Jr. (1973). Ethylene production and respiratory behavior of the rin tomato mutant. Plant Physiol. 52, 38–42. doi: 10.1104/pp.52.1.38

 Ito, Y., Kitagawa, M., Ihashi, N., Yabe, K., Kimbara, J., Yasuda, J., et al. (2008). DNA-binding specificity, transcriptional activation potential, and the rin mutation effect for the tomato fruit-ripening regulator RIN. Plant J. 55, 212–223. doi: 10.1111/j.1365-313XX.2008.03491.x

 Kende, H. (1993). Ethylene biosynthesis. Annu. Rev. Plant Physiol. Plant Mol. Biol. 44, 283–307. doi: 10.1146/annurev.pp.44.060193.001435

 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., and Fischer, R. L. (1988). Regulation of gene expression by ethylene in wild-type and rin tomato (Lycopersicon esculentum) fruit. Plant Physiol. 88, 370–374. doi: 10.1104/pp.88.2.370

 Manning, K., Tör, M., Poole, M., Hong, Y., Thompson, A. J., King, G. J., et al. (2006). A naturally occurring epigenetic mutation in a gene encoding an SBP-box transcription factor inhibits tomato fruit ripening. Nat. Genet. 38, 948–952. doi: 10.1038/ng1841

 Martel, C., Vrebalov, J., Tafelmeyer, P., and Giovannoni, J. J. (2011). The tomato MADS-box transcription factor RIPENING INHIBITOR interacts with promoters involved in numerous ripening processes in a COLORLESS NONRIPENING-dependent manner. Plant Physiol. 157, 1568–1579. doi: 10.1104/pp.111.181107

 McMurchie, E. J., McGlasson, W. B., and Eaks, I. L. (1972). Treatment of fruit with propylene gives information about the biogenesis of ethylene. Nature 237, 235–236. doi: 10.1038/237235a0

 Ng, M., and Yanofsky, M. F. (2001). Function and evolution of the plant MADS-box gene family. Nat. Rev. Genet. 2, 186–195. doi: 10.1038/35056041

 Nitsch, L., Kohlen, W., Oplaat, C., Charnikhova, T., Cristescu, S., Michieli, P., et al. (2012). ABA-deficiency results in reduced plant and fruit size in tomato. J. Plant Physiol. 169, 878–883. doi: 10.1016/j.jplph.2012.02.004

 Oeller, P. W., Lu, M. W., Taylor, L. P., Pike, D. A., and Theologis, A. (1991). Reversible inhibition of tomato fruit senescence by antisense RNA. Science 254, 437–439. doi: 10.1126/science.1925603

 Oetiker, J. H., Olson, D. C., Shiu, O. Y., and Yang, S. F. (1997). Differential induction of seven 1-aminocyclopropane-1-carboxylate synthase genes by elicitor in suspension cultures of tomato (Lycopersicon esculentum). Plant Mol. Biol. 34, 275–286. doi: 10.1023/A:1005800511372

 Osorio, S., Alba, R., Damasceno, C. M. B., Lopez-Casado, G., Lohse, M., Inés Zanor, M., et al. (2011). Systems biology of tomato fruit development: combined transcript, protein, and metabolite analysis of tomato transcription factor (nor, rin) and ethylene receptor (Nr) mutants reveals novel regulatory interactions. Plant Physiol. 157, 405–425. doi: 10.1104/pp.111.175463

 Ramakers, C., Ruijter, J. M., Lekanne Deprez, R. H., and Moorman, A. F. M. (2003). Assumption-free analysis of quantitative real-time polymerase chain reaction (PCR) data. Neurosci. Lett. 339, 62–66. doi: 10.1016/S0304-3940(02)01423-4

 Rieu, I., and Powers, S. J. (2009). Real-time quantitative RT-PCR: design, calculations, and statistics. Plant Cell 21, 1031–1033. doi: 10.1105/tpc.109.066001

 Robinson, R. W., and Tomes, M. L. (1968). Ripening inhibitor: a gene with multiple effect on ripening. Tomato Genet. Coop. 18, 36–37.

 Rose, J. K. C., 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

 Seymour, G. B., Chapman, N. H., Chew, B. L., and Rose, J. K. C. (2013). Regulation of ripening and opportunities for control in tomato andother fruits. Plant Biotechnol. J. 11, 269–278. doi: 10.1111/j.1467-7652.2012.00738.x

 Smaczniak, C., Immink, R. G., Angenent, G. C., and Kaufmann, K. (2012). Developmental and evolutionary diversity of plant MADS-domain factors: insights from recent studies. Development 139, 3081–3098. doi: 10.1242/dev.074674

 Steinhauser, M. C., Steinhauser, D., Koehl, K., Carrari, F., Gibon, Y., Fernie, A. R., et al. (2010). Enzyme activity profiles during fruit development in tomato cultivars and Solanum pennellii. Plant Physiol. 153, 80–98. doi: 10.1104/pp.110.154336

 Tigchelaar, E. C., McGlasson, W. B., and Buescher, R. W. (1978). Genetic regulation of tomato fruit ripening. HortScience 13, 508–513.

 Tomato Genome Consortium. (2012). The tomato genome sequence provides insights into fleshy fruit evolution. Nature 485, 635–641. doi: 10.1038/nature11119

 Vandesompele, J., de Preter, K., Pattyn, F., Poppe, B., van Roy, N., de Paepe, A., et al. (2002). Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes. Genome Biol. 3:research0034. doi: 10.1186/gb-2002-3-7-research0034

 Vrebalov, J., Pan, I. L., Arroyo, A. J. M., McQuinn, R., Chung, M. Y., Poole, M., et al. (2009). Fleshy fruit expansion and ripening are regulated by the tomato SHATTERPROOF gene TAGL1. Plant Cell 21, 3041–3062. doi: 10.1105/tpc.109.066936

 Vrebalov, J., Ruezinsky, D., Padmanabhan, V., White, R., Medrano, D., Drake, R., et al. (2002). A MADS-box gene necessary for fruit ripening at the tomato Ripening-Inhibitor (Rin) locus. Science 296, 343–346. doi: 10.1126/science.1068181

 Zarembinski, T., and Theologis, A. (1994). Ethylene biosynthesis and action: a case of conservation. Plant Mol. Biol. 26, 1579–1597. doi: 10.1007/BF00016491

Conflict of Interest Statement: Patents concerning mutations in the tomato ACS2, ACS4 and RIN genes were published under publication numbers WO2014079896 A1, WO2014049002 A1 and WO2013156204 A1, respectively (Nunhems B. V., Wim H. Vriezen et al). 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.

Received: 17 July 2014; Accepted: 27 August 2014; Published online: 16 September 2014.

Citation: Hoogstrate SW, van Bussel LJA, Cristescu SM, Cator E, Mariani C, Vriezen WH and Rieu I (2014) Tomato ACS4 is necessary for timely start of and progression through the climacteric phase of fruit ripening. Front. Plant Sci. 5:466. doi: 10.3389/fpls.2014.00466

This article was submitted to Plant Physiology, a section of the journal Frontiers in Plant Science.

Copyright © 2014 Hoogstrate, van Bussel, Cristescu, Cator, Mariani, Vriezen and Rieu. 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.








	 
	ORIGINAL RESEARCH ARTICLE
published: 05 December 2014
doi: 10.3389/fpls.2014.00632
	[image: image1]





Genetic introgression of ethylene-suppressed transgenic tomatoes with higher-polyamines trait overcomes many unintended effects due to reduced ethylene on the primary metabolome
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Ethylene regulates a myriad physiological and biochemical processes in ripening fruits and is accepted as the ripening hormone for the climacteric fruits. However, its effects on metabolome and resulting fruit quality are not yet fully understood, particularly when some of the ripening-associated biochemical changes are independent of ethylene action. We have generated a homozygous transgenic tomato genotype (2AS-AS) that exhibits reduced ethylene production as a result of impaired expression of 1-aminocyclopropane-1-carboxylate synthase 2 gene by its antisense RNA and had a longer shelf life. Double transgenic hybrid (2AS-AS × 579HO) developed through a genetic cross between 2AS-AS and 579HO (Mehta et al., 2002) lines resulted in significantly higher ethylene production than either the WT or 2AS-AS fruit. To determine the effects of reduced ethylene and introgression of higher polyamines’ trait, the metabolic profiles of ripening fruits from WT (556AZ), 2AS-AS, and 2AS-AS × 579HO lines were determined using 1H-NMR spectroscopy. The levels of Glu, Asp, AMP, Adenosine, Nucl1, and Nucl2 increased during ripening of the WT fruit. The increases in Glu, Asp, and AMP levels were attenuated in 2AS-AS fruit but recovered in the double hybrid with higher ethylene and polyamine levels. The ripening-associated decreases in Ala, Tyr, Val, Ile, Phe, malate, and myo-inositol levels in the 2AS-AS line were not reversed in the double hybrid line suggesting a developmental/ripening regulated accumulation of these metabolites independent of ethylene. Significant increases in the levels of fumarate, formate, choline, Nucl1, and Nucl2 at most stages of ripening fruit were found in the double transgenic line due to introgression with higher-polyamines trait. Taken together these results show that the ripening-associated metabolic changes are both ethylene dependent and independent, and that the fruit metabolome is under the control of multiple regulators, including ethylene and polyamines.
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INTRODUCTION

Ethylene is a gaseous plant hormone involved in regulating various aspects of plant growth, development, and senescence (Mattoo and Suttle, 1991; Abeles et al., 1992). Among myriad processes that ethylene regulates its role is plant aging, fruit ripening and cell death is pivotal. Plants have evolved to tightly regulate the production of ethylene, which seems to be achieved via the presence of a family of genes encoding key enzymes in ethylene biosynthesis, and by differential regulation of their transcripts (see Fluhr and Mattoo, 1996; Harpaz-Saad et al., 2012; Gapper et al., 2014). Ethylene biosynthesis in higher plants mostly involves the conversion of methionine to S-adenosylmethionine (SAM) catalyzed by SAM synthase, SAM is then converted to 1-aminocyclopropane-1-carboxylate (ACC) catalyzed by ACC synthase, and finally, ACC is oxidized to ethylene by ACC oxidase (Harpaz-Saad et al., 2012; Grierson, 2014).

The reverse genetics approach demonstrated that ethylene is indeed a ripening hormone and ACC synthase is a rate-limiting enzyme in the pathway (Oeller et al., 1991). Treatments with chemicals such as inhibitors of ethylene biosynthesis (e.g., aminoethoxyvinylglycine) or perception [e.g., silver salts or 1-methylcyclopropene (1-MCP)] were shown to delay fruit ripening (Mattoo and Suttle, 1991; Abeles et al., 1992). Genetic approach established that silencing ACC synthase or ACC oxidase using the antisense RNA technology leads to delayed ripening and increased shelf life of fruits (Hamilton et al., 1990; Oeller et al., 1991), or by overexpression of a bacterial ACC dreaminess, which hydrolyzes ACC (Klee, 1993). In summary, other genes such as those that encode SAM hydrolase and N-ACC malonyltransferase, which catalyze either the synthesis or breakdown of precursors of ethylene biosynthesis and whose expression was manipulated all decreased ethylene (see Fluhr and Mattoo, 1996). Genetic control of ethylene action was also achieved by silencing ethylene receptors and thereby the ethylene signaling transduction pathway (Fluhr and Mattoo, 1996; Wilkinson et al., 1997). However, it is recognized that ethylene-dependent (Gapper et al., 2014), as well as ethylene-independent processes (Hiwasa-Tanase and Ezura, 2014), regulate ripening. In addition to ethylene, other hormones also play a role in the ripening process (Davies and Böttcher, 2014; Hiwasa-Tanase and Ezura, 2014).

Post-harvest losses of fruit and vegetables are significant and therefore stemming such losses has been an on-going activity among horticulturalists and geneticists alike. Early on, increasing the post-harvest life of fruits involved chemical treatment, use of plastic films and treatment with waxes and inhibitors of ethylene biosynthesis or action (Paliyath et al., 2008; Nath et al., 2014). Enhancing the quality attributes particularly nutrients that potentially benefit human and animal health, and flavor/aroma components that add to the produce value has generated considerable research interest among nutraceutical and horticultural industries (Paliyath et al., 2008; Nath et al., 2014).

The association of ethylene with metabolism of sugars and organic acids (Defilippi et al., 2004) as well as aroma volatiles (Bauchot et al., 1998; Flores et al., 2002; Defilippi et al., 2005) brought out an important aspect of fruit physiology. Particularly, such studies highlighted the importance of analyzing nutrients (metabolites) and other quality attributes of fruit and vegetable crops whose shelf-life is extended by treatment with chemical inhibitors of ethylene biosynthesis or by silencing genes that prevent ethylene production. Metabolomics approach has been variously applied to discern the dynamics of metabolic processes in fruits (Carrari et al., 2006; Klie et al., 2013), methyl jasmonate-associated (Kausch et al., 2012) and polyamine-associated metabolic processes (Mattoo et al., 2006) and substrate fluxes into ethylene and polyamine biosynthesis pathways (Lasanajak et al., 2013), as well as to analyze alleles responsible for metabolic traits (Perez-Fons et al., 2014).

Ethylene deficient fruit has been shown to have a prolonged shelf life (Oeller et al., 1991). The question we asked was whether this benefit occurs at the expense of a changed metabolome since ethylene association with metabolic pathways is better appreciated now than previously thought. Therefore, we engineered an ethylene-deficient tomato line by introducing an antisense gene of ACC synthase gene as originally described by Oeller et al. (1991), and also crossed it with a previously described high polyamine tomato line (Mehta et al., 2002; Mattoo et al., 2006) to produce a double transgenic tomato line. A metabolomics approach was then applied to delineate primary metabolites whose levels are affected in the single-event transgenic tomato fruit in comparison to the double transgenic tomato and the azygous control line.

MATERIALS AND METHODS

PLANT MATERIAL

The following tomato lines (Solanum lycopersicum cv. Ohio 8245) were developed in Ohio 8245 background and analyzed: Azygous control line (556AZ); transgenic 2AS-AS line developed (Methods described below) to anti-sense ACC synthase 2 gene (ACS2) under the constitutive CaMV 35S promoter; and 579X2AS-HO line which is a genetic cross between 2AS-AS and 579HO (see below). Transgenic tomato line 579HO is an independent genotype that expresses yeast SAM decarboxylase (SAMdc) gene under ripening-specific E8 promoter and accumulates polyamines spermidine (SPD) and spermine (SPM), at the cost of putrescine levels, in a fruit ripening-specific manner (Mehta et al., 2002). All the lines were grown in a temperature-controlled greenhouse at the USDA-ARS, Beltsville Agricultural Research Center, Beltsville, MD, USA, under natural lighting. Fruits at the following stages were collected for analysis: Mature green (G), breaker (B), turning (T), pink (P), and red-ripe (R) stages as described previously (Mehta et al., 2002). USDA color chart was used to classify ripening stages

https://ucanr.org/repository/view.cfm?article=83755%20&groupid=9. The pericarp tissue was peeled, weighed, and frozen in liquid nitrogen before lyophilizing (Mattoo et al., 2006).

DEVELOPING TOMATO PLANTS SUPPRESSED FOR ACC SYNTHASE GENE (2AS-AS LINE) AND ITS SIBLING (2AS-HO × 579HO LINE) - A GENETIC CROSS BETWEEN 2AS-AS AND 579HO TRANSGENIC LINES

Anti-sense ACS2 transgenic tomato line, 2AS-AS, was developed by Agrobacterium mediated transformation. Primers (ACC-SN: 5′AGTGTCGACCCATGGTTAACGAACTAATGGTGAGGG3′ and ACC-XP: 5′GCGTCTAGACACGTGATGGGATTTGAGATTGCAAAGACC3′) with restriction sites (Nco I and Pml I, respectively) for cloning were designed to span the complete coding region of LeACS2 gene (Accession #: X59145). LeACS2 coding region was amplified by PCR with Pfu DNA polymerase (Stratagene) from isolated tomato ACS2 cDNA clone. PCR amplified LeACS2 was digested with Pml I and Nco I and cloned into pCambia 1303 binary vector, down stream of a full-length CAMV 35S promoter (CAMBIA, Canberra, ACT, Australia). This resulted in cloning of LeACS2 coding region in anti-sense orientation with respect to 35S promoter (Figure 1A). Binary construct with anti-sense ACS2 gene was transferred into Agrobacterium strain, LBA4404, by electroporation and subsequently used to transform (Pfitzner, 1998) 10-day old cotyledons of tomato (Ohio 8245). Initially, transgenic calli were regenerated and selected on 10 mg/L hygromycin but shoots were regenerated from callus using a lower hygromycin concentration (5 mg/L). Subsequently, the regenerated shoots were rooted on 1 mg/L hygromycin and the plantlets were transferred to soil. The transgenic plants (Figure 1B) were screened by PCR using primers (35SST5PF: 5′ AGGACCTAACAGAACTCGCC3′ and ACC-XP: 5′GCGTCTAGACACGTGATGGGATTTGAGATTGCAAAGACC3′) spanning the 35S promoter and anti-sense ACS gene to confirm the presence of promoter and anti-sense ACS transgene. Segregating progeny of T1 and T2 plants containing anti-sense ACS transgene, 2AS-AS, were further selected by PCR.
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FIGURE 1. Generation and characterization of transgenic SlACS2 antisense tomato. (A) Anti-sense SlACS2 construct in pCambia/1303 was made as described in Section “Materials and Methods.” Ohio 8245 tomato cultivar was transformed with SlACS2-antisense construct using an Agrobacterium based transformation and transgenic plants were selected using hygromycin as selectable marker. (B) Phenotype of one of SlACS2-antisense tomato plant. (C) Phenotype of SlACS2-antisense (Upper panel) and WT (Lower panel) fruits taken 45 days of storage at room temperature following green stage. (D) Rate of ethylene evolution from fruits of WT and transgenic ACS2-antisense fruits. Each time point represents the average from two fruits. Fruits from SlACS2 antisense transgenic tomato line produced ∼50% lesser ethylene than the WT line.



The selection of 2AS-AS × 579HO heterozygote plants (Figure 4A) was made based on the PCR detection of both transgenes (Mehta et al., 2002). Then, F1 plants were selfed and segregating F2 seeds were collected. Evaluation of independent F2 seedlings for the presences of both ySAMdc and anti-SlACS2 transgenes was re-tested by PCR. The selected F2 plants harboring both ySAMdc and SlACS2 transgenes were grown to fruit maturity, and F3 seeds were collected individually from each line. Seeds from each of the independent F3 were germinated and resulting seedling populations evaluated for the transgenes presence as mentioned above. Two lines were obtained in which further segregation of the two transgenes did not occur. One robust one, 2AS-AS × 579HO, homozygous for these transgenes, was selected and grown to maturity. Seed collected from this line were used to grow plants for analysis presented here.

ANALYSIS OF ETHYLENE

All ethylene measurements were carried out on whole fruits as they attainted indicated ripening stage based on color change (https://ucanr.org/repository/view.cfm?article=83755%20&groupid=9). Ethylene production in the tomato fruits was measured by gas chromatography with a FID (Mehta et al., 2002).

NMR ANALYSIS OF FRUIT METABOLITES

Samples for NMR measurement were prepared as previously described (Sobolev et al., 2003; Mattoo et al., 2006). Briefly, dry powder (25 mg) from each sample was rapidly dissolved in 1 mL of 0.4 M sodium phosphate buffer prepared in D2O containing known amounts of an authentic standard, 3-(trimethylsilyl)-1-propanesulfonic acid sodium salt (TSP), pH 6.5, and EDTA (0.01 mM). The solution was centrifuged at 10,000 rpm for 7 min and the supernatant filtered to remove any insoluble material. NMR spectra of extracts were recorded at 300 K on a Bruker AVANCE 600 spectrometer operating at the proton frequency of 600.13 MHz. Proton spectra were referenced to the TSP signal (d = 0.00 ppm). Proton signals were acquired by co-adding 512 transients with a recycle delay of 3 s. The strong water signal was suppressed by using a NOESY-presat scheme with solvent presaturation during relaxation delay and mixing time (Braun et al., 1998). The one-dimensional spectra were run using 45° flip angle pulses of 6 ms, 32 K data points. After Fourier-transformation and manual phase correction the baseline correction was performed using automatic cubic-spline correction with 25 points distributed over the spectrum. The assignment of 1H NMR spectra was performed as previously described (Sobolev et al., 2003; Mattoo et al., 2006; Table 1). Additionally, the signals of adenosine, adenosine monophosphate (AMP), tyrosine, histidine, and tryptophan were assigned using literature data (Fan, 1996) and by addition of the corresponding standard compounds (Table 1). The singlet at 8.531 ppm was attributed to both adenosine triphosphate (ATP) and adenosine diphosphate (ADP). The intensities of three unassigned signals denoted as B, Nucl1, and Nucl2 were also used in the statistical analysis. The intensity of 30 selected resonances attributed to 30 metabolites (Sobolev et al., 2003; Mattoo et al., 2006) was referenced to the intensity of the internal standard, TSP at 0.00 ppm. The spectra of two to five fruits were analyzed for each ripening stage.

TABLE 1. List of resonances and variables used for the evaluation of the various metabolites.
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STATISTICAL ANALYSIS

Data of 1H-NMR in solution were subjected to statistical analysis by using Statistical software package for Windows (1997; edition by Statsoft) to determine if and to what extent the selected variables were able to distinguish between the different tomatoes and their ripening stages. ANOVA was used to validate the differences. ANOVA and PCA were used to treat the data (Martens and Martens, 2001).

RESULTS

ANTI-SENSE LeACS2 TOMATO LINE IS ATTENUATED IN ETHYLENE PRODUCTION AND HAS LONGER SHELF LIFE

Fruits from the wild type (WT) and anti-sense LeACS2 line, 2AS-AS (line 2.5AS), were found to produce maximum ethylene at the turning stage (Mehta et al., 2002); however, 2AS-AS line produced only 50% of ethylene that produced by the WT (Figure 1D). Also, the fruits from ethylene-deficient line had a significantly longer shelf-life as compared to the WT fruits (Figure 1C). These data are consistent with established findings in the literature showing that ethylene suppression enhances the shelf life of tomato fruits (Oeller et al., 1991; Paliyath et al., 2008; Nath et al., 2014).

ALTERED METABOLIC PROFILES IN 2AS-AS LINE VERSUS 556AZ (AZYGOUS CONTROL LINE)

Fruits from 2AS-AS line and 556AZ were harvested from greenhouse-grown plants and prepared as described in the section “Materials and Methods.” Metabolic profiles at four different stages of ripening are shown in Figures 2A–C.
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FIGURE 2. Molecular abundance of 30 metabolites analyzed in fruit of 556AZ (AZ: gray boxes), 2AS-AS (black boxes), and 579X2AS-HO (white boxes) tomato lines at four ripening stages. (A) Amino acids. (B) GABA, organic acid, and sugars. (C) Miscellaneous including heteroaromatic compounds including nucleotides and ATP + ADP. Mean values and SEs are presented. The significant differences (p-level < 0.05) between 2AS-AS and 556AZ, 2AS-AS × 579HO (labeled 579 × 2AS-HO) and 556 AZ, 2AS-AS and 2AS-AS × 579HO (labeled 579 × 2AS-HO) are denoted by letters ‘a,’ ‘b,’ and ‘c,’ respectively. G (green), B (breaker), P (pink), and R (red) refer to the stage of the fruit.



PROFILE OF AMINO ACIDS (LINE 2AS-AS VERSUS 556AZ)

During ripening of fruits from 556AZ control line, the levels of Glu, Asp, His, and Trp gradually increased while Thr level changed slightly, and that of Ile, Val, Gln, Asn, and Phe showed a significant decrease only in R stage (Figure 2A). In comparison, the levels of Ile, Val, Thr, Ala, Tyr, Phe, Gln, Asn, and γ-aminobutyrate (GABA) gradually decreased during ripening of fruit from the ethylene-deficient line, 2AS-AS, with the levels of His and Trp remaining constant except for Asp which increased slightly (Figure 2A). It is noted that the levels of Gln, Asn, Asp, Glu, and GABA in 2AS-AS line were lower at almost all the ripening stages as compared to the fruits from 556AZ control line, with the exception of Trp that had consistently a higher level in 2AS-AS fruit than the control 556AZ fruit throughout ripening.

PROFILE OF ORGANIC ACIDS AND SUGARS (LINE 2AS-AS VERSUS 556AZ)

Citrate and malate, the most abundant organic acids in tomato fruit, showed different pattern during ripening: the level of malate gradually decreased in fruit from both 2AS-AS and 556AZ lines, while citrate level was constant in controls and slightly decreased in 2AS-AS line (Figure 2B). In contrast to fruit from the 556AZ control line, 2AS-AS ethylene-deficient fruit had lower levels of succinate during ripening and slightly higher level of fumarate except at the green (G) stage (Figure 2).

The levels of glucose and fructose were quite stable during ripening without any significant differences between fruit from 2AS-AS and 556AZ lines (Figure 2B). Sucrose level was maximal at green (G) stage in 2AS-AS fruit l (about five times higher in comparison with 556AZ G fruits) but, by the breaker (B) stage, the control line (556AZ) fruit had higher levels of sucrose than the 2AS-AS fruit, declining thereafter. Thereafter, the levels decreased dramatically in both genotypes (Figure 2B). Myo-inositol level remained constant throughout the ripening of fruit from the control 556AZ line but in the ethylene-deficient 2AS-AS line myo-inositol levels were highest at the green (G) stage and progressively decreased thereafter to being lowest at the red (R) stage (Figure 2B).

PROFILE OF HETEROAROMATIC COMPOUNDS (LINE 2AS-AS VERSUS 556AZ)

The levels of nucleosides and nucleotides also showed a few significant differences between the fruit of ethylene-deficient 2AS-AS line and that of 556AZ control line. Higher levels of adenosine and ATP + ADP at the pink (P) stage and Nucl1 at green (G) stage were observed in the 2AS-AS line in comparison to the fruit from control line (Figure 2C).

The multivariate statistical analysis of the data was performed to obtain an overall picture of metabolic differences between ethylene-deficient transgenic fruit and that from 556AZ control line at different ripening stages. First, the Principal Component Analysis (PCA) analysis was applied. The main features of metabolite variability in the fruit from the two lines are visualized in two-dimensional scores plot (Figure 3). The obvious distinction in metabolite variability between transgenic (empty symbols) versus control fruits (filled symbols) is observed along PC3 axis. The distribution of samples along PC1 axis reflects the ripeness grade: the lowest and the highest PC1 scores correspond to the green (G) and red (R) fruits, respectively. The separation of samples according to ripeness stage is easily observable for the transgenic line, while the control samples of different ripeness grade are partially mixed. Considering the fraction of variability associated with the principal components (35 % for PC1 and 10.9% of PC3), it is clear that the ripening process is the principal source of metabolite variability, whereas the transgene expression is a secondary factor influencing the metabolic profile. Nonetheless, a good and modest separation according to ripening stage of transgenic and control samples along PC1 suggests a significant influence of transgene expression on ripening. Moreover, the PCA results indicate that the distinction between transgenic and control line is less evident for red tomatoes. The predominant role of ripeness in metabolic changes can mask the influence of transgene expression; therefore, the comparison of metabolite levels in transgenic and control samples separately at different stage of ripeness is desirable.
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FIGURE 3. PCA scores plot of samples from 2AS-AS (open symbols) and 556AZ (AZ, filled symbols) lines. G (green), B (breaker), P (pink), and R (red) refer to the stage of the fruit.



The statistically significant differences in metabolite levels between 556AZ control and 2AS-AS transgenic fruit were calculated separately for each stage of ripening using ANOVA. Metabolites that were significantly different (p-level < 0.05) between fruit of 556AZ and 2AS-AS lines are marked by letter “a” (Figures 2A–C). ANOVA shows the difference between two lines to be maximal for pink (P) stage of ripeness (14 metabolites out of 30), followed by breaker (B) and green (G) stages with seven metabolites showing different level in both groups. Only Ala was at a different level in the red tomatoes of the two lines, more in the 556AZ control fruit than that in the 2AS-AS line. In total, the content of 21 metabolites out of 30 is influenced by the transgene expression and this influence is ripening-specific: only Trp and GABA show the different level in two lines throughout all the intermediate stages of ripening, whereas the difference in the content of the other 19 metabolites is observable at one or two stages of ripening only.

The ripening-induced metabolic changes are clearly seen for Ile, Val, Thr, Ala, Tyr, Phe, GABA, myo-inositol, and malate (gradual decrease from green to red tomatoes) and for Glu, Adenosine, AMP, Nucl1, and Nucl2 (gradual increment during ripening).

The influence of transgene expression on ripening process is clearly observable for Thr, Asp, Phe, and myo-inositol; Thr, Phe, and myo-inositol levels being constant in 556AZ control fruit (with a decrease in Phe level at red stage), whereas their levels gradually decrease during ripening of fruit from the transgenic line. Asp level slightly increases with ripening of transgenic fruit but in the 556AZ control fruit the increase is dramatic (Figures 2A,B).

INTROGRESSION OF ETHYLENE-DEFICIENT 2AS-AS TOMATO LINE WITH HIGHER-POLYAMINE ACCUMULATING (579HO) TRANSGENIC LINE HIGHLIGHTS DIFFERENTIAL EFFECTS ON METABOLITE PROFILES

In order to test which metabolite patterns in the ethylene-deficient tomato fruit are changed by adding to that line the trait of higher accumulation of polyamines, SPD and SPM (Mattoo et al., 2006), we developed a double transgenic tomato line, 2AS-AS × 579HO, by crossing previously developed SPD (and SPM)-accumulating 579HO line (Mehta et al., 2002) and the ethylene-deficient 2AS-AS line as summarized in Figure 4 (see also Materials and Methods). Surprisingly, this intervention not only reversed the ethylene deficiency in the sibling (the double transgenic line, 2AS-AS × 579HO, in fact, the ethylene levels were significantly higher (Figure 4C).
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FIGURE 4. Generation and characterization of transgenic ACS2-AS and development of double transgenic tomato line expressing both CaMV35S-ACS2-AS and E8:ySAMDC transgenes. (A) F1 line was developed by pollinating 2AS-AS (2AS-HO) flower with pollen from 579HO line. Plants from the resulting heterozygous seed were characterized. Those that showed presence of both transgenes by RT-PCR confirmed the heterozygote and then their seeds were collected. Fifty segregating seeds from F1 line were grown to maturity and from each segregating line seeds were collected individually. About 20 seedlings from each segregated seed were evaluated for the presence of both transgenes to identify homozygous lines. (B) RT-PCR of RNA from 2AS-AS (labeled 2AS-OH) and double transgene homozygous 2AS-AS × 579HO (labeled 579 × 2AS-HO) showing the expression of ACS2-AS transcript. Shown is the 0.5 kb PCR fragment from ACS2 gene. The line 579HO does not harbor ACS2-AS transcript and is therefore negative for its RNA. (C) Rate of ethylene evolution by fruits of wild type (WT), 2AS-AS antisense line (2AS-OH), 2AS-AS × 579HO (579 × 2AS-HO) and 579-HO at various stages of ripening. Each time point represents the means + SE from a minimum of three fruits except for the pink (PK) fruits from 579HO line where only two fruits were analyzed.



Previously, metabolite profiling of the higher polyamines-accumulating line, 579HO, produced a unique metabolite signature vis a vis the WT or azygous 556 control line, highlighting effects on the aspartate family of amino acid pathway (Mattoo et al., 2006). A similar signature was found in the fruit of the double transgenic line, 2AS-AS × 579HO (Figure 2A). Thus, fruit from 2AS-AS × 579HO line had higher levels of Asn (all ripening stages), Gln (G and P stages), and Glu (P and R stages) and lower levels of Asp, GABA (G and B stages), and Trp (from B to R stages) in comparison to fruit from ethylene-deficient 2AS-AS line (Figure 2A). The profiles of amino acids Ile, Val, Thr, Ala, Tyr, His, and Phe during ripening remained similar in 2AS-AS × 579HO line with respect to 2AS-AS line fruit. Significant differences (p-level < 0.05) between 2AS-AS × 579HO and 2AS-AS lines are marked in Figures 2A–C by letter “c.”

Similarly, the profiles of organic acids and sugars were compared between the fruit from the 2AS-AS × 579HO line and the ethylene-deficient 2AS-AS line (Figure 2B). The level of citrate was lower and that of fumarate higher in 2AS-AS × 579HO line relative to 2AS-AS line at all the intermediate stages of ripening. Malate level was similar in both lines except for pink (P) stage where its level was about five times lower in 2AS-AS × 579HO fruits. Succinate level was higher in 2AS-AS × 579HO line in comparison to 2AS-AS line at green (G) and pink (P) stages of ripening (Figure 2B). At all the ripening stages, myo-inositol level was lower and choline level higher in the 2AS-AS × 579HO line relative to 2AS-AS line.

Other trends noticed in heteroaromatic compounds, adenosine, AMP, ATP + ADP, Nucl1, Nucl2, and trigonelline are presented in Figure 2C. Noticeable trends that were not all found to be statistically significant, because of the noise in the data, included higher adenosine (pink, P, stage), AMP (ripe, R, stage), ATP + ADP (lower at pink, P, and significant drop; elevated at ripe, R), Nucl1 and Nucl2 (higher throughout ripening) and trigonelline (decreasing trend at pink, P, and red, R, stages) in the double transgenic line, 2AS-AS × 579HO, relative to the ethylene-deficient 2AS-AS line (Figure 2C).

DISCUSSION

Shelf life of ripening climacteric fruits has been achieved by silencing key gene(s) in ethylene biosynthesis, perception, and signal transduction (Fluhr and Mattoo, 1996). However, whether the altered ethylene production and/or perception affects fruit metabolome or how the resulting fruit quality is achieved is not yet clearly understood. In particular, the levels of a large number of amino acids are significantly reduced in the ACC synthase-impaired tomato fruit, a reduction being more drastic than previously recognized through studies on apple fruit silenced for the expression of ACC oxidase gene (Defilippi et al., 2005). A number of these involve aromatic amino acids (Tyr, Phe, Ile, Val), aspartate family of amino acids (Asp, Asn, Thr, Gln, GABA) and energy/salvage pathway metabolites (adenosine, ATP, ADP), many among which are synthesized from substrates generated from phosphoenolpyruvate and pyruvate, tricarboxylic acid (TCA) cycle intermediates, and amination (Heldt, 2005). Other metabolites affected in ethylene-deficient tomato involve alanine, myo-inositol, and TCA cycle intermediates – citrate, succinate, and fumarate. Gln and Ile were among the metabolites similarly affected in the apple fruit silenced for the expression of ACC oxidase (Defilippi et al., 2005). The depletion of the TCA cycle intermediates in ethylene-deficient tomatoes is likely a reflection on the diminished respiration (Saltveit, 1999). Thus, multiple biochemical pathways are targeted by ethylene in tomato fruit. The synthesis (and dynamics) of these important small molecules occurs in different subcellular compartments in a plant cell, indicating a wide range of ethylene influence on the fruit metabolome (Mattoo et al., 2006; Osorio et al., 2013). Interestingly, the observation that Ile, a major precursor of aroma volatiles, is found commonly affected in relation to ethylene deficiency (Bauchot et al., 1998; Flores et al., 2002; Defilippi et al., 2005) suggests that most ethylene-deficient fruit would be impacted in flavor. However, Ile levels were found to recover to a significant level when 21-day post-harvest apple fruit were exposed to a dose of exogenous ethylene (Defilippi et al., 2005), identifying a critical link between Ile, aroma, and ethylene.

We have previously determined polyamine-responsive metabolome of tomato by analyzing metabolite profiles of the fruit engineered for the expression of heterologous yeast SAMdc gene and fruit-specific accumulation of higher polyamines, SPD, and SPM and comparing these with azygous control fruit (Mattoo et al., 2006). A comparison of metabolites impacted by polyamine addition to ethylene-deficient fruit versus ethylene-deficiency provides a window into the metabolites that these two antagonistic growth regulators (Fluhr and Mattoo, 1996) commonly target but not necessarily in the same direction. These are: Asp, Asn, Gln, Val, citrate, and fumarate. Those metabolites that were suppressed in ethylene-deficient tomato fruit but were neutral to the polyamine response include Thr, Ile, GABA, Ala, and Phe. In this regard, it was interesting to find out which changes in the metabolome of ethylene-deficient tomato fruit would occur when fruit also harbor the high polyamine trait as in the double transgenic tomato developed and presented here. In other words, which polyamine-specific metabolites would dominate and which would behave differently in the double transgenic tomato. Thus, the double transgenic tomato behaved similar to one of its parental, high-polyamine genetic line as regards the following metabolites: Asp, Asn, Glu, Gln, citrate, choline, and ethylene. However, the following metabolites seem to have become a target of the interaction of the two transgenes harbored in the double transgenic fruit: Trp, GABA, succinate, and malate.

Ripening fruits of Ohio 8245 showed increases in the levels of Glu, Asp, His, and Trp but decreased in the levels of GABA, Ile, Val, Gln, Asn, Tyr, and Phe (Figures 2A,B). Some of these patterns are similar while others are in contrast with the previously published ripening fruit metabolome of Moneymaker and Ailsa Craig cultivars (Carrari et al., 2006; Osorio et al., 2011). We observed increases in the levels of Glu and Asp but not of Phe, Ile, and Ala as reported in Moneymaker and Ailsa Craig cultivars. Phe Ile and Ala declined during the fruit ripening of Ohio 8245 cultivar (Figure 2A). Levels of GABA and Val declined in all three investigations (present study; Carrari et al., 2006; Osorio et al., 2011), but the levels of Thr, Gln, Asn, His, and Trp did not show significant changes during ripening of fruit from Ohio8245 line. Unlike the Nr mutant fruit, which exhibited decrease in Thr, fruit from 2AS-AS exhibited ripening-associated increase in this amino acid. Fruits from the 2AS-AS line showed decline in Val, Ala, Glu Gln Asp, Asn, Phe, and GABA during ripening, implying that even 50% reduction in ethylene production has a major effect on fruit metabolome. It is possible that different threshold levels of ethylene may regulate particular events/processes in a fruit. However, decline in β-Ala and GABA in rin, Nor, and 2AS-AS (ethylene biosynthesis attenuated) mutants indicates that ethylene regulates their accumulation during fruit ripening.

Among the organic acids, the levels of malate and fumarate declined noticeably in 2AS-AS, but increased several-fold in the double transgenic fruits, likely reflecting diminished respiration in 2AS-AS fruit in contrast to higher respiration in double transgenic fruit. We have previously shown that 579HO fruit exhibit several-fold higher respiration during ripening as compared to the WT and 556AZ fruit (Mattoo et al., 2006). These results are different from those reported in Moneymaker and Ailsa Craig where an increase in succinate and a decrease in malate was evident (Carrari et al., 2006; Osorio et al., 2011). Also, unlike ripening mutant(s) in which malate and succinate do not change during fruit ripening (Osorio et al., 2011), reduction in ethylene production significantly affected levels of citrate, succinate, and malate (Figure 2B), the data that are in line with ethylene regulation of respiration (Saltveit, 1999), largely involving the TCA cycle intermediates (Mattoo et al., 2006).

Levels of glucose and fructose remained similar throughout the fruit ripening of control fruit with a significant increase in sucrose levels only at the onset of ripening (breaker stage; Figure 2B). Contrasting results have been reported for changes in sugar levels in Moneymaker and Ailsa Craig fruits. Whereas a linear increase in glucose and fructose levels was reported in Moneymaker fruit, such changes were not seen in Ailsa Craig fruit (Carrari et al., 2006; Osorio et al., 2011). Such changes in 2AS-AS were not apparent in the present study, indicating a more complex role of ethylene/ripening associated with sugar metabolism. Reduction in glucose, fructose, citric, and malic acids has been reported in strawberry line with altered ethylene perception due to the overexpression of etr1-1 ethylene receptor mutant (Merchante et al., 2013).

The ingression of SAMdc overexpression in 2AS-AS × 579HO cross resulted in partial recovery of several metabolites otherwise affected by reduction in ethylene in the 2AS-AS line (Figures 2A–C). The metabolic parameters that exhibit this partial to full recovery include Ile, Glu, Gln, Asn, succinate, fumarate, formate, compound B, Nucl1, and Nucl2. This recovery is associated with 2 to 3-fold higher ethylene production in 556HO because of SAMdc overexpression (Mehta et al., 2002; see also Figure 4C). The enhanced metabolic activity due to higher polyamines, SPD, and SPM, is associated with increased levels of Ile, Val, Thr, Asn, His, Trp, succinate, fumarate, formate, compound B, choline, adenosine, Nucl1, and Nucl2, as reported previously (Mattoo et al., 2006, 2007; Srivastava et al., 2007). Thus, polyamines SPD and SPM prominently alter the metabolic changes associated with the double transgenic tomato fruit. These findings are in line with the determined metabolome previously reported and discussed in relation to the genetic event of introducing ySAMdc transgene in tomato (Mattoo and Handa, 2008; Handa and Mattoo, 2010; Mattoo et al., 2010).

This study provides new dimension in light of other reports in the literature (and some mentioned above) showing that suppression of ethylene has measurable impact on the metabolome and aroma of a commodity. Thus, altering ethylene biosynthesis or signaling in plants, be that by a chemical treatment or using genetic means (mutants or transgenes), to prolong shelf life of fruits limits the metabolic potential (nutrition) of such fruit, which needs to be ascertained and then rectified/salvaged by additional treatments including applying exogenous ethylene or creating a double transgenic event as shown here.
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Heterologous over-expression of ACC SYNTHASE8 (ACS8) in Populus tremula x P. alba clone 717-1B4 results in elevated levels of ethylene and induces stem dwarfism and reduced leaf size through separate genetic pathways
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Plant height is an important agronomic and horticultural trait that impacts plant productivity, durability and esthetic appeal. A number of the plant hormones such as gibberellic acid (GA), auxin and ethylene have been linked to control of plant architecture and size. Reduction in GA synthesis and auxin transport result in dwarfism while ethylene may have a permissive or repressive effect on tissue growth depending upon the age of plant tissues or the environmental conditions considered. We describe here an activation-tagged mutant of Populus tremula x P. alba clone 717-1B4 identified from 2000 independent transgenic lines due to its significantly reduced growth rate and smaller leaf size. Named dwarfy, the phenotype is due to increased expression of PtaACC SYNTHASE8, which codes for an enzyme in the first committed step in the biosynthesis of ethylene. Stems of dwarfy contain fiber and vessel elements that are reduced in length while leaves contain fewer cells. These morphological differences are linked to PtaACS8 inducing different transcriptomic programs in the stem and leaf, with genes related to auxin diffusion and sensing being repressed in the stem and genes related to cell division found to be repressed in the leaves. Altogether, our study gives mechanistic insight into the genetics underpinning ethylene-induced dwarfism in a perennial model organism.

Keywords: poplar, activation tagging, wood formation, plant stature, plant growth rate

INTRODUCTION

Reduced plant height, or dwarfism, is an important agronomic trait linked to higher yields (Huang et al., 1996; Yang and Hwa, 2008), easier harvesting (Adkins et al., 2010) and reduced nutrient demand on soils (Sieling and Kage, 2008). Leaf size, meanwhile, is linked to productivity, predation (Faeth, 1991) and the water status of the plant (Scoffoni et al., 2011). While both height and leaf size are complex traits, they appear to be genetically regulated by a similar panel of plant hormones (Valdovinos et al., 1967; Ephritikhine et al., 1999; Qi et al., 2011; Luo et al., 2013) and cytochrome P450s (Zhang et al., 2014), as well as abiotic factors such as temperature (Yang et al., 2014) and photoperiod (Li et al., 2014). Reductions in organ size are a result of two different physiological phenomena: smaller cells and impeded cellular division (Beemster et al., 2003). These two factors may work independently or synergistically to affect plant stature and organ size (Beemster et al., 2005; Skirycz et al., 2010). Newly produced plant tissues first exhibit growth due to rapid cellular division, a phase that is replaced in a distal-proximal manner by cellular expansion in progenitor cells (Donnelly et al., 1999). Due to the integrated control between these two processes, genetic mutations to single genes can have a drastic impact on plant stature as a whole or at the level of a specific tissue. Altered expression of genes such as ARABIDOPSIS VACUOLAR H+-PYROPHOSPHATASE1 (AVP1; Li et al., 2005), CYTOKININ RESISTANT1 (CNR1; Guo et al., 2010), and ISOPENTENYL TRANSFERASE3 (IPT3; Nobusawa et al., 2013) impact tissue size due to a difference in the total number of cells produced, while EXPANSIN10 (EXP10; Cho and Cosgrove, 2000), ARGOS-LIKE (Hu et al., 2006), and RETINOBLASTOMA-RELATED PROTEIN1 (RBR1; Sabelli et al., 2013) change the final size of plant tissues as a function of altered cell expansion.

The best studied genetic influences on dwarfism are genes and signaling pathways related to hormone production and sensitivity. Within these studies, ethylene, gibberellic acid (GA), auxin, and brassinosteroids (BR) have all been implicated with a role in cell division, cellular growth and overall plant architecture. Blocked BR synthesis (Nakaya et al., 2002) and reduced GA biosynthesis (Tong et al., 2007; Li et al., 2011) or increased GA catabolism (Busov et al., 2003; Schomburg et al., 2003; Curtis et al., 2005; Lee and Zeevaart, 2005; Dijkstra et al., 2008; Zawaski et al., 2011) induce dwarfism in a wide range of model plant systems. Auxin transport, meanwhile, is a critical component of proper plant stem elongation. In rice, auxin transport inhibition has been correlated to slower stem elongation (Yamamoto et al., 2007; Domingo et al., 2009) while reduced basipetal auxin transport in maize and Arabidopsis thaliana results in stunted plant development (Lantican and Muir, 1969; Geisler et al., 2003, 2005; Multani et al., 2003; Geisler and Murphy, 2006). Treatment of plant tissues with ethylene, a gaseous plant hormone, results in stunting (Vahala et al., 2013), a phenotype that has been linked to the induced expression of certain ETHYLENE RESPONSE FACTORs (ERFs; Dubois et al., 2013; Vahala et al., 2013). There also appears to be extensive cross-talk between the different hormone pathways with components of the ethylene pathway controlling GA biosynthesis (Qi et al., 2011) and the activity of DELLA proteins (Luo et al., 2013). Ethylene can also regulate auxin diffusion and biosynthesis (Valdovinos et al., 1967; Stepanova et al., 2005; Ruzicka et al., 2007; Swarup et al., 2007).

Here we characterize an activation tagged mutant of Populus tremula x P. alba clone 717, named “dwarfy,” exhibiting severe dwarfism with both reduced stature and smaller leaves. We show that the gene responsible for this phenotype is annotated as the poplar 1-aminocyclopropane-1-carboxylate synthase (ACS) gene PtaACS8. Ethylene is synthesized in two enzymatic steps from the substrate S-adenosyl-methionine (SAM). The first step is the conversion of SAM into 1-aminocyclopropane-1-carboxylic acid (ACC) by the activity of ACSs followed by the conversion of ACC to ethylene catalyzed by ACC OXIDASEs (ACOs). Ethylene is then perceived by a family of membrane bound receptors that induce the transcription of ETHYLENE RESPONSE FACTORs (ERFs) which, in turn, controls transcription and, ultimately, plant development. We demonstrate that increased expression of PtaACS8 in the dwarfy line results in significantly higher levels of ethylene in all aerial tissues of the plant. Morphologically, the increased expression of PtaACS8 in the stem results in shorter vessels and fibers in secondary growth while endogenous over-expression of the PtaACS8 gene in the leaves results in the production of fewer cells. The reduced growth of stem cells is accompanied by a repression of auxin transport and signaling genes while reduction in cell number in leaves is concurrent with a large reduction in the transcript abundance of a number of cell-cycle genes. Therefore, we conclude that increased expression of PtaACS8 induces stem dwarfism and reduced leaf size through separate genetic pathways.

MATERIALS AND METHODS

PLANT MATERIAL

All plants used in Figures 1, 4, 6 were grown under greenhouse conditions at the Canadian Forest Service (CFS), Fredericton, New Brunswick, Canada, while plants used for data analysis in Figures 2, 3, 5 were grown under greenhouse conditions at Queen's University, Kingston, Ontario, Canada. In the former situation, plants were grown under natural daylight and temperature, while in the latter situation, photoperiod was maintained at 16 h per day and temperature at 25°C. The dwarfy mutant was generated as described by Harrison et al. (2007) in a P. tremula x P. alba clone 717-1B4 background and all comparisons of dwarfy were made with this hybrid (wildtype). The dwarfy mutant was initially identified based on the dwarf characteristics such as plant height and leaf size among others in the mutant.
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FIGURE 1. Endogenous over-expression of PtaACS8 results in a dwarfed growth phenotype in P. tremula x P. alba clone 717-1B4. (A) A representative image of the dwarfy mutant P. tremula x P. alba clone as compared to wildtype (717) after 4 months of growth. (B) Graphical mean height growth of dwarfy (gray data points) and wildtype (black data points) over two growth seasons. (C) Graphical representation of the genes found within a 30 kb window around the insertion of the activation tagging T-DNA in the dwarfy mutant. (D) Fold change in the genes found in the genomic vicinity of the T-DNA insertion in the dwarfy mutant as compared to wildtype in immature leaves (black bars), mature leaves (gray bars), stem (white bars). (E) Comparison of ethylene evolution in three different tissues of dwarfy (gray bars) and wildtype (black bars). All values ±Standard Error (SE). In (D,E), *significantly different from wildtype (p < 0.05).
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FIGURE 2. Plant growth retardation in dwarfy mutant is significantly correlated to the expression level of PtaACS8. (A) A representative image of one independent line of the 35S::PtaACS8 mutant P. tremula x P. alba clone as compared to wildtype (717) after 2 months of growth. Scale bar = 8 cm. (B) Relative expression of PtaACS8 in wildtype, dwarfy and 6 independent transgenic lines containing the 35S::PtaACS8 construct. (C) Internode length of wildtype, dwarfy and 6 independent transgenic lines containing the 35S::PtaACS8 construct. (D) Correlation between PtaACS8 expression levels and internode length in wildtype, dwarfy and 6 independent transgenic lines containing the 35S::PtaACS8 construct. All values ±Standard Error (SE). In (B,C), *significantly different from wildtype (p < 0.05).
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FIGURE 3. Elevated expression levels of PtaACS8 result in significant changes in stem architecture and physical characteristics. (A) Transverse cross section of wild-type and dwarfy stems at the leaf 10–11 internode as observed under brightfield and UV autofluorescence. Scale bar = 1 mm for first two images and 100 μm for the third panel (B) Vessel and fiber lengths of wild-type (black bars) and dwarfy (gray bars) stems between the leaf 10–11 internode. (C) Transverse cross section of wildtype and dwarfy stems at the leaf 20–21 internode as observed under brightfield and UV autofluorescence. Scale bar = 0.5 mm for first two images and 100 μm for the third panel. (D) Vessel and fiber lengths of wild-type (black bars) and dwarfy (gray bars) stems between the leaf 20–21 internode. Vessel (E) and fiber (F) density in wild-type and dwarfy stems between the leaf 20–21 internode. (G) Vessel diameter in wild-type and dwarfy stems between the leaf 20–21 internode. Relative percentage of carbon (H), nitrogen (I) and sulfur (J) in the stems of wildtype and dwarfy. All values ±Standard Error. *Significantly different from wildtype (p < 0.05).



T-DNA INSERTION ANALYSIS

Southern analysis of the dwarfy poplar mutant line was done and confirmed the presence of one T-DNA insertion event (Harrison et al., 2007). Genomic DNA (gDNA) was extracted from CFS greenhouse dwarfy mutant leaves using the cetyltrimethylammonium bromide (CTAB) method and gDNA was quantified using an Nanodrop1000 spectrophotometer and quality was checked on 0.8% (w/v) agarose Tris-acetate EDTA ethidium bromide gel. To identify the site of T-DNA insertion, the Genome Walker™ universal kit (Clontech, http://www.clontech.com) was used according to the manufacturer's protocol to create 4 restriction digested gDNA libraries. Each library was analyzed by primary and nested PCR using T-DNA vector specific primers (VSP 1 and VSP 2) designed from the T-DNA sequence and adapter primers AP1 & AP2 provided in the kit (Table S1). Primary PCRs were done on 1 μl of each library except using High Fidelity Platinum Taq (Invitrogen) for the PCR reaction mix. Primary PCR reactions from each library were diluted 50 times in H2O and 1 μl of the each dilution was used for nested PCR analysis using the same PCR reaction components except primers VSP2 & AP2 were used. Cycling parameters for both primary & nested PCRs were the same ones stated in the kit except that the elongation time was increased to 5 min. Primary and nested PCRs were analyzed by gel electrophoresis and bands from the nested PCR reaction that were over 1 kb in size were subcloned in pCR4-topo vector using the TOPO TA cloning kit (Invitrogen, http://www.invitrogen.com) and fully sequenced at the McGill University and Genome Quebec Innovation Centre (http://gqinnovationcenter.com). Based on flanking sequence information, a flanking gDNA primer FSP1 was designed and PCR was done on dwarfy gDNA using FSP1 and VSP 2 primers to confirm the location of the T-DNA insertion site. This amplicon was TOPO TA cloned and fully sequenced. Localisation of insertion site was determined by BLASTn using flanking sequence as query against the P. trichocarpa genome (Tuskan et al., 2006) (Populus trichocarpa v3.0, DOE-JGI, http://www.phytozome.net/poplar).

AFFYMETRIX ARRAY ANALYSIS

For gene expression analysis, total RNA was extracted from 0.5 g of different tissues of wildtype and dwarfy taken from CFS greenhouse grown plants using a modification of Chang et al., 1993 and the RNeasy kit (QIAGEN). Total RNA quality and quantity was determined by Nanodrop1000 and by electrophoresis. Triplicate samples of dwarfy and wild-type leaf and stem total RNA were sent to the Microarray Centre (University Health Network, Toronto (UHN)) for sample processing and analysis. Sample quality was verified with the Agilent 2100 Bioanalyser before analysis with the GeneChip® Poplar Genome Array. Data was also analyzed by the Microarray Center (UHN) using Gene Spring software.

ISOLATION OF ACS8 CANDIDATE GENE CODING SEQUENCE

The ACS8 cDNA was isolated from wild-type leaf tissues using the Smart RACE kit (Clontech, http://www.clontech.com) according to manufacturer's protocol. One microgram of total RNA was used to produce the 5′&3′RACE ready products and ACS8 gene specific primers ACS8RACE.fwd and ACS8RACE.rev were used along with the Universal Primer (UP) provided in the kit (Table S1). 5′&3′ RACE products were subcloned in pCR4-topo vector using the TOPO TA cloning kit and sequenced. Gene specific primers; ACS8-ATG.fwd and ACS8-Stop.rev primers were designed and used to isolate the full ACS8 CDS using the 3′RACE ready product previously generated and the amplicon was cloned in pBluescript II (+) (Fermentas, http://www.fermentas.com) using HindIII-XbaI restriction sites. The resulting construct carrying the full ACS8 CDS was fully sequenced.

AGROBACTERIUM TUMEFACIENS MEDIATED TRANFORMATION OF P. TREMULA X P. ALBA CLONE 717-1B4

In order to generate a binary plant transformation vector, ACS8/pBluescript II (+) construct was digested with EcoRI and subcloned in pART7 (Gleave, 1992) and verified by restriction digest for correct orientation between the CaMV promoter and ocs 3′ region. The ACS8/pART7 construct was subsequently digested with NotI and the whole cassette was ligated in the binary vector pART 27 (Gleave, 1992) prior to Agrobacterium tumefaciens transformation in line 717-1-B4 (Harrison et al., 2007). Out of 17 independent transgenic lines generated, 6 lines survived the transfer to greenhouse conditions and these lines were analyzed. Total RNA from leaf tissue was extracted from newly transformed lines and RT-qPCRs were done for gene expression analysis of lines generated using the procedures as stated below. Each line was analyzed in duplicate technical replicates. Internode lengths were measured after 3 months of growth.

QUANTITATIVE GENE EXPRESSION ANALYSIS

For in gene expression analysis in transgenic 35S::PtaACS8 lines, total RNA was extracted from 100 mg of shoot apical tissue using the RNeasy kit (QIAGEN). Total RNA quality and quantity was determined by Nanodrop1000 and by electrophoresis. Two to four micrograms of total RNA was treated with Turbo DNaseI (Ambion, http://www.ambion.com) and RT-qPCR was done with 50 ng of total RNA/reaction using the one step Quantitect SYBR Green RT-PCR kit (QIAGEN, http://www.qiagen.com). RT-qPCR cycling conditions were: 30 min at 50°C for reverse transcriptase reaction and 15 min at 95°C for enzyme inactivation followed by 40 cycles of 15 s at 94°C, 15 s denaturation at 55°C (annealing) and 30 s at 72°C elongation followed by fluorescence measurement. The relative expression of PtaACS8 was compared to the UBQ10 reference gene (Plett et al., 2010).

The amplification efficiencies of each gene primer set were determined by E = 10[−1/slope] and were calculated using the slopes of n-fold serial dilution standard curves. Fold change ratios were determined using the comparative Ct method (ΔΔCt method) since amplification efficiencies were approximately equal in all target and reference genes measured in the study. Samples were analyzed in triplicates of each wildtype and the dwarfy mutant plants. Each total RNA sample was analyzed in duplicate. A No Reverse Transcriptase (NoRT) for each sample was included and a No Template Control (NTC) was included for each primer pair to make sure no contamination was present in the experiments. Amplicon specificity was confirmed by electrophoresis (single band at the right size), by melt curve analysis (single peak and Tm) and by sequencing.

ETHYLENE DETERMINATION

Leaf and stem samples were removed from wild-type and dwarfy poplar plants between 10 AM and 12 PM, and incubated in 20 mL headspace vials for 4 h at ambient temperature. Fresh weight was recorded and time between vial seal and sample injection were noted to have an exact incubation time. Ethylene content within this headspace was determined by gas chromatography coupled to a flame ionization detector (Gas Chromatography- Flame Ionization Detector GC-FID, Agilent 7890A) with an injector (splitless mode) temperature of 240°C and oven temperature at 60°C (isothermal) using helium as carrier gas (3 mL/min). A30 m × 0.53 mm ID (30 μm average thickness) Carboxen 1006 PLOT column (Supelco, Sigma Aldrich, Ontario Canada) was used to separate ethylene from the mixture. The FID (heated to 240°C) hydrogen:air:makeup flows were 30:400:25 (mL/min). Two measurements of 0.1 mL gas aliquot was taken from a headspace vial using a gas tight syringe (Hamilton 1700 series) and immediately injected for each sample. At these conditions, the observed retention time of ethylene was 3.14 min. A calibration curve was generated to cover the range of 0.1–20 mg ethylene. Ethylene standard gas mixture was made by drawing a volume of 99.5% ethylene (Praxair) and injecting it in a previously vacuum-purged sealed headspace vial (volume determined by water capacity), then breaking the vacuum with a syringe needle and filling the vial with ambient air to atmospheric pressure. The diluted ethylene was allowed to stand for 1 h to reach dispersal equilibrium. Increasing volumes were injected to cover the desired ethylene range and each injection was repeated in triplicate.

PHYSICAL CHARACTERISTICS ANALYSIS

Cuttings of wildtype and dwarfy were established by cutting 4–5 cm shoot explants from stock plants. Cuttings were planted in Jiffy 42 mm peat plugs grown under greenhouse conditions June to August (natural lighting, watered twice daily) for 7 weeks. After 7 weeks, cuttings were transferred to greenhouse pots (15 cm diameter, 19 cm long). After a total of 9 weeks, 3 trees were randomly selected every month and height was measured and data analyzed using basic statistical tools in Excel (Microsoft Office). Leaf cell size, trichome density and cell density were performed as per Plett et al. (2010). Fiber and vessel isolation and measurements were performed as per Chaffey et al. (2002).

GA AND ETHYLENE BIOSYNTHETIC INHIBITOR GROWTH EFFECT ANALYSIS

Plants used for GA effect on growth were grown under normal greenhouse conditions as mentioned above. A triplicate (for GA) or a duplicate (for AVG) of wild-type and dwarfy plants of similar heights, grown for 5 weeks from cuttings, were used for each treatment for the experiment. Plant height was measured before the experiment and measured prior to each new application of GA or AVG. A total of 3 applications of 10 μl of 3 mM GA/water or ETOH (for GA analysis) or of water or 100 μM AVG were added every fourth day to the shoot apex of each plant and the total length of the experiment was 12 days. Data was analyzed using the height difference between the first measurement (before first application) and before 3rd application (3rd measurement), since 2 of the dwarfy/GA treated shoot apex samples had dried up and were dead before the final measurement.

PERCENT CARBON, NITROGEN AND SULFUR ANALYSIS

Dried leaf, stem, and roots samples from both wildtype and dwarfy were ground with a bead mill, and kept under vacuum in order to keep moisture out of the samples prior to carbon (C), nitrogen (N) and sulfur (S) analysis (CNS) by the CFS analytical laboratory according to the method of Kalra and Maynard (1991). A triplicate of each clone for each tissue types was measured and data was analyzed using basic statistical tools in Excel (Microsoft Office). Results presented are the measure of C, N and S from healthy mature leaves and internode tissues harvested in June of the growing season.

RESULTS

ENDOGENOUS OVER-EXPRESSION OF PTAACS8 INDUCES DWARFISM IN POPULUS

From a large population of activation-tagged P. tremula x P. alba clone 717-1B4 (2000 independent transgenic lines; Harrison et al., 2007), we identified one line with a consistent reduction in growth rate over multiple growing seasons (Figures 1A,B). This mutant was named dwarfy. Using Southern blotting only one T-DNA insert in dwarfy and located this insert on chromosome 2 using a modified TAIL PCR was identified. Within a window of ±20 Kb around the T-DNA, 3 genes annotated in Phytozome (Figure 1C) were found as follows: a gene of unknown function (Potri.002G11400; +14.4 Kb up-stream), PtaACC SYNTHASE8 (PtaACS8; Potri.002G113900; 13.1 Kb down-stream) and PtaEARLY-RESPONSE TO DEHYDRATION 4 (ERD4; Potri.002G113800; 16.9 Kb down-stream). A quantification of the expression of these genes in the dwarfy mutant line relative to wild-type P. tremula x P. alba clone 717-1B4 demonstrated that only PtaACS8 exhibited increased gene expression in all aerial tissues of the plant (Figure 1D). As ACC synthases are involved in the first step in the biosynthesis of the plant hormone ethylene, ethylene production was measured in the same three compartments as used for gene expression analysis in wild-type and mutant plants (i.e., young and mature leaves and stem tissues). Compared to wildtype, the mutant line produced 14× higher levels of ethylene in younger leaves and 6× higher levels of ethylene in mature leaves and the stems (Figure 1E).

To verify that increased transcript abundance of PtaACS8 was indeed responsible for the dwarfism phenotype of the mutant, the Potri.002G113900 gene was cloned and expressed ectopically in the P. tremula x P. alba clone 717-1B4 genetic background under the control of the 35S-cauliflower mosaic virus promoter. We were able to regenerate six independent transgenic lines from callus culture which, when grown alongside age-equivalent wildtype (i.e., propagated at the same time and treated in the same manner as the 35S::PtaACS8 lines), displayed a dwarf phenotype (Figure 2A). This reduction in growth and internode length was significant as compared to wildtype in all lines tested although the plants were consistently bigger than dwarfy (Figures 2A,B). The discrepancy in height difference is likely due to the fact that none of the 35S::PtaACS8 transgenic lines displayed the same level of PtaACS8 transcript accumulation as dwarfy (Figure 2C). As there was a significant correlation between the transcript abundance of PtaACS8 and the dwarf phenotype in the transgenic lines (Figure 2D; r = 0.91; p < 0.001), we conclude that increased transcript abundance of PtaACS8 in the original dwarfy transgenic line is responsible for the reduction in plant stature.

INCREASED TRANSCRIPT ABUNDANCE OF PTAACS8 LEADS TO ALTERED STEM CHARACTERISTICS

The dwarfy mutant line exhibited alterations to the morphology of all aerial parts of the plant. While the internode length of the dwarfy line was significantly reduced (Figure 2B), there were also significant alterations to the microscopic anatomy of the stem (Figure 3). Due to the great difference in height of the two plants being compared, we used a plastochron index to identify and compare the same internode between the mutant line and wildtype. We used different microscopy techniques to observe different stem properties: brightfield to gain a general over-view of the stem architecture, UV excitation to differentiate chlorophyll autofluorescence (red signal) from secondary cell wall fluorescence (blue-green signal; Figures 3A,C). In young stems (internode between leaves 10 and 11), there was a reduction in the amount of secondary xylem formed in dwarfy as compared to wildtype (Figure 3A) as well as a significant reduction in the length of xylem fibers and vessels (Figure 3B; p < 0.05). In older stem tissues (internode between leaves 20 and 21), the reduction in secondary xylem formation (Figure 3C) and fiber/vessel lengths were still observed (Figure 3D). Detailed analysis of wood formation in these older tissues also revealed a difference in cell density: dwarfy had a higher density of xylem vessels per square millimeter with a significantly smaller outer diameter as compared to wild-type stems (Figures 3A,C,E–G) while there was no significant difference in the density of fibers. As alterations to the cell make-up of the stem and alteration in growth rate may influence nutrient deposition in the stem, we analyzed the percentage of carbon, nitrogen and sulfur in these mature internodes of both wildtype and dwarfy. No significant difference in percent accumulation of carbon and sulfur in the stems of dwarfy and wildtype were observed while the stems of the former accumulated a significantly higher concentration of nitrogen-containing compounds (Figures 3H–J; p < 0.05).

HORMONE- AND NUTRIENT-RELATED GENES DISPLAY ALTERED ABUNDANCE IN DWARFY STEMS

In order to understand the transcriptomic profile of dwarfy stems, we performed a whole genome oligo-array transcriptomic analysis of whole stem tissues. We found 223 genes differentially expressed (≥2-fold; p < 0.05) as compared to wild-type P. tremula x P. alba clone 717-1B4 stems of the same age (Table S2). Within these genes we found that there were a number of ethylene and auxin related genes and genes coding for proteins involved in nutrient transport and biosynthesis (Table 1). Genes related to the ethylene pathway included PtaACS8 (>230-fold increase) a number of ETHYLENE RESPONSE FACTOR (ERF) genes, two serine-threonine receptor kinases (PtaCTR3, PtaCTR4) and two ethylene receptor genes (PtaETR1, PtaETR5). The majority of genes associated with the auxin pathway, meanwhile, were repressed in the stems of dwarfy while a gene encoding an IAA-amido-synthetase glycosyl-hydrolase (GH) family protein displayed increased abundance. Nutrient transport and synthesis was also affected with two sugar transporters and an amino acid transporter being repressed while the transcript accumulation of a glutamine synthase was increased (Table 1).

Table 1. Genes found to have significantly different abundance in the stems of dwarfy as compared to wildtype.
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GA has been linked to enhanced growth phenotypes through the induction of auxin biosynthesis and polar transportation (Björklund et al., 2007). Therefore, as our transcriptional analysis of the dwarfy mutant indicated that auxin transport and signaling was affected, we tested whether GA application to the growing apex of dwarfy would be able to rescue the growth phenotype of the mutant. We found that the growth rate of dwarfy was significantly increased by treatment with GA (Figures 4A,B). Therefore GA is able to rescue the dwarfy phenotype. We also treated dwarfy with the ethylene biosynthetic inhibitor AVG. This treatment resulted in an increase in internode length (Figures 4C–E), demonstrating that blocking ethylene synthesis also rescues the dwarfy phenotype.
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FIGURE 4. Application of GA and AVG to dwarfy apexes induces faster growth rate. (A) Representative image of GA influence on the growth rates of dwarfy and wildtype (+GA) as compared to ethanol control (+EtOH) and untreated control (Cont.). (B) Mean heights of wild-type and dwarfy saplings treated with GA (+GA) as compared to ethanol control (+EtOH) and untreated control (Cont.). (C) Representative image of water and (D) AVG influence on the growth rates of dwarfy and wild-type. Parentheses indicate growth of main stem for the treatment period. Scale bar = 3 cm. (E) Mean internode lengths wild-type and dwarfy saplings treated with AVG as compared to water control (Cont.). All values ±SE. *Significantly different from wildtype (p < 0.05).



INCREASED TRANSCRIPT ABUNDANCE OF PTAACS8 LEADS TO ALTERED LEAF CHARACTERISTICS

Mature leaves in the dwarfy mutant also showed altered size when compared to wild-type leaves (Figure 5A). The leaves of dwarfy were much smaller than those of wildtype (Figure 1A). Despite the alterations in leaf size, the epidermal cell size of dwarfy was not significantly altered compared to wildtype (Figure 5B). Trichome density was also not affected, but stomate density was significantly higher in the dwarfy mutant (Figures 5C,D). Only nitrogen content was significantly higher in dwarfy stems, as compared to wildtype (Figure 3I). Unlike stems, the total percentage of carbon in leaves was significantly reduced in dwarfy as compared to wildtype (Figure 5E), while nitrogen levels were not altered (Figure 5F). Sulfur levels in mutant leaves showed a tendency toward a lower accumulation compared to wildtype, but this difference was not found to be significant (Figure 5G; p < 0.05). The date at which leaves became chlorotic and dropped off the stem in dwarfy as compared to wild-type plants was assessed as increased ethylene levels have been correlated to early leaf senescence (Breeze et al., 2011; Koyama et al., 2013). When grown under natural conditions, chlorosis of 1-year-old dwarfy leaves happens earlier as compared to wild-type plants (Figures 6A–D) and significant leaf drop occurred in dwarfy plants in the month of November while there was no significant leaf drop in the same period in wild-type trees (Figures 6E,F). It is interesting to speculate that the reduced C and S observed in the dwarfy leaves may be related to the shorter growing season for these leaves.
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FIGURE 5. Elevated expression levels of PtaACS8 result in significant changes in leaf architecture and physical characteristics. (A) A representative image of fully expanded leaves of wildtype, one independent line of the 35S::PtaACS8 mutant P. tremula x P. alba clone 717-1B4 and dwarfy, respectively, after 2 months of growth. Scale bar = 2 cm. Epidermal cell density (B), trichome density (C) and stomate density (D) in fully expanded leaves of dwarfy (gray bars) as compared to wild-type leaves (black bars). Relative percentage of carbon (E), nitrogen (F), and sulfur (G) in mature leaves of wildtype (black bars) and dwarfy (gray bars). All values ±SE. *Significantly different from wildtype (p < 0.05).
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FIGURE 6. dwarfy mutants exhibit pre-mature leaf senescence. Comparison of leaf senescence rates in wildtype and dwarfy mutant clones within their first year of growth in August (A), September (B), October (C), and November (D). Leaf numbers on wild-type trees (E) and dwarfy trees (F) over the same time period are presented. ±SE; superscript letters indicate significant differences between treatments as determined by One-Way analysis of variance (ANOVA) followed by a Tukey HSD (honestly significant difference) multiple comparison test (p < 0.05).



SENESCENCE- AND CELL CYCLE-RELATED GENES EXHIBIT ALTERED ABUNDANCE IN DWARFY LEAVES

We found that 183 genes were significantly regulated in fully expanded leaves of dwarfy as compared to wild-type P. tremula x P. alba clone 717-1B4. A large number of hormone-related genes with altered transcription were observed in the stems of dwarfy, while only two of these genes (PtaACS8 and a GH3 family protein) were significantly differentially regulated in mature dwarfy leaves (≥2-fold; p < 0.05; Table 2; Table S3). A number of nutrient transporters displayed altered transcript abundance, although they were different from those identified in dwarfy stems (Table 1). Three other classes of genes were differentially regulated in mature dwarfy leaves that were not observed in the stems: defense-, senescence- and cell cycle/expansion-related genes (Table 2). The majority of the defense-related genes were associated with pathogen attack, including a chitinase, a lipase and a glyoxal oxidase. As the leaf tissues were healthy at the time of harvest and displayed no infection structures, the activation of these genes is likely constitutive in the dwarfy background. Three genes associated with leaf senescence were also up-regulated. One group that only showed reduced levels of transcript abundance was that of genes associated with cell cycle and cellular growth (Table 2). Within this group of genes were a number of cyclins, calmodulin-like proteins and one expansin.

Table 2. Genes found to have significantly different abundance in the leaves of dwarfy as compared to wildtype.
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DISCUSSION

Due to ornamental value and to wide-ranging applications within agriculture, the genetic traits that control cell size and dwarfism in plants have been widely studied (Valdovinos et al., 1967; Ephritikhine et al., 1999; Busov et al., 2003; Qi et al., 2011; Luo et al., 2013; Li et al., 2014; Yang et al., 2014; Zhang et al., 2014). Through breeding practices and applications of growth regulators, dozens of different dwarf plant varieties have been produced over the past few decades (Parker, 2012; Jiang et al., 2013; Wang et al., 2014a,b). Largely studied in annual models such as Arabidopsis, Zea and Oryza, control of plant stature has been linked most readily to plant hormones. For example, Arabidopsis mutants with increased ethylene production (e.g., eto; Woeste et al., 1999) exhibit thickening of the hypocotyl while increased ethylene signaling (e.g., ctr1-1; ACS6DDD; Liu and Zhang, 2004) has been found to result in reduced stature and smaller leaf size. Due to advancements in insertional mutagenesis and other transgenic technologies, it is now becoming feasible to also screen perennial plants for the genes that control dwarfism (Busov et al., 2003; Harrison et al., 2007; Vahala et al., 2013). Here we characterize a mutant line of P. tremula x P. alba clone 717-1B4 that exhibits higher transcript accumulation of PtaACS8 and that produces a significantly higher level of ethylene in all aerial tissues as compared to wild-type trees. Increased transcript abundance of PtaACS8 is correlated to reduced plant stature and smaller leaves while treatment of dwarfy shoots induces increases in internode length. The transcriptional cascade induced by altered levels of PtaACS8 are very different in stem and leaf tissue with a transcriptional reduction in genes associated with auxin transport and signaling evident in stems and repressed cell cycle genes in the leaves. These results place PtaACS8, and likely ethylene, as regulators that control two major morphological traits associated with dwarfism and reduced tissue size.

Using transformation technologies such as activation tagging is a very useful approach to identifying and characterizing the role of genes in a physiologically relevant manner. Rather than ectopic over-expression of a gene, the inserted enhancer used in activation tagging only enhances expression in its native expression pattern. This mutagenesis approach has been used in a number of model plant systems including Arabidopsis (Weigel et al., 2000), tomato (Mathews et al., 2003), rice (Jeong et al., 2006), and poplar (Harrison et al., 2007). Using this approach Busov et al. (2003) were able to identify a poplar GA2-OXIDASE that resulted in a plant with a very similar phenotype to that described here for dwarfy; reduced stature and smaller leaves. Since their publication, dwarfism in a native dwarf plum tree cultivar has also been linked to a GA2-OXIDASE (El-Sharkawy et al., 2012) demonstrating that findings from activation tagging studies can be extended to natural plant populations.

As opposed to a strictly GA-dependent phenotype, our results support the hypothesis that growth retardation in dwarfy is driven largely by ethylene, the endpoint of the biochemical pathway in which PtaACS8 operates. This is based on the evidence that increased PtaACS8 transcripts are correlated to significant increases in ethylene production in the stem (Figure 1E), whose signal is being relayed by the activation of several ERF genes (Table 1). Our results also demonstrate that blocking of ethylene biosynthesis resuces the dwarfy phenotype (Figures 4C–E). Further, the reduction in xylem fiber and vessel length described here-in has also previously been observed after ethylene treatment of poplar stems (Junghans et al., 2004; Love et al., 2009; Vahala et al., 2013). While we cannot rule out the possibility that the reduced stature in dwarfy is a result of increased ACC accumulation, our results support the hypothesis that stunting of the dwarfy stem is controlled in an ethylene-dependent manner. Increased ethylene, however, is likely not the only causative factor in explaining the stature of dwarfy. Rather, ethylene appears to be influencing another pathway associated with plant stature: the auxin pathway. We found evidence for a repression of auxin-homeostasis and transport genes in the stem of dwarfy (Table 1). Ethylene has long been tied to a negative effect on auxin diffusion (von Guttenberg and Steinmetz, 1947; Morgan and Gausman, 1966; Valdovinos et al., 1967; Suttle, 1988; Andersson-Gunneras et al., 2003; Ruzicka et al., 2007; Stepanova et al., 2007; Swarup et al., 2007). As inhibition of auxin diffusion has been correlated to a reduction in stem cell elongation of poplar (Junghans et al., 2004), pea (Lantican and Muir, 1969), tomato (Higashide et al., 2014), tulip (Okubo and Uemoto, 1985), Arabidopsis (Franklin et al., 2011; Chae et al., 2012), gourds (Wang et al., 2014a) amongst many other systems. Our results give a molecular framework by which ethylene affects dwarfy height where increased expression of PtaACS8 results in greater production of ethylene which, upon perception in plant stem tissue, represses genes related to auxin diffusion and synthesis which would then curtail cell elongation in the stem. GA treatment of growth apexes can also rescue the dwarfy phenotype, although we cannot conclude from present data if GA generates this phenotype by acting downstream of the ethylene signal in the dwarfy mutant or in a separate pathway.

A different genetic pathway is likely responsible for the observed reduction in leaf size in dwarfy. While increases in PtaACS8 transcripts and ethylene evolution in the stem coincided with stunted fiber and vessel growth, no change in leaf epidermal cell size is observed despite higher levels of PtaACS8 transcripts and higher ethylene evolution in the leaves. This would indicate that the leaf is smaller due to the absolute number of cells making up the tissue rather than the size of cell generated. It is interesting in the leaves of dwarfy that we see no evidence of compensation by leaf epidermal cells to maintain a larger leaf area. “Compensation” occurs when upstream inhibition of cell division initiates a secondary signaling pathway that increases cell size to maintain proper tissue growth (Hemerly et al., 1995; DeVeylder et al., 2001; Tsukaya, 2002; Horiguchi et al., 2006). Ethylene treatment has been associated with both stimulation of cell division (Love et al., 2009) and inhibition of cellular division (Edwards and Miller, 1972; Lee and LaRue, 1992; Heidstra et al., 1997; Dubois et al., 2013; Luo et al., 2013). In Arabidopsis, ethylene has been associated with reduced petal and leaf size in mutants with constitutive ethylene signaling (Kieber et al., 1993; Roman and Ecker, 1995; Luo et al., 2013) and under water limiting conditions due to the activity of ERF6 through its control of GA2-OXIDASE (Dubois et al., 2013). In the transcriptomic analysis of dwarfy leaves we do not see evidence of either ERF or GA2-OXIDASE genes accumulating at altered abundances. Rather, within the group of genes regulated in dwarfy leaves, we observed the repression of a large class of cell cycle genes including CYCLIN-DEPENDENT KINASE1 (CDK1), CYCLIN A, and CYCLIN B1 (Table 2). In eukaryotic cells, CYCLIN A initiates the cellular transition from G2 to prophase after which CYCLIN B1 enters the nucleus and, together with CDK1, induces mitosis by phosphorylation and activation of enzymes regulating chromatin condensation, nuclear membrane breakdown and mitosis-specific microtubule and microfilament re-orientation (Nigg, 2001; Smits and Medema, 2001; Gavet and Pines, 2010; Suryadinata et al., 2010; Rattani et al., 2014). As this whole suite of proteins is necessary for cellular division, repression of their transcription in the leaves of dwarfy, as compared to wild-type leaves, is likely the key pathway by which leaf size is being affected. These results are reminiscent of earlier observations that ethylene in Pisum sativum stopped cell division prior to entry into prophase (Apelbaum and Burg, 1972).

The leaf drop date of natural grown-year old dwarfy and wild-type plants was assessed as increased ethylene levels have been correlated to early leaf senescence (Breeze et al., 2011; Koyama et al., 2013). Leaf yellowing, considered to be the first visible senescent event (Quirino et al., 2000) was present in only the dwarfy basal leaves in October (Figure 6C), while in the wild-type, senescence related-color changes were prevalent in November basal leaves (Figure 6D) by which time dwarfy basal leaves had dehisced. Buchanan-Wollaston et al. (2003) noted that plants exposed to exogenous ethylene do exhibit premature senescence with the older leaves yellowing first; similar to the results here-in. November dwarfy and wild-type plants both had green apical leaves suggesting the onset of senescence and leaf dehiscence in all but the apical leaves in the dwarfy mutant were altered.

Our results support the hypothesis that there are two different developmental programs regulating tissue size in the dwarfy mutant. In the stem, we observe alterations to ethylene response factors and an inhibition of auxin homeostasis genes suggesting that ethylene inhibits stem elongation as previously observed in model organisms such as Arabidopsis (Guzman and Ecker, 1990), poplar (Junghans et al., 2004; Love et al., 2009; Vahala et al., 2013), tobacco (Romano et al., 1993), and tomato (Huang and Lin, 2003) through its influence on the auxin pathway. In the leaves, we find that the leaves of dwarfy produce fewer cells and are, thereby, smaller. This phenotype is likely tied to the differential expression of the protein group responsible for the induction of mitosis. Altogether, our study of the dwarfy mutant poplar has given insight into the genetics underpinning ethylene-induced dwarfism.
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Leaf senescence is the last stage of leaf development and is accompanied by cell death. In contrast to senescence in individual organisms that leads to death, leaf senescence is associated with dynamic processes that include the translocation of nutrients from old leaves to newly developing or storage tissues within the same plant. The onset of leaf senescence is largely regulated by age and internal and external stimuli, which include the plant hormone ethylene. Earlier studies have documented the important role of ethylene in the regulation of leaf senescence. The production of ethylene coincides with the onset of leaf senescence, whereas the application of ethylene to plants induces precocious leaf senescence. Recently, many studies have described the components of ethylene signaling and biosynthetic pathways that are involved in modulating the onset of leaf senescence. Particularly, transcription factors (TFs) integrate ethylene signals with those from environmental and developmental factors to accelerate or delay leaf senescence. This review aims to discuss the regulatory cascade involving ethylene and TFs in the regulation of onset of leaf senescence.
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INTRODUCTION

Leaf senescence occurs alongside color changes in leaves and is an easily visible phenomenon in the life cycle of a plant. Leaf senescence involves degradation of chlorophylls, carbohydrates, lipids, proteins, and nucleic acids and contributes to the mobilization of such nutrients from old leaves to growing or storage tissues. The importance of the efficient regulation of leaf senescence was reported by a study on the domestication of cultivated wheat. Loci tightly linked to the enrichment of several important nutrients in cereal grains encode transcription factors (TFs) that regulate the onset of leaf senescence in ancestral wheat plants (Uauy et al., 2006; Waters et al., 2009). The onset of leaf senescence is largely affected by the age of the plant, but is also influenced by changes in environmental conditions. Ethylene and other plant hormones accelerate or delay leaf senescence so that plants are better able to cope with severe environmental changes and achieve the maximum yield of seed and biomass production (Buchanan-Wollaston et al., 2003; Lim et al., 2007; Figure 1).
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FIGURE 1. The regulation of the onset of leaf senescence. Leaf senescence occurs alongside color changes from green to yellow and brown. The onset of leaf senescence is affected by the age of the plant, but is also influenced by environmental conditions, developmental cues, ethylene, and other plant hormones. Nutrients derived from senescing leaves are translocated to newly growing or storage tissues within the same plant.



Upon leaf senescence, physiological events progress, which include chlorophyll breakdown, photosynthesis cessation, protein and nucleic acids degradation, catabolites and nutrients transport, and cell death responses, and the genes responsible for each event are dynamically up- or downregulated at the transcriptional level. Earlier studies have identified a group of senescence-associated genes (SAGs) that are induced upon senescence, and recent studies have shown specific roles for SAGs in leaf senescence (Gan and Amasino, 1997; Buchanan-Wollaston et al., 2005; Veyres et al., 2008). Indeed, treating plants with ethylene induces the expression of SAG genes (Jing et al., 2002). Dynamic changes in the expression profile of genes during leaf senescence can be visualized at the transcript and metabolite levels (Lin and Wu, 2004; Buchanan-Wollaston et al., 2005; van der Graaff et al., 2006; Balazadeh et al., 2008; Breeze et al., 2011; Watanabe et al., 2013).

Extensive transcriptome analysis revealed differential expression patterns of various families of TFs during leaf senescence (Lin and Wu, 2004; Buchanan-Wollaston et al., 2005; Breeze et al., 2011). Analysis of the promoters of differentially expressed genes during leaf senescence has found enrichment of certain TF motifs such as, NO APICAL MERISTEM, Arabidopsis TRANSCRIPTION ACTIVATION FACTOR, CUP-SHAPED COTYLEDON (NAC), APETALA2/ETHYLENE RESPONSE FACTOR (AP2/ERF), and WRKY families (Breeze et al., 2011). Genetic and molecular studies also provide strong evidence that the activities of NAC, AP2/ERF, WRKY, and several other TF family members influence the onset of leaf senescence (Buchanan-Wollaston et al., 2003; Lim et al., 2007). Significantly, ethylene modulates the activity of these TFs. These findings illustrate that ethylene-mediated modulation of TF activities underlie the onset of leaf senescence.

This review aims to provide a detailed overview of the regulatory cascade involving ethylene and TFs in the regulation of the onset of leaf senescence. This review first provides a brief overview of the role of ethylene in this process and then focuses on the detailed actions of NAC, AP2/ERF, WRKY, and other developmental regulators (Table 1). Emphasis is also placed on how ethylene modulates TF activities and interacts with other hormones during the development of leaf senescence.

TABLE 1. Transcription factors (TFs) regulating the onset of leaf senescence.
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ETHYLENE AS A REGULATOR OF THE ONSET OF LEAF SENESCENCE

Earlier studies reported the involvement of ethylene in the regulation of leaf senescence. Ethylene production is associated with the onset and progression of leaf senescence in various plant species (Abel et al., 1992). Application of ethylene to leaves stimulates senescence, but inhibitors of ethylene perception or biosynthesis delay leaf senescence (Aharoni and Lieberman, 1979; Kao and Yang, 1983). Furthermore, downregulation of an ethylene biosynthesis gene in tomato plants led to a decrease in ethylene production and substantially delayed leaf senescence, clearly suggesting that ethylene, produced as plants age, accelerates leaf senescence (John et al., 1995).

Knowledge of the ethylene signaling pathway will help to clarify the regulatory gene network involved in the onset of leaf senescence. As shown in Figure 2A, receptors localized on the endoplasmic reticulum (ER) membrane detect ethylene (Kendrick and Chang, 2008). Since these receptors repress the activity of downstream signaling components in the absence of ethylene (Figure 2B), ethylene reverses this repression and thus activates the signaling pathway. The signal generated following the detection of ethylene is subsequently transmitted to a complex composed of CONSTITUTIVE TRIPLE RESPONSE1 (CTR1), a Raf-like serine/threonine protien kinase, and ETHYLENE INSENSITIVE2 (EIN2), which is an integral ER membrane protein (Ju et al., 2012; Qiao et al., 2012). In the absence of the ethylene signal, CTR1 directly phosphorylates the cytosolic carboxyl-terminal domain of EIN2 (EIN2-C), whereas the ethylene signal prevents this phosphorylation and results in cleavage of EIN2-C, which then translocates to the nucleus and activates ETHYLENE-INSENSITIVE3 (EIN3) and EIN3-LIKE (EIL) TFs. The ethylene signal stabilizes EIN3 and EIL TFs, which are short-lived proteins in the absence of ethylene (Guo and Ecker, 2003; Potuschak et al., 2003), consequently inducing various physiological responses including the onset of leaf senescence.
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FIGURE 2. Scheme of the ethylene signaling pathway leading to the onset of leaf senescence. (A) In mature leaves, the detection of ethylene activates the downstream signaling pathway leading to SAG induction and leaf senescence. (B) In young and mature leaves, the receptors constitutively repress the downstream signaling in the absence of ethylene. (C) In young leaves, the detection of ethylene activates the downstream signaling pathway, but does not itself induce leaf senescence. Note that EIN2 and EIN3 are active and induce some ethylene responses, but not leaf senescence by an uncharacterized mechanism, in which some regulators of leaf development are likely involved. Arrows and bars at the end of each line show positive and negative regulations, respectively. Solid lines and black gene names designate the active form, while dotted lines and gray gene names indicate the inactive form. Several transcription factors (TFs) and signals such as jasmonic acid are not drawn in this scheme owing to space limitations. A detailed description on the scheme is presented in the main text.



Mutations in components of the ethylene signaling pathway exhibit differential timing of the onset of senescence, clearly suggesting that these components are involved in the regulation of such process. Consistent with the repressive role of ethylene receptors including ETHYLENE RESISTANT1 (ETR1) in the signaling pathway, a dominant-negative version of the receptors, such as the etr1 mutation, delays leaf senescence in Arabidopsis and petunia plants (Grbić and Bleecker, 1995; Wang et al., 2013). In contrast, an Arabidopsis null mutant that lacks two of five ethylene receptor genes has a phenotype consistent with constitutive ethylene response as well as accelerated leaf senescence (Qu et al., 2007). A pivotal role of EIN2 in the positive regulation of leaf senescence was documented by characterizing the genetic loci controlling the onset of leaf senescence in Arabidopsis (Oh et al., 1997; Kim et al., 2009). EIN3 positively regulates the onset of leaf senescence, since the ein3 mutant delays leaf senescence whereas overexpression of EIN3 gene accelerates it (Li et al., 2013; Kim et al., 2014). In contrast, the ctr1 mutant does not induce precocious leaf senescence and the involvement of CTR1 in the regulation of leaf senescence remains unclear. (Jing et al., 2005).

ETHYLENE-REGULATED NAC AND OTHER TFs CONTROL THE ONSET OF LEAF SENESCENCE

Several reports have attempted to elucidate the mechanism through which the ethylene signaling pathway modulates NAC activities during the onset of leaf senescence (Kim et al., 2009, 2014; Li et al., 2013; Figure 2A). The NAC TF family includes 105 members in Arabidopsis that are important during development and stress responses (Mitsuda and Ohme-Takagi, 2009). Among NAC genes upregulated during leaf senescence, six NAC genes including ORESARA1 (ORE1)/ANAC092, ANAC019, NAC-like activated by AP3 (AtNAP), ANAC047, ANAC055, and ORE1 SISTER1 (ORS1)/ANAC059 are activated through the EIN2-dependent pathway (Kim et al., 2009, 2014; Figure 2A). ORE1 positively regulates the onset of leaf senescence and activates the expression of ORE1 itself, other NAC, nuclease, a sugar transporter, and various SAG genes (Kim et al., 2009; Balazadeh et al., 2010; Breeze et al., 2011; Matallana-Ramirez et al., 2013; Rauf et al., 2013). ORE1 interacts with GOLDEN-LIKE2 (GLK2), the GARP family TF required for chloroplast development (Rauf et al., 2013). ORE1 attenuates GLK2 activity and may stop the maintenance of chloroplast development. ORE1 activity is modulated at both transcriptional and post-transcriptional levels (Kim et al., 2009; Figure 2A). ORE1 mRNA is targeted by the micro RNA miR164. The decrease in miR164 content with leaf aging is largely dependent on the EIN2 gene and thus leads to the accumulation of ORE1 mRNA in old leaves. Recent studies have further revealed that EIN3 directly activates expression of ORE1 (Li et al., 2013; Kim et al., 2014). Interestingly, EIN3 represses three miR164 precursor genes and is also involved in both positive and indirect regulation of the ORE1 gene (Li et al., 2013). Consistent with the molecular evidence, ORE1 expression is reduced in ein3 mutant during leaf senescence. These observations suggest that EIN3, miR164, and ORE1 comprise a regulatory network that operates downstream of the ethylene signaling pathway (Figure 2A).

Among other NAC genes downstream of EIN2, the AtNAP gene is under the direct control of EIN3, whereas ORS1, ANAC019, ANAC047, and ANAC055 genes are activated in an EIN3-independent manner (Kim et al., 2014; Figure 2A). AtNAP positively regulates the onset of leaf senescence and activates a component of the abscisic acid (ABA) signaling pathway, which promotes both leaf senescence and stress responses (Guo and Gan, 2006; Zhang and Gan, 2012). A rice homolog gene, OsNAP1, acts as a positive regulator of leaf senescence and its product directly targets an ABA biosynthesis enzyme gene (Zhou et al., 2013; Liang et al., 2014). ORS1 positively regulates the onset of leaf senescence (Balazadeh et al., 2011). ANAC019 and ANAC055 seem to function under the control of C-REPEAT/DEHYDRATION RESPONSIVE ELEMENT BINDING FACTORS (CBFs) of AP2/ERF TFs and other TFs during stress response and leaf senescence (Hickman et al., 2013; See below). A role for ANAC047 in leaf senescence is yet to be determined.

Five additional NAC genes including VND-INTERACTING2 (VNI2) are thought to function downstream of ORE1 and AtNAP (Kim et al., 2014). VNI2 negatively regulates the onset of leaf senescence via the direct activation of COLD REGULATED (COR) and RESPONSIVE TO DEHYDRATION (RD) genes that are also responsive to environmental stimuli (Yang et al., 2011). By contrast, the functions of other NAC genes remain to be clarified. The regulation of EIN2, EIN3, NAC TFs, and the ABA response pathway are likely to be important in the integration of various inputs from diverse environmental factors as well as the age of the plant (Figure 2A).

ETHYLENE-RESPONSIVE TFs IN THE REGULATION OF ONSET OF LEAF SENESCENCE

Ethylene activates a substantial number of AP2/ERF genes, and several of these regulate the onset of leaf senescence. The AP2/ERF TFs comprise 146 members that include both activators and repressors of transcription (Mitsuda and Ohme-Takagi, 2009). A subgroup of transcriptional repressors with the ERF-associated repression (EAR) motif, such as NtERF3, AtERF4, and AtERF8, positively regulate the onset of leaf senescence in Arabidopsis (Ohta et al., 2001; Koyama et al., 2013; Figure 2A). The finding of EIN2-dependent AtERF4 expression in leaves suggests that there is AtERF4 activity downstream of EIN2 (Fujimoto et al., 2000). AtERF4 and AtERF8 are degraded by a proteasomal-dependent pathway, but accumulate within the plant as a result of increasing age (Koyama et al., 2013). These ERF TFs directly repress expression of the EPITHIOSPECIFIER PROTEIN/EPITHIOSPECIFYING SENESCENCE REGULATOR (ESP/ESR) gene, a negative regulator of the onset of leaf senescence (Miao and Zentgraf, 2007; Koyama et al., 2013). The ESP/ESR transcript is highly expressed in young leaves, but decreased in old ones (Koyama et al., 2013). ESP/ESR inhibits the activity of WRKY53, a positive regulator of the onset of leaf senescence, at both transcriptional and post-translational levels (Miao and Zentgraf, 2007; See below). These findings imply that AtERF4 and AtERF8 activate WRKY53 by removing the ESP/ESR-mediated inhibition. Therefore, AtERF4, AtERF8, ESP/ESR, and WRKY53 form another regulatory network for the onset of leaf senescence (Figure 2A). Moreover, AtERF4 and AtERF8 repress the expression of AUXIN/INDOLE-3-ACETIC ACID (AUX/IAA) genes. AUX/IAA TFs generally suppress auxin responses that include positive effects on leaf senescence. Therefore, it is possible that the AtERF4- and AtERF8-mediated AUX/IAA repression enhances auxin response and then stimulates the onset of leaf senescence. In addition, a tomato homolog of AtERF4, SlERF36, accelerates leaf senescence when overexpressed in tomato plants (Upadhyay et al., 2013).

By contrast, RAV1 and GmRAV1, which possess another type of repression domain (Ikeda and Ohme-Takagi, 2009), negatively regulate the onset of leaf senescence, because overexpression of these RAV1 genes delays leaf senescence in Arabidopsis (Woo et al., 2010). Other two Arabidopsis RAV genes, namely, ETHYLENE RESPONSE DNA BINDING FACTOR1 (EDF1) and EDF2, are proposed to regulate the onset of leaf senescence downstream of the MADS box TF, FOREVER YOUNG FLOWER (FYF; Chen et al., 2011). These RAV genes are transcriptionally induced by ethylene (Alonso et al., 2003). Based on studies investigating EAR- and RAV-type AP2/ERF TFs, the ethylene signal appears to balance positive and negative regulations thus determining the rate of leaf senescence.

Transcriptional activators of ERF TFs are also involved in regulating the onset of leaf senescence. SUBMERGENCE1A (SUB1A) negatively regulates the onset of leaf senescence in rice (Fukao et al., 2012), while CYTOKININ RESPONSE FACTOR6 (CRF6) negatively regulates leaf senescence (Zwack et al., 2013). Overexpression of CBF2 and CBF3 genes delays leaf senescence in Arabidopsis (Sharabi-Schwager et al., 2010). Since CBFs target COR15 and RD29 genes and possibly control ANAC019 and ANAC055 (Yang et al., 2011; Hickman et al., 2013), CBFs seem to regulate the onset of leaf senescence via these downstream genes. However, there have been no reports on the involvement of ethylene in the regulation of these ERF activators.

WRKY TFs INTEGRATE ETHYLENE AND JASMONIC ACID SIGNALS DURING LEAF SENESCENCE

Jasmonic acid (JA) is another important factor regulating the onset of leaf senescence, because a mutant that lacks a JA-biosynthetic enzyme gene delays leaf senescence and application of JA to leaves accelerates senescence (He et al., 2002; Seltmann et al., 2010). JA often cooperatively interacts with ethylene to underpin many physiological responses (Lorenzo et al., 2004; Zhu et al., 2011). It has been well documented that JA, along with the age of the plant, induce transcription of many WRKY genes. (Lin and Wu, 2004). Among WRKY TFs activated by JA, WRKY53 positively regulates the onset of leaf senescence and its activity is modulated by ESP/ESR at both transcriptional and post-translational levels (Miao and Zentgraf, 2007; Figure 2A). ESP/ESR physically interacts with WRKY53 and, presumably, prevents WRKY53 binding to DNA. ESP/ESR also inhibits the accumulation of WRKY53 transcripts in leaves. It has also been reported that WRKY6, WRKY54, WRKY57, and WRKY75 regulate leaf senescence (Robatzek and Somssich, 2002; Besseau et al., 2012; Li et al., 2012b). Since WRKY6 and WRKY53 have been shown to increase many WRKY transcripts in addition to SAGs (Robatzek and Somssich, 2002; Miao et al., 2004), some self-amplification of WRKY activity may contribute to the robust control of leaf senescence.

Several reports provide intriguing insights into the interactions between WRKY TFs and the ethylene signaling pathway. Nematode-induced WRKY53 expression in leaves requires a functional EIN2 gene, suggesting the involvement of EIN2 in the modulation of WRKY53 activity (Murray et al., 2007). WRKY75 is also involved in the ethylene-dependent defense-signaling pathway (Chen et al., 2013). WRKY33, whose transcript is markedly increased during leaf senescence, directly activates ethylene biosynthetic genes and is involved in ethylene production (Breeze et al., 2011; Li et al., 2012a). Thus, it is possible that WRKY TFs are activated by the cooperative action of the ethylene and JA signaling pathways in the regulation of the onset of leaf senescence.

In addition, the single stranded-DNA binding protein WHIRLY1A and a histone methyltransferase target the WRKY53 gene in Arabidopsis (Ay et al., 2009; Miao et al., 2013). A basic loop-helix-loop TF activates the WRKY53 gene and positively regulates the onset of leaf senescence in soybean (Meng et al., 2013). However, an association between ethylene and these WRKY53 regulators remains to be addressed.

THE ONSET OF LEAF SENESCENCE IS AFFECTED BY TFs THAT ARE REQUIRED FOR LEAF DEVELOPMENT

In contrast to the pivotal role of ethylene in the onset of leaf senescence, it is known that ethylene inhibits leaf expansion in young plants, but does not always induce leaf senescence (Kieber et al., 1993; Hua and Meyerowitz, 1998). Moreover, Arabidopsis ctr1 mutant has constitutive responses to ethylene resulting in the formation of a small rosette, but does not appear to induce precocious leaf senescence (Kieber et al., 1993; Jing et al., 2005). These apparent discrepancies suggest that the mechanism leading to leaf senescence might require some developmental regulators even when the ethylene signaling pathway is activated (Figure 2C). Whereas the functional interaction between ethylene and developmental regulators during leaf senescence is not fully understood, it is expected that such regulators have pivotal roles in the onset of leaf senescence.

KNOTTED1-like homeodomain (KNOX) TFs, which are required for shoot meristem and leaf development, negatively regulate the onset of leaf senescence (Ori et al., 1999; Hamant et al., 2002; Hay and Tsiantis, 2010). When KNOX genes are ectopically expressed in tobacco and Arabidopsis leaves, they markedly delay the onset of leaf senescence (Ori et al., 1999; Hamant et al., 2002). Ectopic KNOX expression confers an undifferentiated cell fate in leaves and inhibits their differentiation (Hay and Tsiantis, 2010). As a consequence, this disordered cellular regulation may indirectly delay the onset of leaf senescence. Otherwise, KNOX TFs regulate biosynthetic genes of cytokinin (Sakamoto et al., 2001; Hay et al., 2002), which acts as a negative regulator of the onset of leaf senescence, and therefore, possibly influences leaf senescence. In agreement with the antagonism between KNOX genes and the gibberellin (GA) signaling pathway observed in shoot meristem and leaf development (Hay and Tsiantis, 2010), plants treated with GA and Arabidopsis mutants of the GRAS-type TF genes, which are negative regulators of the GA signaling pathway, accelerate leaf senescence (Chen et al., 2014).

Another class of regulators for both leaf senescence and development is the TEOSINTE BRANCHED1, CYCLOIDEA, PCNA BINDING FACTOR (TCP) TFs family. A combined analysis of high-resolution temporal clustering of genes differentially expressed during leaf senescence and TF-binding motif searching in the promoters of each cluster demonstrates that the TCP-binding motif is significantly enriched in certain downregulated gene clusters (Breeze et al., 2011). This indicates the co-regulation of these gene clusters and TCP activity. Consistent with bioinformatic surveillance, reverse genetic analysis revealed that inhibition of the CINCINNATA (CIN) subfamily of TCP (CIN-like TCP) delays leaf senescence whereas overexpression of a CIN-like TCP gene accelerates it (Schommer et al., 2008; Koyama et al., 2013). A possible scenario to explain the positive roles of CIN-like TCP TFs in the onset of leaf senescence is that CIN-TCP TFs activate JA biosynthetic enzyme genes (Schommer et al., 2008). Alternatively, CIN-like TCP TFs suppress an auxin signaling pathway, which is a negative regulator of leaf senescence, and also activates negative regulators of KNOX genes (Koyama et al., 2007, 2010). Moreover, CIN-like TCPs act as heterochronic regulators of leaf development and consequently influence the onset of leaf senescence (Efroni et al., 2008). By contrast, TCP19 and TCP20, which are grouped into a class I subgroup, negatively regulate the onset of leaf senescence and results in the opposite effects of CIN-like TCPs (Danisman et al., 2012).

In addition to KNOX and TCP TFs, Arabidopsis GROWTH-REGULATING FACTOR (GRF) TFs and a tomato C2H2 type-EAR repressor regulate both leaf development and senescence (Debernardi et al., 2014; Hichri et al., 2014). Taking the roles of the developmental regulators into account, these regulators, thus, prevent precocious leaf senescence. Ethylene meditates various signals required for the induction of defense responses against biotic and abiotic stressors (Kendrick and Chang, 2008); however, these responses are not always followed by cell death. Therefore, such developmental regulators are likely to determine the fate of leaves upon ethylene exposure. In comparison to fully maturated leaves, young leaves accumulate low amounts of carbon and nitrogen sources that would be mobilized to growing and storage organs and therefore it is reasonable that young leaves are kept away from senescence even in the presence of ethylene.

CONCLUSIONS AND PERSPECTIVES

In addition to ethylene, JA and the developmental signals discussed in this review, additional factors such as cytokinin, auxin, ABA, and hydrogen peroxide are involved in the regulation of leaf senescence (Ellis et al., 2005; Lim et al., 2010; Smykowski et al., 2010; Yang et al., 2011; Wu et al., 2012; Jaradat et al., 2013). Several TFs are reported to regulate the onset of leaf senescence under these additional signals and details of such TF are listed in Table 1. Ethylene and these signals are integrated for the regulation of the onset of leaf senescence; however, there have been no reports of a direct interaction between ethylene and such TFs acting downstream of these signals. It is interesting to investigate whether these TFs act in an ethylene-dependent manner during the onset of leaf senescence.

This review focuses on the roles of TFs and ethylene in the regulation of the onset of leaf senescence and emphasizes that regulation occurs at multiple levels downstream of the ethylene signaling pathway. Moreover, leaf development is tightly linked to the onset of senescence and further clarification of such mechanisms is in progress. Furthermore, the effect of ethylene on the stimulation of leaf senescence is dependent on the duration of ethylene exposure (Jing et al., 2005). Regulation of the appropriate duration of ethylene exposure could represent another candidate for modulating the ethylene signal and thus, the onset of leaf senescence. Further efforts to determine the mechanism that transforms the ethylene signal into the onset of leaf senescence will improve our current understanding of the roles of ethylene in leaf senescence.
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Senescence, the final stage in the development of an organ or whole plant, is a genetically programmed process controlled by developmental and environmental signals. Age-related signals underlie the onset of senescence in specific organs (leaf, flower, and fruit) as well as the whole plant (monocarpic senescence). Rudimentary to most senescence processes is the plant hormone ethylene, a small gaseous molecule critical to diverse processes throughout the life of the plant. The role of ethylene in senescence was discovered almost 100 years ago, but the molecular mechanisms by which ethylene regulates senescence have been deciphered more recently primarily through genetic and molecular studies in Arabidopsis. Jasmonic acid (JA), another plant hormone, is emerging as a key player in the control of senescence. The regulatory network of ethylene and JA involves the integration of transcription factors, microRNAs, and other hormones. In this review, we summarize the current understanding of ethylene’s role in senescence, and discuss the interplay of ethylene with JA in the regulation of senescence.
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INTRODUCTION

Senescence, the cessation of growth in cells, organs or the whole plant, is a highly regulated developmental process affected by environmental factors (Lim et al., 2007; Guo and Gan, 2012; Li et al., 2012). It is a pivotal turning point in plant growth and development that most often terminates with a process termed programmed cell death (PCD). Senescence (and PCD) is an active degenerative process linked to physiological and biochemical changes at the cellular, organ, and whole plant level. For example, senescence of photosynthetic tissues (e.g., leaves, stems) is accompanied by a gradual de-greening process exhibited by the loss of chlorophyll and thylakoid membranes, and increase in lipid-containing plastoglobuli (Hensel et al., 1993; Grbić and Bleecker, 1995; Gepstein, 2004). In Arabidopsis, the transition of growth to senescence constitutes the conversion from maintaining somatic tissues to supporting reproductive development by rebalancing the allocation of plant resources (Gan and Amasino, 1997; Guo and Gan, 2005; Lim et al., 2007). Transcriptome analyses of several plant species reinforce earlier observations that many genes are differentially regulated during senescence (Garbarino and Belknap, 1994; Genschik et al., 1994; Nam, 1997; Guo et al., 2004; Breeze et al., 2011). Large-scale gene expression studies highlight changes in key regulatory components including receptor-like kinases (e.g., SARK and SIRK), transcription factors (e.g., WRKY, NAC), mitogen activated protein kinases (MAPKs), metabolic pathway, and signaling pathway components for plant hormones and stress responses (Guo et al., 2004; Breeze et al., 2011). Although senescence in polycarpic and monocarpic plants may share different outcomes, it is generally accepted that the major role for senescence is the recycling of nutrients and stored energy from somatic tissues to young developing organs and reproductive organs.

The plant hormone ethylene is critical to a diverse set of developmental programs and both abiotic and biotic stress responses. In addition, ethylene affects plant aging programs such as monocarpic senescence of the whole plant as well as individual leaves, flowers, and fruit (i.e., ripening; Abeles et al., 1992). Although the involvement of ethylene in senescence has been known for over 100 years, components in the ethylene-signaling pathway and the mechanisms of action were more recently identified mostly through work in Arabidopsis.

Jasmonic acid (JA) plays a major role in plant defense as well as growth and development, including leaf and reproductive organs. Identification of JA as a plant hormone signal occurred much more recently than that of ethylene (Sembdner and Parthier, 1993). One of the first reports of JA as a hormone was the identification of methyl-jasmonate (meJA) as the senescence-promoting substance in wormwood (Ueda and Kato, 1980). Studies in Arabidopsis indicate that JA is associated with the timing of senescence programs in both somatic tissues and reproductive organs (He et al., 2002; Castillo and Leon, 2008; Schommer et al., 2008; Danisman et al., 2012; Kim et al., 2013a). Notably, recent studies revealed that JA’s role in senescence involves similar regulatory circuits as used by ethylene [e.g., microRNA (miRNA)-transcription factors; Schommer et al., 2008]. In summary, the published results indicate that cross-talk between JA and ethylene fine-tunes the onset and timing of senescence in Arabidopsis.

Our objective here is to summarize current advances in understanding the mechanism by which ethylene regulates leaf senescence in Arabidopsis, and the role of JA in senescence in the context of its interplay with ethylene.

ETHYLENE AND LEAF SENESCENCE

All major hormones are found to be associated with leaf senescence either positively or negatively (Gan and Amasino, 1997; Khan et al., 2014). Although ethylene was one of the first plant hormones identified to accelerate senescence (Neljubow, 1901; Crocker, 1932), the mechanism by which ethylene regulates senescence remained inexplicit. Recent genetic and molecular studies in Arabidopsis have unraveled a fundamental signaling pathway for ethylene based on the ethylene regulated growth response (triple response) of etiolated seedlings. Briefly, ethylene is first perceived by its receptor [e.g., ETHYLENE RESPONSE 1 (ETR1)] residing at the endoplasmic reticulum (ER) membrane. Upon binding ethylene, the receptor stops activating the serine/threonine protein kinase CONSTITUTIVE RESPONSE 1 (CTR1), which causes CTR1 to stop phosphorylating the ER membrane-localized ETHYLENE INSENSITIVE 2 (EIN2) protein. When not phosphorylated, the cytosolic C-terminus of EIN2 is cleaved by an unidentified protease. After cleavage, the EIN2 C-terminus moves into the nucleus where it activates transcription (Ju et al., 2012; Qiao et al., 2012; Wen et al., 2012; Ji and Guo, 2013). ETHYLENE INSENSITIVE 3 (EIN3) and its close homolog, ETHYLENE INSENSITIVE3-LIKE 1 (EIL1), are key transcription factors activated by EIN2 (Alonso et al., 2003; Guo and Ecker, 2003; Potuschak et al., 2003; Binder et al., 2004, 2007; Gagne et al., 2004; An et al., 2010).

Much of what we currently know about the role of ethylene signaling in senescence comes from studies with genetic mutants that lack the ethylene dependent triple response in dark-grown seedlings. For example, the Arabidopsis ethylene-insensitive mutants etr1-1, ein2-1, and ein1-1 (which is allelic to etr1-1) were shown to have a delayed onset of leaf senescence and expression of leaf senescence marker genes, e.g., SAG1, SAG2, and SAG12 (Grbić and Bleecker, 1995). The leaves of these mutants do, however, eventually senesce indicating that the role for ethylene in leaf senescence is not essential, but, in Arabidopsis, modulates the timing of senescence. In support of this role, when ethylene perception or biosynthesis was genetically inhibited in tobacco and tomato, the plants exhibited a delay in the onset of leaf senescence (Picton et al., 1993; John et al., 1995; Yang et al., 2008). In contrast, mutants with enhanced ethylene biosynthesis or a constitutive ethylene response (e.g., ctr1) did not always display an early onset of senescence (Guzman and Ecker, 1990; Kieber et al., 1993; Lanahan et al., 1994; Woeste et al., 1999). For instance, the ctr1 mutant of Arabidopsis, which possesses constitutively activated ethylene signaling, did not display precocious leaf senescence, and the exogenous application of ethylene to the mutant did not affect the rate of senescence (Kieber et al., 1993). The lack of precocious leaf senescence in the ctr1 mutant may be partly due to the fact that the ctr1 plants display a delayed flowering time compared to wild-type plants (Hua and Meyerowitz, 1998; Hall and Bleecker, 2003); however, when leaves were detached from the ctr1 mutant, the detached leaves clearly displayed accelerated senescence (Xu et al., 2014). Moreover, ectopic expression of 1-aminocyclopropane-1-carboxylic acid (ACC) synthase in tomato, which overproduces ethylene, did not accelerate the rate of leaf senescence (Lanahan et al., 1994). These results suggest that, although ethylene plays a role in the timing of senescence, there are developmental conditions including flowering and/or other environmental cues that must precede ethylene if ethylene is to induce a senescence response.

Additional support for the role of ethylene in senescence comes from the identification of Arabidopsis mutants with a delayed leaf senescence phenotype (Oh et al., 1997). The oresara mutants (ore1, ore2, ore3, and ore9) were identified as having a decrease in chlorophyll content, an indication of leaf senescence, and reduced photochemical efficiency of PSII (Fv/Fm), a parameter of functional leaf senescence (Oh et al., 1997). Genetic complementation of ore2 and ore3 confirmed that these two mutants are allelic to ein2, supporting earlier observations that the signaling cascade of ethylene is tightly associated with leaf senescence.

Between 2004 and 2005, several laboratories independently demonstrated that the miRNA, miR164, is involved in the control of mRNA levels for NAC-domain transcription factors, which were previously shown to be essential for organ differentiation and development (Laufs et al., 2004; Mallory et al., 2004; Baker et al., 2005; Guo et al., 2005). In 2009, Kim et al. (2009) reported that the ORE1, which was identified earlier in a screen for senescence associated genes (SAGs; Woo et al., 2004), is allelic to NAC2; moreover, they demonstrated that miR164ABC expression inversely correlated with the expression of NAC2 transcript. Through a combination of overexpression lines and genetically suppressed mutants of miR164, NAC2 and EIN2, they demonstrated a link between leaf senescence, ethylene signaling, and a decline in miR164 RNA, which leads to an increase in NAC2 expression (Kim et al., 2009; Li et al., 2013).

The role of ethylene signaling was further substantiated by the identification of EIN3 as another SAG in the ethylene-induced leaf senescence network and that elevated EIN3 expression accelerated the onset of senescence (Li et al., 2013). In addition, Li et al. (2013) demonstrated by chromatin immunoprecipitation (ChIP) and electrophoretic mobility shift assays (EMSA) that EIN3 binds to the promoter for miR164. Subsequently, it was demonstrated by ChIP and a yeast one-hybrid (Y1H) assay that EIN3 not only binds to the miR164 promoter but also directly binds to the promoters of NAC2 and another NAC-domain gene, NAP, both of which were identified as SAGs (Kim et al., 2014). EIN3 and EIL1 are closely related homologues that appear to have redundant and distinct functions in ethylene responses (Chao et al., 1997; Binder et al., 2007). Both Li et al. (2013) and Kim et al. (2014) used ein3 eil1 double mutants to preclude complications in interpretation that might arise from their functional redundancy. They observed that ein2 mutants displayed a more delayed senescence phenotype than the ein3 eil1 double mutants. They concluded that EIN2, which precedes EIN3 and EIL1 in the ethylene-signaling pathway, controls senescence that is both dependent and independent of EIN3/EIL1. They proposed that EIN2 signaling somehow bypasses EIN3/EIL1. Although both Li et al. (2013) and Kim et al. (2014) suggested that EIN2–EIN3–miR164 regulate the timing of leaf senescence, further experiments may be necessary to firmly establish EIN3’s role in the natural progression of leaf senescence. For instance, it may be useful to examine the expression of other EIL proteins (i.e., EIL2, EIL3, and EIL4) in relation to EIN3, particularly in leaf senescence.

To summarize, the proposed role for ethylene signaling in leaf senescence is to coordinate the timing of leaf senescence by integrating miR164-transcription factors in concert with environmental and age-related signals, which appears to ensure the timely and efficient transition from an active photosynthetic organ to a degenerating organ and to also salvage nutrients for development of reproductive organs and young leaves (Grbić and Bleecker, 1995).

JASMONIC ACID AND LEAF SENESCENCE

Jasmonic acid is another plant hormone that modulates defense responses, growth and development, and is also proposed to mediate leaf senescence (He et al., 2002; Schommer et al., 2008; Shan et al., 2011). A review of the literature on the involvement of JA in leaf senescence is, however, sometimes contradictory (Taylor and Whitelaw, 2001; Seltmann et al., 2010a,b) and not fully resolved. For example, many JA biosynthesis genes are differentially regulated, as some are up-regulated and others are down-regulated in the progression of leaf senescence (He et al., 2002). In addition, several studies suggested that synthesis of JA during leaf senescence might be a secondary byproduct from the breakdown of macromolecules and membranes in the process of senescence. These studies suggested that the increase in oxylipins levels such as JA and 12-oxo-phytodienoic acid (OPDA) do not necessarily indicate a role for JA in natural leaf senescence but a byproduct of senescence (Seltmann et al., 2010a,b).

However, in Arabidopsis, recent studies suggest that JA does have a role in leaf senescence. Mutations in the JA receptor and JA biosynthesis genes, and physiological responses to JA or various JA derivatives, indicate that JA does mediate the timing of leaf senescence. Arabidopsis mutants allene oxide synthase (aos), oxophytodienoate-reductase 3 (opr3), which have reduced levels of JA, and coronatine insensitive 1 (coi1), which is insensitive to JA, exhibit temporal shifts in the onset of natural and dark-induced senescence (He et al., 2002; Castillo and Leon, 2008; Schommer et al., 2008; Danisman et al., 2012). In addition, exogenous application of JA on wild-type Arabidopsis promotes leaf senescence and induces the expression of several SAGs, including JA biosynthesis genes (He et al., 2002). Moreover, in naturally senescing leaves, a gradual increase in the transcript levels of JA biosynthesis genes (e.g., AOS, LIPOXYGENASE1 (LOX1), LOX3, LOX4, OPR1, and OPR3) was observed (He et al., 2002). Thus, results with Arabidopsis support earlier proposals that JA positively affects the timing of leaf senescence in conjunction with other age-related cues (He et al., 2002).

Recently, it was shown that the miRNA miR319 [JAGGED AND WAVY (JAW)] regulates the mRNA levels of the transcription factors called TEOSINTE BRANCHED/CYCLOIDEA/PCF (TCP; Schommer et al., 2008). TCPs are plant-specific transcription factors identified as negative regulators of plant growth and development (Almeida et al., 1997; Doebley et al., 1997; Luo et al., 1999). In addition, TCPs were found to be critical for the expression of cell cycle regulators called proliferating cell nuclear antigen, PCNA (Kosugi and Ohashi, 1997). Schommer et al. (2008) showed that miR319, which affected the expression of class II TCP2/4/10, altered the expression of JA biosynthesis genes and the endogenous levels of JA. More specifically, they demonstrated that the miR319-TCP regulatory module regulated JA biosynthesis by repressing the expression of LOX2. They also showed that the reduced levels of JA resulted in a delay in leaf senescence, and that the delayed senescence phenotype was reversed by application of JA. They concluded that, whereas TCP2/4/10 negatively regulate leaf growth, they positively regulate leaf senescence.

In a separate study, it was revealed that a class I TCP (TCP20) also regulates LOX2 (Danisman et al., 2012). Mutations in TCP20 caused early onset of leaf senescence indicating that TCP20 acts as a negative regulator. They further demonstrated that TCP20 binds to the promoter of the LOX2 gene (Danisman et al., 2012). They proposed that class I and class II TCPs act antagonistically to regulate LOX gene expression. Interestingly, RNAi suppression of LOX2 expression, which was targeted specifically to mature leaves by using the SAG13 promoter, greatly decreased the accumulation of JA as leaves aged naturally but had no effect on chlorophyll loss (Seltmann et al., 2010b). Conversely, when senescence was induced prematurely by treatment with sorbitol, chlorophyll loss and SEN1 and SAG13 expression were delayed. However, it is worth noting that the peak transcript levels of LOX2 preceded the onset of leaf senescence and declined as leaf senescence progressed (He et al., 2002), as reflected in a decline in the level of JA (Seltmann et al., 2010b). It is possible that the regulation of miR319-TCP-LOX2 represents one of the early regulatory mechanisms in leaf development that alters leaf senescence and that expression of LOX2-RNAi with the SAG13 promoter occurred too late in the natural aging process to yield a delayed senescence response. In summary, although some results for JA signaling seem to contradict a role for JA in leaf senescence, it is worth emphasizing that the phenotype of the miR319 mutant, jaw-D, could be reversed by the exogenous application of meJA (Schommer et al., 2008).

INTERPLAY BETWEEN ETHYLENE AND JA IN LEAF SENESCENCE

Although the interaction between ethylene and JA has been well studied in diverse developmental, abiotic and biotic responses (Turner et al., 2002; Lorenzo et al., 2003; Memelink, 2009; Zhu et al., 2011; Kim et al., 2013a; Song et al., 2014; Zhang et al., 2014), a clear understanding of the interplay between ethylene and JA in mediation of leaf senescence is less well defined. Nevertheless, recent work on ethylene and JA signaling is beginning to shed light on the regulatory mechanisms by which these two senescence-affecting hormones control the timing of leaf senescence.

Several studies have defined mechanisms by which ethylene and JA interact to regulate plant development and pathogen defense (Zhu et al., 2011; Song et al., 2014; Zhang et al., 2014). Zhu et al. (2011) showed that EIN3 and EIL1 positively regulate JA-mediated responses such as root hair development, resistance to necrotrophic pathogens, and related gene expression. They demonstrated that JAZ proteins (e.g., JAZ1, 3, and 9) physically interact with EIN3 and EIL1, and repress the transcriptional activities of EIN3/EIL1. They further showed that JAZ protein (JAZ1) recruits HISTONE DEACETYLASE 6 (HDA6), which deacetylates the chromatin of EIN3/EIL1 and represses EIL3/EIL1-dependent transcription and JA signaling. It would be interesting to know if a similar mechanism is utilized in senescence. In this regard, it has been demonstrated that HDA6 positively regulates JA-mediated leaf senescence as well as flowering time, which also influences the timing of senescence (Wu et al., 2008).

In addition to HDA6 control of EIN3/EIL1, Song et al. (2014) demonstrated that JA activated MYC2 repressed EIN3/EIL1 transcription. Conversely, EIN3/EIL1 repressed MYC2, which in turn inhibits JA responses. This reciprocating regulation may fine-tune ethylene/JA responses. Specifically, they showed that MYC2 represses transcriptional activities of EIN3/EIL1 to attenuate the mRNA levels of HOOKLESS 1 (HLS1, a positive regulator of apical hook development) and ETHYLENE RESPONSE FACTOR 1 (ERF1), which thereby inhibits ethylene-induced apical hook curvature. In addition, they showed that EIN3/EIL1 interact with MYC2/3/4 to attenuate JA-induced expression of wound—herbivory—responsive genes, which reduces JA-regulated defense against herbivores.

In another independent study, Zhang et al. (2014) also demonstrated an antagonistic regulation between MYC2 and EIN3 in the ethylene-induced hook curvature formation. In this study, they showed that JA inhibits the formation of apical hook curvature by reducing HLS1 gene expression. They showed that JA-activated MYC2 transcriptionally represses EIN3 to reduce HLS1 activity. They proposed a dual mode of action for MYC2. Firstly, MYC2 promotes expression of the EIN3 BINDING F-BOX PROTEIN 1 (EBF1) that then promotes EIN3 degradation and, secondly, MYC2 repression of EIN3 inhibits the positive regulation by EIN3 of HSL1. However, it remains to be determined if these mutual antagonistic actions between ethylene and JA signaling in the apical hook formation also regulate the timing of leaf senescence.

More specific to senescence are two studies by Li et al. (2013) and Kim et al. (2013a). As discussed earlier, Li et al. (2013) demonstrated that JA regulation of senescence is dependent upon the key ethylene-signaling components EIN2 and EIN3/EIL1. In comparison to wild-type leaves, detached leaves of ein2 and ein3 eil1 mutants treated with 50 μM of meJA largely stayed green. In addition, when wild-type leaves were co-treated with 100 μM silver nitrate (AgNO3), an inhibitor of ethylene action, and 50 μM of meJA, the leaves remained largely green, suggesting that JA-induced leaf senescence is dependent upon ethylene signaling (Li et al., 2013).

In another project, Kim et al. (2013a) examined the interdependency of ethylene and JA in floral organ abscission. Although leaf senescence was not a major focus of that report, they did collect data for leaf senescence as well. In that project they observed that exogenous application of 200 μM meJA accelerated the timing of floral organ abscission and leaf senescence in the ein2-1 mutant (Figure 1). Kim et al. (2013a) proposed that ethylene and JA act partly in parallel pathways to regulate the timing of both floral organ abscission and leaf senescence. Although the degree of accelerated leaf senescence in the Kim et al. (2013a) study appears to be minor, the discrepancy of JA dependency on EIN2 in the two separate senescence studies may be explained by differences in how the experiments were performed. In the Li et al. (2013) study, the leaves were detached from the wild type and ein2-5 plants at 3–4 weeks and then treated with a low concentration of 50 μM meJA. In the Kim et al. (2013a) study, after 6 weeks when the plants had bolted and produced several inflorescences, the whole plant was sprayed twice a day for 3 days with 200 μM meJA. In addition to the different meJA concentrations, which may have had a minor influence, the developmental stage of the leaves were different and, as previously mentioned, the development stage of the plant is also important to how JA influences the timing of senescence (Kim et al., 2013b; Li et al., 2013).


[image: image]

FIGURE 1 | Interdependency of ethylene and JA in leaf senescence. Leaf senescence phenotypes with air (A), ethylene (B), and meJA (C) treatments in wild-type plants (Ws and Col), a JA receptor mutant (dab4-1/coi1-37) and an ethylene insensitive mutant (ein2-1). This figure was originally published in Kim et al. (2013a) as supplemental Figure S4. Whole plant assays were carried out in a closed chamber 6 weeks after germination when the plants had bolted as previously described (Kim et al., 2013a,b).


Of further interest in regard to ethylene and JA interdependency is that JA was found to alter ethylene signaling downstream of the ethylene receptors (Kim et al., 2013b). In this study, it was discovered that when JA synthesis was chemically or genetically inhibited with phenidone or dde2-2, respectively, ein2-1 mutants abscised earlier, and root growth was inhibited in responsive to 1 μL L–1 ethylene. Similar results were obtained with the coi1 ein2 double mutants. They concluded that there is an EIN2-independent pathway for ethylene signaling that is inhibited by JA and, when JA is very low or JA signaling is blocked as in the coi1 mutant, the EIN2 independent ethylene signaling pathway is discernible in the ein2 mutant. In this study, the authors did not examine leaf senescence. It would, however, be interesting to know if the EIN2 independent ethylene signaling pathway plays a role in leaf senescence and JA responsiveness (Figure 2).


[image: image]

FIGURE 2 | A schematic diagram for interactions between ethylene and JA in the regulation of leaf senescence. Known regulations are shown in solid lines and unidentified pathways are represented in dotted lines. X denotes an unknown ethylene-signaling component that may be inhibited by JA or SCFDAB4/COI1. See the text for details and supporting references.


CONCLUDING REMARKS AND PERSPECTIVE

Recent technological advances in transcriptome analyses, including mRNA and miRNA sequencing and ChIP, have greatly enhanced our understanding of signaling networks that control developmentally and environmentally affected process. Although these tools have helped to significantly advance our understanding of how ethylene and JA regulate senescence, there is still much more to learn. We have reviewed studies demonstrating the role of ethylene perception and its signaling pathway in the regulation of senescence. Of particular interest were recent findings demonstrating the interaction between miR164 and EIN3 to regulate the expression of NAC2, which in turn regulates the onset of senescence (Figure 2). We also reviewed independent studies of JA’s control of senescence and how miR319 regulates the mRNA level of class II TCPs, which antagonistically work with class I TCPs to control the expression of LOX2, which is needed for synthesis of JA (Figure 2). In addition, we briefly reviewed the role of HDA6 and MYC2 in other developmental and defense responses where ethylene and JA signaling interact.

Senescence and the timing of the onset of senescence are complex. There is evidence to suggest that all of the known plant hormones have some influence over the timing of abscission, and many environmental factors and additional internal cues modulate this process (Gan and Amasino, 1997; Khan et al., 2014). Discovery of miRNAs and transcription factors involved in the regulation of the onset of leaf senescence identifies additional points in the network of senescence signals by which the complex process of senescence can be modulated by environmental and internal cues.

In addition to what we currently know about the regulation of leaf senescence, basic questions still need to be addressed. JA control of senescence appears to be dependent on ethylene perception and signaling except for a nuance, which suggests that at low JA levels ethylene signaling can bypass EIN2 (Kim et al., 2013b). Although ethylene signaling may bypass EIN2 under certain conditions, ethylene perception was shown to be necessary for JA responsiveness. It seems logical that JA might modulate senescence through regulation of ethylene biosynthesis (Figure 2). In fact, JA regulation of ethylene biosynthesis has been proposed for other processes (Wang et al., 2002), but the mechanism of regulation has not been well established. ACC is the immediate precursor to ethylene, and Staswick and Tiryaki (2004) discovered that JA can form a conjugate with ACC (JA-ACC). These authors suggested that conjugation of ACC by JA might play a role in regulating ethylene biosynthesis.

Also of interest are studies on miR319 and TCPs. It was demonstrated that miR319 and TCPs regulate CUC2 (NAC2/ORE1) expression during meristem development (Koyama et al., 2007). This work on regulation of morphogenesis in the apical meristem suggests that NAC2 expression during senescence may also be regulated by miR319 and TCPs during leaf senescence. If true, this would tie together regulation of JA biosynthesis and ethylene signaling through regulation of EIN3 and NAC2 (Figure 2). The role of HDA6 and MYC2 in regulating ethylene and JA interactions in the control of apical hook formation and defense responses is interesting and should be examined further for a regulatory role in senescence. Much still needs to be done to understand the multitude of factors that mediate aging and the timing of senescence in both plant organs and whole plants.
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Ethylene is a simple two carbon atom molecule with profound effects on plants. There are quite a few review papers covering all aspects of ethylene biology in plants, including its biosynthesis, signaling and physiology. This is merely a logical consequence of the fascinating and pleiotropic nature of this gaseous plant hormone. Its biochemical precursor, 1-aminocyclopropane-1-carboxylic acid (ACC) is also a fairly simple molecule, but perhaps its role in plant biology is seriously underestimated. This triangularly shaped amino acid has many more features than just being the precursor of the lead-role player ethylene. For example, ACC can be conjugated to three different derivatives, but their biological role remains vague. ACC can also be metabolized by bacteria using ACC-deaminase, favoring plant growth and lowering stress susceptibility. ACC is also subjected to a sophisticated transport mechanism to ensure local and long-distance ethylene responses. Last but not least, there are now a few exciting studies where ACC has been reported to function as a signal itself, independently from ethylene. This review puts ACC in the spotlight, not to give it the lead-role, but to create a picture of the stunning co-production of the hormone and its precursor.
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THE DISCOVERY OF ACC

The discovery of ethylene as a plant growth regulator can be attributed to the work of the Russian scientist Neljubov (1901). He reported that dark-grown pea seedlings showed a reduced hypocotyl growth in combination with an exaggerated hypocotyl bending when exposed to illumination gas (Neljubov, 1901). Neljubov (1901) could pinpoint ethylene gas as the active component that caused dark-grown pea seedlings to bend, by flowing the illumination gas over several filters prior to exposing the seedlings. This typical ethylene response of dark-grown seedlings was later defined as the triple response: (1) shortening of the hypocotyl and roots, (2) radial swelling of the hypocotyl, and (3) the exaggeration of the apical hook (Knight et al., 1910). In 1934, conclusive evidence that ethylene is a natural product from plants, was presented by the English scientist (Gane, 1934). It took another 30 years before the primary steps of the ethylene biosynthesis pathway were elucidated (see Figure 1). Lieberman and Mapson (1964) first reported that ethylene could be produced from the amino acid methionine, taking advantage of the high rates of ethylene production from apples for their experimental work (Figure 1). 13 years later, Adams and Yang (1977) made tremendous progress in understanding the biosynthesis pathway of ethylene, when they discovered that S-adenosyl-L-methionine (SAM) was an intermediate between methionine and ethylene. Yang and co-workers also showed that 5′-methylthioadenosine (MTA) was formed as a by-product from SAM and that MTA could be recycled back to methionine (Murr and Yang, 1975). The elaboration of the different reaction steps of the methionine cycle in plants, now often referred to as the Yang-cycle, was mainly inspired by the biochemical similarities between the plant pathway and the methionine salvage cycle which was already known for prokaryotes, yeast, and mammalians. An-up-to-date overview of the methionine and SAM metabolism in plants is given by Sauter et al. (2013). The major discovery that made the methionine cycle in plants unique from all other organisms, was the characterization of 1-aminocyclopropane-1-carboxylic acid (ACC) as the intermediate between SAM and ethylene (Adams and Yang, 1979). Adams and Yang (1979) were able to identify ACC as the precursor for ethylene by feeding experiments on apple tissue, using radio-labeled methionine. Upon incubation of apple disks, they observed a shift from ethylene production in air, toward an unknown compound that was retained in the tissue when treated with nitrogen (lack of oxygen inhibits oxidation of ACC toward ethylene). By using a pH-dependent ion mobility assay, they could characterize this unknown component as an amino acid. Subsequently, the component was identified as ACC, using co-migration of synthetic ACC for both paper-chromatography and paper-electrophoresis (Adams and Yang, 1979). They further showed that the conversion of radioactively labeled methionine toward ethylene decreased when unlabeled ACC was supplemented, yet the conversion of labeled ACC to ethylene was almost not affected when unlabeled methionine was supplemented, suggesting that externally supplied ACC is in fact used to produce ethylene. Additional evidence for ACC being the intermediate precursor between SAM and ethylene was obtained by treating apple tissue with [S]-trans-2-amino-4(2′-aminoethoxy)trans-3-butenoic acid, also known as AVG (2-amino-ethoxy-vinylglycine), a pyridoxal-5′-phosphate (PLP or vitamin B6) dependent enzyme inhibitor, which was later known to inhibit the enzymatic conversion of SAM toward ACC. The identification of ACC as the precursor of ethylene was a major breakthrough in the understanding of the ethylene biosynthesis pathway in plants, and was part of the foundation for many new discoveries in the field of ethylene biology.
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FIGURE 1. Structural scheme of ethylene biosynthesis and 1-aminocyclopropane-1-carboxylic acid (ACC) conjugation/metabolism. The amino acid methionine is converted to S-adenosyl-L-methionine (SAM) by SAM-synthetase (SAMS) with the requirement of ATP. The general precursor SAM is then converted to ACC by ACC-synthase (ACS). This reaction also involves the cleavage of 5′-methylthioadenosine (MTA), which is recycled back to methionine by the Yang cycle (dotted line indicates multiple enzymatic steps). ACC can be converted to ethylene by ACC-oxidase (ACO) in the presence of oxygen. ACC can also be converted to its major conjugate 1-malonyl-ACC (MACC) by the yet uncharacterized ACC-N-malonyl transferase (AMT) with the requirement of malonyl-Coenzyme-A. A second derivate of ACC is γ-glutamyl-ACC (GACC) which is formed by γ-glutamyl-transpeptidase (GGT) with the requirement of glutathione (GSH). Another novel derivate of ACC is jasmonyl-ACC (JA-ACC), which is formed by jasmonic acid resistance 1 (JAR1). ACC can also be metabolized by the bacterial (and plant) ACC deaminase into ammonium and α-ketobutyrate.



ACC AND ETHYLENE BIOSYNTHESIS

As mentioned above, ACC is produced from SAM, releasing MTA. This reaction is catalyzed by the enzyme ACC-synthase (ACS; Boller et al., 1979). ACS is a member of the PLP-dependent enzymes, which use vitamin B6 as a co-factor for its enzymatic function. ACS was localized in the cytosol by activity assays on extracts retrieved after differential centrifugation (Boller et al., 1979). ACS genes were first characterized in zucchini by Sato and Theologis (1989) and in tomato by Van Der Straeten et al. (1990). ACS is encoded by a multigene family of 12 members in Arabidopsis, eight of which encode functional ACC synthases [ACS2 (named ACS1 in Van Der Straeten et al., 1992), ACS4-9, ACS11]. In addition, there is one inactive isoform (AtACS1) and one pseudogene (AtACS3; Yamagami et al., 2003). ACS was found to form functional dimers of which the 3D structure was determined by Capitani et al. (1999). The formation of heterodimers increases the structural and functional complexity of the ACS protein family (Tsuchisaka et al., 2009). The large ACS gene family displays a tissue-specific and differential expression pattern in Arabidopsis (Tsuchisaka and Theologis, 2004). Using single and multiple acs knock-out mutants, it was demonstrated that there are specific developmental and physiological roles for individual members of the ACS gene-family, but also that there is a complex combinatorial interplay amongst them (Tsuchisaka et al., 2009). A diverse group of internal and external signals modulate the level of ethylene biosynthesis in numerous plant species, acting at the level of ACS gene expression. These inducers include auxin, cytokinin, brassinosteroids, ethylene, copper, mechano-stimuli, ozone, pathogens and wounding (Van Der Straeten et al., 1992; Rodrigues-Pousada et al., 1993; Botella et al., 1995; Cary et al., 1995; Liang et al., 1996; Vahala et al., 1998; Woeste et al., 1999).

Three types of ACS proteins are recognized, based on their C-terminal structure. Type I ACS proteins contain in their C-terminal domain one putative calcium-dependent protein kinase (CDPK) phosphorylation target site and three mitogen-activated protein kinase (MAPK) phosphorylation sites (Yoon and Kieber, 2013). Type II ACS proteins only contain the MAPK phosphorylation sites, while type III ACS do not contain any phosphorylation sites (Yoon and Kieber, 2013). These post-translational phosphorylation sites play an important role in the stability of the ACS protein (Chae and Kieber, 2005). Both in Arabidopsis (Chae et al., 2003; Kim et al., 2003; Liu and Zhang, 2004; Wang et al., 2004; Yoshida et al., 2005, 2006; Joo et al., 2008; Christians et al., 2009; Lyzenga et al., 2012) and in tomato (Tatsuki and Mori, 2001; Kamiyoshihara et al., 2010) it was shown that differential phosphorylation of certain ACS members directed the protein for proteasomal degradation. Protein stability of certain ACS members is further regulated by the protein phosphatase 2A (PP2A; Skottke et al., 2011) and PP2C (Ludwikow et al., 2014), demonstrating a complex balance between phosphorylation and dephosphorylation to secure protein activity and stability.

The second ethylene biosynthesis protein is ACC-oxidase (ACO), which converts ACC to ethylene in the presence of oxygen. It took a long time before ACO activity could be demonstrated in vitro. The key aspect in isolating ACO was the addition of ascorbic acid (vitamin C) to the extraction media, as was first reported by Ververidis and John (1991) who isolated ACO from melon tissue and quantified in vitro ACO activity. Although the exact role of ascorbic acid for protein stability/activity remained uncertain for a long time (Rocklin et al., 2004), it was recently clarified that ascorbic acid participates in the ring opening of ACC, by providing a single-electron to the active site (Murphy et al., 2014). This catalytic reaction releases ethylene and a cyanoformate ion [NCCO2]-, which is subsequently decomposed into CO2 and CN- (Murphy et al., 2014). The reactive cyanide (CN-) is subsequently detoxified by β-cyanoalanine synthase to produce β-cyanoalanine (Miller and Conn, 1980). ACO belongs to the superfamily of dioxygenases that require iron (Fe2+) as co-factor and bicarbonate as activator (Dong et al., 1992; Zhang et al., 2004). The subcellular localization of ACO remains vague, as some studies localize ACO in the cytosol (Reinhardt et al., 1994; Chung et al., 2002; Hudgins et al., 2006), while other localize ACO at the plasma membrane (Rombaldi et al., 1994; Ramassamy et al., 1998). Although the ACO protein sequence does not contain any predicted transmembrane domains, it is still possible that the protein associates with the plasma membrane via (in)direct interactions. ACO is also encoded by a multigene family of five members in Arabidopsis [ACO1, 2, 4, At1g12010 (AOC3) and At1g77330 (ACO5)]. Expression of different members of the tomato ACO family in Escherichia coli showed that each isoform had a specific in vitro enzyme activity (Bidonde et al., 1998).

It is well accepted that ACS is the rate limiting step of ethylene biosynthesis in plants (Yang and Hoffman, 1984) although there are examples where ACO is the rate limiting step, e.g., during post-climacteric ripening of tomato fruit (Van de Poel et al., 2012). Three ACO genes are also auto-regulated by ethylene in Arabidopsis (De Paepe et al., 2004). This might suggest that the regulation of ACO expression and/or activity is more complex than anticipated. There are some hints for a putative post-transcriptional and/or post-translational regulatory mechanisms of ACO as suggested by Dilley et al. (2013) and as investigated through mathematical modeling by Van de Poel et al. (2014a).

Both ACS and ACO are two well-studied enzymes that exclusively participate in the ethylene biosynthesis pathway. Both proteins are well characterized, but many more questions remain unanswered. While the post-translational regulation of ACS has been revealed, the biochemical and mechanistic details of this protein modification are still unclear. Transcriptional and functional characterization of the different ACS gene-family members has shone light on the combinatorial interplay, nevertheless, much more work is needed to elucidate the exact role of each isoform and how they interact with each other. Much less is known about the post-translational regulation and combinatorial interplay of ACO. A lack of genetic studies focusing on ACO, raises the question whether or not ACO shares a similar structural, biochemical and post-translational complexity as ACS.

ACC AS A PIVOTAL MOLECULE: ACC CONJUGATES AND THE CONTROL OF ETHYLENE BIOSYNTHESIS

1-Aminocyclopropane-1-carboxylic acid is best known as the direct precursor of ethylene in the ethylene biosynthesis pathway. However, there also exist three different conjugates of ACC, suggesting that the biochemical regulation of the available ACC pool is more complex than anticipated, which in turn can possibly affect the eventual levels of the plant hormone ethylene.

Shortly after the identification of ACC as the intermediate between SAM and ethylene in the ethylene biosynthesis pathway, a first conjugated form of ACC, called malonyl-ACC (MACC), was discovered by Amrhein et al. (1981) in buckwheat seedlings and by Hoffman et al. (1982) in wheat leaves. MACC is formed by ACC-N-malonyl transferase (AMT) which was purified from tomato extracts (Martin and Saftner, 1995), although not structurally characterized. It was shown that the conjugation of ACC into MACC was stimulated by ethylene in preclimacteric tomatoes (Liu et al., 1985a), grapefruit flavedo (outer peel; Liu et al., 1985b) and tobacco leaves (Philosoph-Hadas et al., 1985), indicative for a feedback control of ethylene biosynthesis. Martin and Saftner (1995) also showed that the activity of AMT was ethylene inducible and that its activity correlated with the increase in ethylene production during climacteric ripening of tomato (Martin and Saftner, 1995). The exact amino acid and gene sequences of AMT are not yet known, and no putative AMT gene is annotated in the Arabidopsis genome, limiting more in-depth genetic and molecular studies. Because MACC does not participate in any other known biological conversions, MACC formation might be a mechanism to control the available ACC pool. This hypothesis was further strengthened by the observation that MACC could be translocated from the cytosol into the vacuole (and back) by ATP-dependent tonoplast carriers (Bouzayen et al., 1988, 1989; Tophof et al., 1989). Nonetheless, the reconversion of MACC toward ACC by an unknown MACC-hydrolase was reported twice in literature (Jiao et al., 1986; Hanley et al., 1989). The ability to hydrolyze MACC back into ACC and the ability to ‘store’ MACC in the vacuole is an interesting mechanism to regulate the cellular availability of MACC. Moreover, because MACC has no other biochemical role besides being an ACC conjugate, the regulation of MACC levels can also affect the available pool of ACC and possibly ethylene production levels. This hypothesis was investigated by in silico mathematical modeling, showing that the reconversion of MACC to ACC could have a potential stimulating effect on ethylene production during climacteric fruit ripening of tomato (Van de Poel et al., 2014a).

A second important derivative of ACC is γ-glutamyl-ACC (GACC), which was discovered in crude tomato extracts of ACC-N-malonyltransferase (Martin et al., 1995). These crude protein extracts were able to form a new ACC derivative, which could be identified as GACC (Martin et al., 1995). GACC is formed by the reaction of ACC with the tripeptide glutathione (GSH) by a γ-glutamyl-transpeptidase (also called γ-glutamyl-transferase, GGT; Martin et al., 1995; Martin and Slovin, 2000). While a first report, based on in vitro studies, stated that GACC was the most abundant ACC derivative in tomato (Martin and Saftner, 1995; Martin et al., 1995), another study found that MACC was the most abundant ACC derivative in vivo in tomato fruit during climacteric ripening (Peiser and Yang, 1998). The Arabidopsis genome contains four genes (GGT1-4), of which only GGT1 and GGT2 are catalytically active (Martin et al., 2007). Both GGT1 and GGT2 are co-expressed predominantly in rapidly growing tissue, and are localized extracellularly, which raised the question about the role of extracellular GACC (Martin et al., 2007). A knock-out mutant of GGT1 shows rapid senescence, while GGT3 knock-outs have a reduced rosette size and silique number (Martin et al., 2007). The effect of GACC formation by GGT on ACC availability and possibly ethylene biosynthesis remains to be investigated.

A third derivative of ACC is jasmonyl-ACC (JA-ACC). This molecule was discovered by screening for amino acid conjugates of JA, using GC-MS (Staswick and Tiryaki, 2004). Four amino acid conjugates of JA (JA-Ile, JA-Val, JA-Leu, and JA-Phe) were quantified in Arabidopsis tissue (Staswick and Tiryaki, 2004). Interestingly, the same authors also demonstrated that JA forms a conjugate with ACC (JA-ACC) in Arabidopsis leaves (Staswick and Tiryaki, 2004). Recombinant JAR1 enzyme was found to be able to form JA-ACC in vitro. Strangely, levels of JA-ACC were higher in the leaves of jar1 mutants compared to wild-type plants. It was also shown that JA-ACC inhibits root growth in Arabidopsis. Elegant genetic experiments with JA signaling mutants (coi1-35) showed that the JA-ACC-induced root inhibition was independent of JA signaling. Furthermore, the ethylene signaling mutant etr1-1 and the double mutant etr1-1 jar1-1 were insensitive to the JA-ACC treatment and displayed no inhibition of root growth, indicating that JA-ACC acts via the ethylene signaling pathway (Staswick and Tiryaki, 2004). Most likely the ACC moiety of JA-ACC is responsible for an increase in ethylene production which results in the root growth inhibition response. These experiments suggest that JA-ACC might serve as a pivotal molecule which can function as a modulator of the hormonal cross-talk between the ethylene and jasmonic acid pathway, although the exact molecular and biochemical mechanism of JA-ACC function remains unclear.

The three above-mentioned derivatives of ACC (MACC, GACC, and JA-ACC) are perhaps not the only ones. Future metabolic studies might reveal additional conjugates of ACC. Nonetheless, these three derivatives can potentially play an important role in the regulation of the pool of available ACC, which in turn can affect eventual ethylene production levels, with physiological and developmental consequences. Genetic perturbations of the formation of ACC derivatives could be a useful tool to unravel their exact roles. In addition, a more detailed structural and biochemical characterization of the enzymes involved in the formation of ACC derivatives is essential.

ACC DEAMINASE AND PLANTS

As mentioned above, plants possess several mechanisms to control their pool of ACC, for example by converting it to ethylene or to conjugates like MACC, GACC, or JA-ACC. Another unique way to metabolize ACC, is the deamination of ACC. ACC deaminase was first discovered in bacteria. Some plant growth-promoting bacteria are capable of processing the plant-borne ACC by converting it into ammonia and α-ketobutyrate using the enzyme ACC deaminase (Honma and Shimomura, 1978). ACC deaminase was retrieved in for example, Pseudomonas sp. strain ACP (Honma and Shimomura, 1978), Pseudomonas chloroaphis 6G5 (Klee et al., 1991), Pseudomonas putida GR12-2 (Jacobson et al., 1994) and Pseudomonas putida UW4 (Hontzeas et al., 2004).

The bacterial ACC deaminase is a PLP-dependent enzyme with a rather low affinity for ACC (the reported Km value is 1.5–15 mM; Glick et al., 2007). Nonetheless, relatively low concentrations of ACC (100 nM) can already induce the expression of the ACC deaminase gene (acdS), but so do other amino acids like L-alanine, DL-alanine, and DL-valine (Jacobson et al., 1994). acdS expression is also under the regulation of the nitrogen fixation (nif) promotor of some Rhizobia, linking ACC deaminase with nodule formation (Nukui et al., 2006; Nascimento et al., 2012).

Plant growth-promoting bacteria that harbor ACC deaminase must interact with the root environment in order to access plant-produced ACC. It was shown that root exudates contain certain amounts of ACC, which might attract ACC deaminase containing bacteria and establish the rhizosphere interaction (Penrose et al., 2001). It has been proposed that bacterial ACC deaminase can reduce the endogenous ethylene levels of plant roots by limiting the amount of available ACC, which will in turn prevent ethylene-induced root growth inhibition, and thus promote plant growth (Glick et al., 1998, 2007; Glick, 2014). Another model proposes that plant growth-promoting bacteria produce IAA which can be taken up by the plant, and can induce the expression of ACS, resulting in an increase in ACC production, providing a nitrogen supply for the bacteria (Glick et al., 1998, 2007; Glick, 2014).

There are many beneficial effects of ACC deaminase containing bacteria on plant growth, particularly in relation to stress tolerance. For instance, ACC deaminase containing bacteria can reduce stress susceptibility of plants during flooding (Barnawal et al., 2012; Li et al., 2013), drought (Mayak et al., 2004a), salinity (Mayak et al., 2004b; Nadeem et al., 2007, 2010), flower senescence (Nayani et al., 1998; Ali et al., 2012), metal pollution (Glick, 2010), organic pollution (Gurska et al., 2009) and pathogens (Glick, 2014 and references therein). In addition, it has been reported that the presence of ACC deaminase can increase the symbiotic performance of Rhizobial strains (Ma et al., 2003).

Hence, bacterial ACC deaminase is also used as a biotechnological tool to control endogenous ACC levels and consequently lower ethylene production in plants. Transgenic plants overexpressing bacterial ACC deaminase were shown to be more resistant to growth inhibition when confronted with fungal pathogens (Lund et al., 1998; Robison et al., 2001), salt stress (Sergeeva et al., 2006), and metals (Grichko et al., 2000; Nie et al., 2002).

Plants themselves also contain a homolog of the bacterial ACC deaminase. In Arabidopsis, it was demonstrated that the previously known enzyme D-cysteine desulfydrase also possesses ACC deaminase activity (McDonnell et al., 2009). Antisense lines showed a decreased ACC deaminase activity, an increased sensitivity to ACC and produced more ethylene (McDonnell et al., 2009). These results indicate that the plant-specific ACC deaminase might be another metabolic shunt regulating ACC levels and ethylene production in plants.

ACC TRANSPORT AND ITS ROLE DURING ROOT STRESS

Besides the biosynthesis, conjugation, and catabolism of a hormone, short or long range transport is another important aspect to regulate proper dosage of a hormonal signal within an organism. Often, hormones are synthesized at one site and transported to another site for their action. Hormonal transport from one cell to another is an advanced process, that facilitates tissue specific or long-distance physiological processes or stress responses. Because ethylene is a gaseous molecule, it can freely diffuse from one cell to a neighboring cell, evoking mainly local responses. The presence of aerenchyma or large intercellular voids facilitates rapid long-distance transport of ethylene gas in plant organs. But long-distance ethylene responses can also be achieved by transport of its precursor ACC. Often, but not always, ACC is transported from the roots to the shoot, when the roots are exposed to stress (McManus, 2012). Yet, local ACC transport between cells of the same tissue type and intracellular transport is also possible, illustrating the molecular complexity of ACC transport.

One of the best characterized ACC transport systems is the translocation of ACC from the roots to the shoots of tomato plants suffering from flooding or root hypoxia. A lack of oxygen in the rhizosphere will induce the expression of ACS in the roots (Olson et al., 1995; Shiu et al., 1998) resulting in an increased ACS activity (Bradford et al., 1982; Wang and Arteca, 1992). The excess of ACC in the roots is not converted to ethylene due to a lack of oxygen and the absence of ACO in the roots. Rather, ACC is loaded into the xylem and transported to the shoots (Bradford and Yang, 1980). Once arrived at the shoots, ACC is converted into ethylene by ACO, which is already present in the leaves (English et al., 1995). In tomato, root hypoxia will result in an epinastic response of leaves due to an increased ethylene production (Figure 2A; Doubt, 1917; Jackson and Campbell, 1976). Differential expression of both ACS and ACO during hypoxia was also observed in Arabidopsis (Peng et al., 2005), sunflower seedlings (Finlayson et al., 1991), maize (Atwell et al., 2006; Geisler-Lee et al., 2010), and rice (Zarembinski and Theologis, 1993, 1997; Van Der Straeten et al., 1997, 2001; Zhou et al., 2001). Interestingly, long-distance transport of ACC has also been suggested to occur during other root stress conditions as for example drought (Davies et al., 2000; Sobeih et al., 2004; Skirycz et al., 2011), rehydration after drought (Tudela et al., 1992), nutrient stress (Lynch and Brown, 1997) and salinity (Feng and Barker, 1992; Ghanem et al., 2008).
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FIGURE 2. 1-Aminocyclopropane-1-carboxylic acid transport in plants. (A) The epinastic response of tomato plants treated with ethylene gas as first observed by Doubt (1917). Figure reproduced from Doubt (1917). (B) ACC translocation via the phloem was demonstrated by measuring total radioactivity over time in the stem (St.), hypocotyl (Hy.), and apex (Ap.) after the foliar application of radioactive ACC to the oldest leaf (leaf 1) of 21 day old cotton plants. Figure reproduced from Morris and Larcombe (1995).



Another long-distance ACC transport system is achieved via the phloem. Foliar applied radioactive ACC was found to be transported via the phloem to other aerial parts in tomato (Amrhein et al., 1982) and in cotton plants (Morris and Larcombe, 1995; Figure 2B). It should be noted that the foliar applied ACC was also rapidly converted into MACC, which was not found to be transported via the phloem (Morris and Larcombe, 1995). This immobility of MACC is in accordance with the earlier observations that MACC is actively transported from the cytosol into the vacuoles, where it could be subsequently stored (Bouzayen et al., 1988, 1989; Tophof et al., 1989). Interestingly, there could be a link between phloem transport of ACC and the Yang cycle. Pommerrenig et al. (2011) showed that Yang cycle genes were specifically expressed in phloem, indicating that recycling of MTA toward SAM is preferentially carried out in this tissue. Perhaps MTA recycling is stimulated by high rates of ACC synthesis in phloem cells, or the recycled SAM forms a pool for phloem-specific ACC production. In roots, spatiotemporal gene expression profiling demonstrated that different ACS isoforms are expressed (but not exclusively) in the vascular tissue (Brady et al., 2007; Dugardeyn et al., 2008). Moreover, the loading of ACC to this tissue could affect the homeostasis of SAM and consequently, polyamines (Pommerrenig et al., 2011).

The exact molecular mechanism by which ACC is loaded into the xylem and/or the phloem and subsequently transported throughout the plant is still unknown, but is an important element in our understanding of long-distance ethylene signaling via ACC and how plants deal with different root and leaf stress conditions.

Long- or medium–long-distance ACC transport was also observed (or speculated) during different developmental processes. Tissue specific gene expression profiling of maize root cells showed that there are differences between ACS and ACO expression patterns (Gallie et al., 2009). ACO was predominantly expressed in the protophloem sieve elements and the companion cells, while ACS was expressed only in the root cortex. This discrepancy led the authors to hypothesize that ACC could be transported from the site of synthesis to the site of consumption, in order to ensure the ethylene production levels observed (Gallie et al., 2009). Differences in ACS and ACO expression patterns predicted in silico in Arabidopsis roots support the same hypothesis (Dugardeyn et al., 2008). A similar reasoning was made by Jones and Woodson (1997, 1999), who observed differences in ACO and ACS transcripts in different cell-types of carnation flower. They also postulated that ACC transport from sites with a high ACS expression (in e.g., petals and styles) secured the ability of ACO to produce ethylene in cells with a high ACO expression (for example the ovaries; Jones and Woodson, 1997, 1999).

Of course one should take into account that gene expression levels not always reflect actual protein levels, and that post-translational modifications can play an important role in protein stability and activity. A targeted metabolomics and proteomics study by Van de Poel et al. (2014b) investigated the tissue specificity of the ethylene biosynthesis pathway in tomato fruit. They observed that the pericarp tissue produced the highest amount of ethylene (and high ACO activity), while the pericarp had the lowest ACS activity and ACC content compared to other tissues. Perhaps ACC is transported from neighboring tissues with a high ACS activity or ACC content such as the locular gel, toward the pericarp in order to secure high rates of ethylene production during climacteric ripening of tomato (Van de Poel et al., 2014b).

Besides long-distance, short-distance intracellular transport of ACC was also observed in barley and wheat mesophyll cells (Tophof et al., 1989) and maize mesophyll cells (Saftner and Martin, 1993). ACC is transported across the tonoplast by carriers that rely on an electrochemical potential gradient of protons, and which are stimulated by the supplementation of ATP (Saftner and Martin, 1993). This intracellular compartmentalization of ACC allows the plant to precisely regulate the cellular pool of ACC, possibly also affecting ethylene biosynthesis.

Clearly, more research is needed to further unravel the exact molecular and biochemical mechanisms which assure intracellular, inter- and intra-tissue and long-distance ACC transport in plants, and their corresponding physiological effects.

ACC AS A SIGNALING MOLECULE

1-Aminocyclopropane-1-carboxylic acid holds a key position in many physiological processes as it is the direct precursor in the biosynthesis of ethylene. A balanced supply and consumption of ACC is essential to achieve the necessary production level of ethylene within a given spatial and temporal context. As shown above, the pool of ACC is regulated by a complex interaction of production, consumption, modification, and transport. Interestingly, recent findings have suggested a perhaps even more important role for ACC, as a signaling molecule independent from ethylene (Yoon and Kieber, 2013).

A first report by Xu et al. (2008) investigated the role of ACC signaling in relation with FEI1 and FEI2, which are leucine-rich repeat receptor-like kinases. The fei1 fei2 mutant displays a severe defect in anisotropic root growth due to a reduced cellulose microfiber content in the cell wall at the root tip (Figure 3). The fei1 fei2 phenotype can be reversed by the application of ethylene biosynthesis inhibitors, but not by ethylene signaling inhibitors. The application of both aminooxy-acetic acid (AOA) or α-aminoisobutyric acid (AIB) specifically inhibits ethylene biosynthesis and can reverse the phenotype of the fei1 fei2 mutant (Figure 3). AOA is an inhibitor of PLP-dependent enzymes, and will affect the activity of ACS resulting in a reduced ethylene production. AIB on the other hand is a structural analog of ACC and acts as a competitive inhibitor of ACC preventing ethylene production at the level of ACO. Ethylene signaling inhibitors such as 1-methylcyclopropane (1-MCP) and silver ions, did not affect the fei1 fei2 phenotype (Figure 3). Similarly, genetics showed that the fei1 fei2 mutant crossed with etr1-3 (a mutation in the ethylene receptor causing severe ethylene insensitivity), nor ein2-50 (a central regulator of ethylene signaling causing ethylene insensitivity) could reverse the phenotype. All together this study showed that the typical fei1 fei2 phenotype was not affected by ethylene signaling, but could be reversed by ethylene biosynthesis inhibitors. This suggests that the signal reversing the fei1 fei2 phenotype originated independent from ethylene signaling, involved ACS and is possibly ACC itself (Xu et al., 2008).
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FIGURE 3. Role of ACC/ethylene on the fei phenotype. Root phenotypes of seedlings grown on MS medium containing 0% sucrose for 4 days and then transferred to MS medium containing 4.5% sucrose, or additionally supplemented with AOA (0.375 mM) or AIB (1 mM) as indicated. Note that the distribution of lateral roots in the fei1 fei2 mutants in the presence of high sucrose is variable; the architecture of the fei1 fei2 ein2 triple mutant is not substantially different from that of the fei1 fei2 parent. The close-ups of the root tips clearly show the typical swelling of the fei1 fei2 mutant. (Bar = 1 cm). Figure reproduced from Xu et al. (2008).



A second report by Tsang et al. (2011) linked ACC signaling with cell elongation and cell wall composition of roots. Specific ethylene biosynthesis inhibitors [AVG, AOA, and 2-anilino-7-(4-methoxyphenyl)-7,8-dihydro-5(6H)-quinazolinone (7303)] could reverse the inhibition of root cell expansion which was induced by an isoxaben treatment (a cellulose biosynthesis inhibitor causing cell wall stress). Similarly, as observed by Xu et al. (2008), an ethylene signaling inhibitor (silver ions) could not reverse the isoxaben-induced reduction in root cell elongation. Also, the ein3 eil1 ethylene insensitive mutant responded to ACC and isoxaben, providing genetic evidence of an ACC signaling mechanism independent of ethylene signaling. They also showed that the application of ACC without isoxaben, inhibited root cell elongation and was partially ethylene-dependent and partially ethylene-independent. Altogether, their results demonstrate that monitoring of cell wall integrity requires an ACC sensing/signaling mechanism, which can result in a reduction of root cell elongation, when disrupted. In addition, Tsang et al. (2011) showed that this inhibition of root cell elongation required auxin and reactive oxygen species (ROS) signaling, downstream of ACC signaling.

In a third report (Tsuchisaka et al., 2009) an octuple acs mutant was made to study the interplay between different ACS isoforms. The octuple line was created by introduction of two amiRNA lines (ACS8 and ACS11) into the hexuple mutant acs2,4,5,6,7,9 creating an octuple mutant line with complete or severe inhibition of ACS function. The lines that showed a very strong silencing of ACS8 and ACS11, displayed embryo lethality. This suggests that ethylene biosynthesis (or ACC biosynthesis) is essential for Arabidopsis viability, while this is not the case for the single (ctr1 and ein2) and double (ctr1 ein2) ethylene signaling mutants (Kieber et al., 1993; Roman et al., 1995; Alonso et al., 1999). This phenotypic discrepancy between ethylene biosynthesis and signaling once more suggests that ACC can acts as a signaling molecule itself, independent from ethylene, at least during embryo development and Arabidopsis viability. In addition, Tsuchisaka et al. (2009) characterized a wide variety of physiological and developmental processes of their single and multiple acs knock-out lines, and observed many phenotypes which were similar as for previously described ethylene signaling mutants. But interestingly they also observed several phenotypes like reduced branching, which were not observed in ethylene-insensitive mutants. These discrepancies could again be caused by ACC acting as a signaling molecule. However, it is also possible that individual ACS members have unique roles in developmental processes, and that knocking-out multiple ACS members might result in pleiotropic effects irrelevant to ACC or ethylene metabolism. Finally, it must be noted that such a severe genetic interference in ACC metabolism might also affect upstream SAM or MTA levels or the pool of downstream ACC conjugates, which in turn could signal themselves and affect cell physiology to contribute to the phenotypic differences observed.

All together these reports suggest a role for ACC as a signaling molecule to regulate plant development and growth, independent from ethylene. The exact molecular mechanism by which ACC signaling operates, and whether or not there is an ACC receptor and downstream signaling components, remains to be investigated. Future biochemical studies with specific ethylene biosynthesis and signaling inhibitors, in combination with genetics to create higher order ethylene biosynthesis/signaling mutants (like etr1ers1etr2ein4ers2ctr1ein2 or multiple aco knock-outs), could shed light on the role of ACC as a signaling molecule. It also still needs to be elucidated whether this unique title of “signaling molecule” is to be awarded to ACC, or rather to one if its (unknown) downstream derivatives.

CONCLUSION

Over the years, a lot of work has been done on ACC since its discovery in 1979, and it has become clear that ACC is more than just the precursor of ethylene. Its role in ethylene biosynthesis is well characterized, although there are still many questions concerning the two unique proteins that are associated with ACC in ethylene biosynthesis: ACS and ACO. Pioneering work on the characterization of post-translational modifications and the combinatorial interplay of ACS isoforms, has opened our eyes to the complex regulation of ethylene biosynthesis at the protein level. More mechanistic details are to be uncovered, probably including a complex post-translational control of ACO. Furthermore, ACC is conjugated into MACC, GACC, and JA-ACC. These derivatives are an elegant biochemical shunt to regulate the pool of ACC available for ethylene production, although it remains rather speculative what the exact biological roles are for these ACC conjugates. A better characterization of the participating enzymes is necessary to further elucidate the importunateness of ACC derivatives. Furthermore, ACC can also be used by bacterial (and plant) ACC-deaminase, adding another layer of metabolic complexity to the regulation of ACC levels. It is also well established that ACC can be easily transported over short (intracellular and intra-tissue) and long-distances (via the xylem and phloem), providing the plant with an elaborate system to control local and remote ethylene responses. Last but not least, ACC has been identified as a potential signaling molecule, independent of ethylene. This property of ACC is perhaps the most exciting, opening new avenues in ACC research, with potentially profound effects on plant physiology. The molecular mechanism by which ACC is signaling and the identity of other putative signaling components in such an ‘ACC pathway’ remain to be discovered.
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Plant growth and developmental processes as well as abiotic and biotic stress adaptations are regulated by small endogenous signaling molecules. Among these, phytohormones such as the gaseous alkene ethylene and reactive oxygen species (ROS) play an important role in mediating numerous specific growth or cell death responses. While apoplastic ROS are generated by plasma membrane-located respiratory burst oxidase homolog proteins, intracellular ROS are produced mainly in electron transfer chains of mitochondria and chloroplasts. Ethylene accumulates in plants due to physical entrapment or by enhanced ethylene biosynthesis. A major crop that must endure high salt and heavy metal concentrations upon flooding in regions of Asia is rice. Ethylene and ROS have been identified as the major signals that mediate salinity, chromium, and flooding stress in rice. This mini review focuses on (i) what is known about ethylene and ROS level control during these abiotic stresses in rice, (ii) how the two signals mediate growth or death processes, and (iii) feedback mechanisms that in turn regulate ethylene and ROS signaling.
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INTRODUCTION

Flooding is a major abiotic stress which results in crop yield losses in a wide range of different landscapes. Some crop species can endure soil waterlogging for some hours while other flood tolerant crops can cope with partial or complete flooding for some days or months (Bailey-Serres and Voesenek, 2008). In addition to flooding, salt concentrations may rise when salts delivered by water from the ocean or from flushing out salts from wet soil. In addition, heavy metal availability may change due to changing pH values upon flooding. High salinity and heavy metal concentrations can similarly reduce crop growth and may even cause plant death (e.g., Li et al., 2014; Trinh et al., 2014).

Flood tolerant crops possess anatomical, metabolic, or morphological adaptations. One metabolic response to flooding, heavy metals and high salinity, is the induction of ethylene production (Kende, 1993; Li et al., 2014; Trinh et al., 2014). Ethylene production is enhanced in crops such as barley and rice (Kende, 1993; Vassilev et al., 2004; Li et al., 2014). Only tolerant rice plants, however, endure longer phases of soil waterlogging or submergence (Bailey-Serres and Voesenek, 2008). Ethylene is produced in a two-step reaction. The first specific step is the formation of 1-aminocyclopropane-1-carboxylate (ACC) by ACC synthase (ACS), the second step implies ethylene formation from ACC by ACC oxidase (ACO; Kende, 1993). Ethylene is not only produced during these abiotic stresses, but has also been identified as regulator of stress-related morphological responses such as primary and secondary root growth or aerenchyma formation in internodes, roots, and leaves (e.g., Parlanti et al., 2011; Steffens et al., 2011). In Arabidopsis, ethylene is perceived by five ER-localized two-component receptors such as ETR1 (ETHYLENE RESISTANT1; Chen et al., 2002). Downstream of ethylene receptors the signaling cascade consists, of a member of the Nramp family of ion transporters, EIN2 (ETHYLENE INSENSITIVE2), of transcription factors such as EIN3 and of members of the APETALA2/ETHYLENE RESPONSE FACTOR (AP2/ERF) multi gene family.

Reactive oxygen species (ROS) have been identified as a second class of small molecules that mediate responses to flooding, heavy metals, and high salinity. ROS are generated from molecular oxygen and their origin is diverse. Apoplastic ROS are generated through plasma membrane-located Rboh (respiratory burst oxidase homolog) proteins. Rboh proteins in plants are homologs of mammalian NADPH oxidase subunit gp91phox (Torres et al., 1998) that produce superoxide anions ([image: image]). Short-lived [image: image] dismutate to the non-radical hydrogen peroxide (H2O2) either spontaneously, or catalyzed by superoxide dismutase (SOD) or ascorbate peroxidases (POD). In addition, [image: image], hydroxyl radicals, hydroperoxyl radicals, ozone, and singlet oxygen are produced through the reductive power provided by electron transport chains of mitochondria and chloroplasts and through peroxisomal activity (Blokhina and Fagerstedt, 2010; Chang et al., 2012). Non-enzymatic ROS scavenging proteins such as cysteine-rich metallothioneins (MTs) as well as antioxidant enzymes, e.g., SOD, catalase, and glutathione reductase (GR) are essential for ROS homeostasis. During biotic and abiotic stress, the cellular ROS balance is disturbed by either enhancing ROS generation or reducing ROS scavenging abilities (Steffens et al., 2013).

Plants react to different incoming signals when flooding, high salinity, and heavy metal stress occur in combination. The plants’ ability to coordinate these signals and start the adaptive survival responses requires mainly two internal signals: ethylene and different ROS. This review focuses on ethylene and ROS as signaling intermediates in salinity, chromium, and flooding stress responses in the crop species rice.

MAPK-MEDIATED PHOSPHORYLATION AFFECTS ETHYLENE AND ROS HOMEOSTASIS DURING SALT STRESS SIGNALING

In all other plant species than halophytes, high sodium chloride concentrations cause growth retardation and may result in plant death because of drastic changes in ion and ROS homeostasis and in altered gene expression (Li et al., 2014). In addition, salt stress induces ethylene generation, ethylene can function as a downstream signal and alter gene expression as well (Wang et al., 2002). Interestingly, enhanced synthesis of ACC, the natural precursor of ethylene, seems to reduce salt tolerance (Dong et al., 2011). Ethylene signaling in turn is required for salinity tolerance of plants (Dong et al., 2011), showing the importance of ethylene homeostasis during salt stress.

Lectin receptor-like kinases (RLKs) are a family with 173 members in rice. The lectin RLK protein consist of an N-terminal lectin, a transmembrane domain, and a C-terminal kinase domain (Vaid et al., 2012). They are involved in developmental processes, in biotic stress signaling or in self-incompatibility (Vaid et al., 2012). Like other RLKs, lectin RLKs mediate the incoming signals through phosphorylation of mitogen-activated protein kinases (MAPKs). Activation of MAPK cascade signaling and enhanced ROS generation are further salt stress responses (Kiegerl et al., 2000; Teige et al., 2004).

The plasma membrane-located lectin RLK SIT1 (SALT INTOLERANCE1) is mainly located at the surface of rice root cells (Li et al., 2014). SIT1 is activated under high salinity conditions and mediates salt stress signaling through direct phosphorylation of OsMPK3 and OsMPK6 (Figure 1). Activated OsMPK3 and OsMPK6 in turn phosphorylate ACS proteins. Phosphorylation of ACS proteins results in increased protein stability and activity, hence in enhanced ethylene production. SIT1 upregulates ACS2 during salt stress, pointing to an additional transcriptional regulation of genes relevant for ethylene biosynthesis. Ethylene signaling through ETR1, EIN2, and EIN3 is also part of the SIT1 signaling pathway during salt stress. During salt stress, OsMPK3 and OsMPK6 activities act upstream of ethylene signaling (Li et al., 2014). Ethylene was shown to be required for ROS accumulation upon salt stress (Li et al., 2014). ROS accumulation is dependent on reduced POD and GR activities (Li et al., 2014).


[image: image]

FIGURE 1 | Simplified model of salinity-, chromium-, and flooding-induced signaling pathways in rice. Ethylene and ROS are the major internal signals. Plant responses comprise growth regulation and death. Other hormones and signals are not shown. Abbreviations and details are described in the text (based on Steffens et al., 2012; Li et al., 2014; Trinh et al., 2014).


Ethylene responsive transcription factors of other species have been described to be involved in the control of ROS generation and signaling. Transcription factors of the AP2/ERF multi gene family link the signaling pathways of ROS and ethylene during abiotic stress. In Tamarix hispida, ERF1 inhibits the expression of SOD and POD genes during drought or high salinity, thus leading to enhanced ROS levels due to reduced scavenging ability (Wang et al., 2014). In rice, this link has not yet been analyzed.

ETHYLENE, ROS, AND VESICLE TRAFFICKING—TEAM PLAYERS DURING CHROMIUM STRESS IN RICE

A side effect of waterlogging or flooding may be the pH-dependent increased availability of the heavy metal chromium from soils. Principal component analysis of different data sets from soil studies in Asia suggested that the concentration of chromium correlated with the soil pH values (Zarcinas et al., 2004). Toxicity of heavy metals is based on (i) exchange of required ions from protein binding sites, (ii) cellular redox perturbation through altering ROS production and scavenging, and (iii) membrane damage; toxicity often depends (iv) on the valence state of the heavy metal ion (Sharma and Dietz, 2009). Copper and chromium are merely two redox-active heavy metals that at high concentrations in soil induce oxidative stress and hence growth retardation in plants such as pea (Palma et al., 1987) or red cabbage (Posmyk et al., 2008). Upon heavy metal stress ROS are produced mainly through electron transport chains of mitochondria and chloroplasts and through peroxisomal activity (Dixit et al., 2002; Pandey et al., 2009). In addition, Rboh contribute to apoplastic ROS generation induced by heavy metals (Trinh et al., 2014).

Induction of oxidative stress by the most toxic form of chromium Cr(VI) was identified as the major problem for seedling growth in rice (Panda, 2007; Zeng et al., 2012). Cr stress resulted in ROS generation through plasma membrane-located Rboh (Trinh et al., 2014) and elevated lipid peroxidation (Panda, 2007). Based on transcriptome profiles of rice seedling roots that were obtained after 1 and 3 h of application of Cr(VI), ethylene biosynthesis and signaling, vesicle trafficking and ROS level modulation were identified as being part of the Cr signaling pathway (Huang et al., 2014; Trinh et al., 2014; Figure 1).

Various plant hormone increase upon different heavy metal stresses. During high cadmium concentrations in pea and barley ethylene levels are elevated (Vassilev et al., 2004; Rodríguez-Serrano et al., 2006). Upregulation of two of the six ACS gene family members, ACS1 and ACS2, and of two of the seven ACO gene family members in rice, ACO4 and ACO5 (Rzewuski and Sauter, 2008), indicates that ethylene synthesis is part of Cr signaling (Trinh et al., 2014). In rice, ACS1 is also induced by hypoxia, anoxia, ethylene, and H2O2 (Zarembinski and Theologis, 1993; Steffens and Sauter, 2009a), and ACS2 and ACO5 are both induced by infection with the fungus Magnaporthe grisea (Iwai et al., 2006), linking these genes to ethylene biosynthesis upon abiotic and biotic stress. Ethylene, together with other plant hormones may contribute to growth inhibition during Cr stress.

Upregulation of more than twofold of AP2/ERF genes by Cr treatment was observed in 21 members of different gene family subgroups and downregulation of a member of subgroup Ib, ERF120 (Nakano et al., 2006; Trinh et al., 2014). Three genes, namely ERF67 (subgroup VIIa), ERF68 (subgroup VIIa), and ERF77 (subgroup VIIIa), were upregulated by Cr and drought in rice (Nakano et al., 2006; Wang et al., 2011; Trinh et al., 2014). In addition, subgroup VII AP2/ERFs such as SNORKEL1 (SK1), SNORKEL2 (SK2), and SUBMERGENCE1A-1 (SUB1A-1) were previously identified as being crucial for ethylene-mediated growth regulation of rice upon submergence (Fukao et al., 2006; Hattori et al., 2009). Hence, ERF67, ERF68, and ERF77 are subject to regulation by different abiotic stresses, indicating that they may be general abiotic stress response genes.

Vesicle trafficking contributes to exocytosis, hence cell growth and other adaptive reactions of plants to stresses are affected. Exocyst subunit Exo70 is part of a protein complex with eight subunits that mediates vesicle trafficking from the post-Golgi to the plasma membrane. Upregulation upon Cr treatment of five Exo70 genes of different groups of the 41 Exo70 gene family members in rice indicates that exocytosis contributes to early Cr signaling (Trinh et al., 2014). Vesicle trafficking-associated gene expression was also found in roots of Salix during Cr(VI) stress (Quaggiotti et al., 2007). Inhibition of vesicle trafficking by pharmacological approaches using brefeldin A resulted in reduced ROS generation during Cr(VI) and Cu stress, indicating that vesicle trafficking mediated by the exocyst complex increases oxidative stress during heavy metal stress (Lin et al., 2013; Trinh et al., 2014). The involvement of vesicle trafficking itself or vesicle trafficking-associated gene expression have been, to my knowledge, not analyzed yet for the signaling pathway or biosynthesis.

ETHYLENE, ROS, AND MECHANICAL SIGNALING MEDIATE EPIDERMAL CELL DEATH UPON FLOODING IN RICE

Morphological adaptive responses of submerged rice plants, such as internodal growth or spatially controlled death of parenchymal cells during aerenchyma formation in various organs, are regulated through ethylene, abscisic acid, and/or gibberellin signaling (e.g., Raskin and Kende, 1984a,b; Justin and Armstrong, 1991; Hoffmann-Benning and Kende, 1992; Steffens et al., 2011). The gaseous hormone ethylene accumulates upon submergence due to physical entrapment and enhanced biosynthesis. Ethylene is accepted to be the major regulator. In deepwater rice, ethylene helps the foliage to escape submergence by fast stem growth mediated by SK1 and SK2 (Hattori et al., 2009). In flooding-resistant cultivars ethylene inhibits stem growth during the quiescence response regulated by another subgroup VII AP2/ERF transcription factor, SUB1A-1 (Xu et al., 2006). The involvement of subgroup VII AP2/ERFs in aerenchyma formation in internodes, primary and secondary roots is largely unknown. Interestingly, analysis of aerenchyma formation in leaf sheaths of a variety where Sub1A is absent and a variety containing the Sub1A gene revealed that either ethylene accumulation and signaling or ROS signaling are important (Parlanti et al., 2011).

Furthermore, ethylene mediates submergence-induced growth of adventitious roots (Lorbiecke and Sauter, 1999; Steffens et al., 2012) and death of the epidermal cells overlying adventitious root primordia (Mergemann and Sauter, 2000; Steffens and Sauter, 2009a; Steffens et al., 2012). These ethylene-regulated responses are mediated by both ROS accumulation and/or ROS signaling. Transcriptome analysis revealed that ACO1 is upregulated in epidermal cells overlying adventitious root primordia, hence locally increased ACO1 activity could result in spatial control of ethylene biosynthesis (Mekhedov and Kende, 1996; Steffens and Sauter, 2009a). Death of epidermal cells overlying adventitious root primordia depends on Rboh activity, ethylene and in addition on a mechanical signal. Force generated by the growing adventitious root primordium combined with chemical signaling results in locally induced epidermal cell death (Steffens et al., 2012; Figure 1). Epidermal cell death is furthermore mediated by RGA1 (rice heterotrimeric G protein alpha subunit; D1) that encodes the single Gα subunit of heterotrimeric G protein in rice (Steffens and Sauter, 2009b). G protein signaling is an essential part of epidermal cell death. d1 mutant plants that have a repressed expression of RGA1 showed a reduction of epidermal cell death in response to ethylene and H2O2. The role of heterotrimeric G protein in salinity and heavy metal stress has not been analyzed yet in rice.

ETHYLENE AND ROS—SMALL MOLECULES AND THEIR COMPLEXITY

Various abiotic stresses occur during a plants’ life due to its sessile way of life. Crops like rice have to cope with high levels of salt and soil contaminations such as chromium that occur with rising water levels. Responses to these tremendous stresses are mediated by ethylene and ROS which act as internal signals. Ethylene and ROS are intermediators of gene expression as far as growth regulation or specific cell death are affected. Sometimes the plant dies due to these stresses, but processes triggered by ethylene and ROS often prevent plants’ death. Besides the chemical signals, phosphorylation cascades, vesicle trafficking, or mechanosignaling were identified as being part of salinity, chromium, or submergence signaling, respectively. These and other results not mentioned here pinpoint to the complexity of ethylene and ROS signaling upon abiotic stress responses. A closer look into ethylene signaling and ROS homeostasis in the future will help to itemize the regulatory network that leads to plant survival responses upon abiotic stresses.
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Loss of the ETR1 ethylene receptor reduces the inhibitory effect of far-red light and darkness on seed germination of Arabidopsis thaliana
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When exposed to far-red light followed by darkness, wild-type Arabidopsis thaliana seeds fail to germinate or germinate very poorly. We have previously shown that the ethylene receptor ETR1 (ETHYLENE RESPONSE1) inhibits and ETR2 stimulates seed germination of Arabidopsis during salt stress. This function of ETR1 requires the full-length receptor. These roles are independent of ethylene levels and sensitivity and are mainly mediated by a change in abscisic acid (ABA) sensitivity. In the current study we find that etr1-6 and etr1-7 loss-of-function mutant seeds germinate better than wild-type seeds after illumination with far-red light or when germinated in the dark indicating an inhibitory role for ETR1. Surprisingly, this function of ETR1 does not require the receiver domain. No differences between these mutants and wild-type are seen when germination proceeds after treatment with white, blue, green, or red light. Loss of any of the other four ethylene receptor isoforms has no measurable effect on germination after far-red light treatment. An analysis of the transcript abundance for genes encoding ABA and gibberellic acid (GA) metabolic enzymes indicates that etr1-6 mutants may produce more GA and less ABA than wild-type seeds after illumination with far-red light which correlates with the better germination of the mutants. Epistasis analysis suggests that ETR1 may genetically interact with the phytochromes (phy), PHYA and PHYB to control germination and growth. This study shows that of the five ethylene receptor isoforms in Arabidopsis, ETR1 has a unique role in modulating the effects of red and far-red light on plant growth and development.
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INTRODUCTION

Ethylene is a gaseous plant hormone that is involved in many developmental and physiological processes in higher plants (Mattoo and Suttle, 1991; Abeles et al., 1992). In Arabidopsis thaliana, there are five receptor isoforms that mediate responses to ethylene called ETHYLENE RESPONSE1 (ETR1), ETR2, ETHYLENE INSENSITIVE4 (EIN4), ETHYLENE RESPONSE SENSOR1 (ERS1), and ERS2 (Chang et al., 1993; Hua and Meyerowitz, 1998; Hua et al., 1998; Sakai et al., 1998). Genetic studies have shown that in the absence of ethylene, the receptors positively regulate CONSTITUTIVE TRIPLE RESPONSE1 (CTR1) which acts as a negative regulator of the pathway. The role of CTR1 is to inhibit downstream components of the pathway and prevent ethylene responses (Kieber et al., 1993). According to current models, ethylene binding to the receptors reduces the activity of the receptors. This leads to reduced activity of the CTR1 kinase resulting in reduced phosphorylation of EIN2 protein (Chen et al., 2011; Ju et al., 2012; Qiao et al., 2012). This reduction in EIN2 phosphorylation leads to a decrease in ubiquitination of EIN2 causing a rise in EIN2 protein levels and proteolytic separation of the C-terminal portion of the protein from the N-terminal portion (Qiao et al., 2009, 2012; Ju et al., 2012; Wen et al., 2012). The C-terminal region of EIN2 causes a rise in the levels of the EIN3 and EIL1 transcription factors (Guo and Ecker, 2003; Yanagisawa et al., 2003; Gagne et al., 2004) which leads to most ethylene responses.

The plant ethylene receptors fall into two subfamilies with subfamily 1 comprising ETR1 and ERS1 and subfamily 2 comprising ETR2, EIN4, and ERS2. These receptors have homology to bacterial two-component receptors that signal via histidine autophosphorylation followed by phosphotransfer to an aspartate on a receiver domain. However, only subfamily 1 receptors have histidine kinase activity in vitro with the subfamily 2 receptors having serine/threonine kinase activity in vitro (Gamble et al., 1998; Moussatche and Klee, 2004). ETR1 is unique in that it is the only ethylene receptor in Arabidopsis with both histidine kinase activity and a receiver domain and it may be the only receptor with histidine kinase activity in vivo (Moussatche and Klee, 2004). ETR1 histidine kinase activity is not required for ethylene signaling in plants (Wang et al., 2003; Xie et al., 2006; Qu et al., 2007) but does modulate signal output via an unknown mechanism (Binder et al., 2004; Kim et al., 2011; Hall et al., 2012). All of the Arabidopsis ethylene receptor isoforms are involved in ethylene signaling (Hua et al., 1995, 1998; Hall and Bleecker, 2003). However, even though the receptors have overlapping roles for certain traits, it is also clear that they have non-redundant roles (Hall and Bleecker, 2003; Binder et al., 2004, 2006; Seifert et al., 2004; O’Malley et al., 2005; Xie et al., 2006; Qu et al., 2007; Plett et al., 2009a,b; Liu et al., 2010; Kim et al., 2011). In some cases, individual isoforms have roles that are opposite from the other isoforms in the control of certain phenotypes (Binder et al., 2006; Liu et al., 2010; Wilson et al., 2014). This is likely to be a common attribute of ethylene signaling in land plants since certain receptors have a prominent role in controlling specific phenotypes in other species including both eudicots and monocots (Tieman et al., 2000; Kevany et al., 2007; Chen et al., 2009; Wuriyanghan et al., 2009). The mechanistic basis for these unique roles is unknown.

Seed germination is a critical developmental stage of the plant that is controlled by both hormones such as abscisic acid (ABA), gibberellic acid (GA), and ethylene and environmental factors such as light quality and quantity (reviewed by Bentsink and Koorneef, 2008; Linkies and Leubner-Metzger, 2012). Ethylene stimulates germination of Arabidopsis seeds (Bleecker et al., 1988; Wilson et al., 2014) and ethylene insensitive etr1-1 mutants have diminished germination (Chiwocha et al., 2005). Ethylene appears to function in this process by antagonizing the inhibitory effects of ABA on germination (Chiwocha et al., 2005; Linkies et al., 2009). However, we recently showed that loss of ETR1 enhances and loss of ETR2 diminishes seed germination during salt stress (Wilson et al., 2014). These contrasting roles for ETR1 and ETR2 are not predicted by current models of ethylene signaling and appear to largely be independent of ethylene. Rather, ETR1 and ETR2 are affecting seed germination during salt stress predominantly via regulation of ABA synthesis or signaling (Wilson et al., 2014). These prior observations suggested that there might be other traits regulated by the ethylene receptors that are unpredicted for by current models of ethylene signaling.

Light intensity and quality affect Arabidopsis seed germination and the phytochrome (phy) family of photoreceptors has a critical role in this regulation (Shinomura et al., 1994, 1996). The phy are evolutionarily related to the ethylene receptors with both receptors having homology to bacterial two-component receptors and are thought to have been acquired from cyanobacteria (Bleecker, 1999; Mount and Chang, 2002). It is noteworthy that even though the phy are evolutionarily related to the ethylene receptors and also contain putative histidine kinase domains, plant phy have serine/threonine protein kinase activity (Yeh and Lagarias, 1998; Fankhauser et al., 1999) much like the subfamily two ethylene receptors. The phy are red/far-red photoreversible receptors that affect many developmental and growth processes in plants including germination (Neff et al., 2000). Illumination with red light drives phy to the active form of the receptor that is far-red absorbing (PFR) and illumination with far-red light drives it toward the red absorbing form (PR) that is inactive. There are complex interactions between light and phytohormones in the control of germination (reviewed by Bae and Choi, 2008; Finkelstein et al., 2008; Jaillais and Chory, 2010; Lau and Deng, 2010; Leivar and Quail, 2010). Here we report that loss of ETR1 reduces the effect of far-red light on germination and is affecting the transcript abundance of genes encoding metabolic enzymes for both GA and ABA. Epistasis analysis shows that ETR1 genetically interacts with PHYA and PHYB. However, the effects of ETR1 on seed germination may be independent of light suggesting a model where ETR1 acts in parallel with the photoreceptors to control seed germination.

MATERIALS AND METHODS

PLANT MATERIALS AND CHEMICALS

The etr1-6, etr1-7, etr2-3, and ein4-4 mutants are lab stocks that have been previously characterized (Hua and Meyerowitz, 1998). The phya-t (SALK 014575C) and phyb-9 (CS6217) mutants were obtained from the Arabidopsis Biological Resource Center and have previously been described (Rösler et al., 2007; Sung et al., 2007). The receptor combinatorial mutants and transformants used in this study have previously been described (Hua and Meyerowitz, 1998; Kim et al., 2011; Wilson et al., 2014). All mutants are in the Columbia background. GA was from ACROS Organics (Belgium) and the ABA biosynthesis inhibitor norflurazon was from Fluka (Switzerland). L-α-(2-amino ethoxyvinyl)-glycine (AVG) was a gift from Rohm Haas (Philadelphia).

The etr1-6;phya-t and etr1-6;phyb-9 mutants were obtained by crossing phya-t to etr1-6 and phyb-9 to etr1-6. The double mutants were selected for in the F2 generation by first growing seedlings in constant far-red light to identify homozygous phya-t mutants or constant red light to identify homozygous phyb-9 mutants. Tall seedlings were transferred to soil and subsequently genotyped with dCAPs primers to identify homozygous etr1-6 plants. The dCAPs primers used for genotyping etr1-6 were 5′-ACTCGTTGAAGTCGTCCCTGATC-3′ (forward) and 5′-ATGTGAGAGAGCTACAGCCAC-3′ (reverse). These primers yield an expected polymerase chain reaction (PCR) product of 121 bp. Digestion of this PCR product with BslI results in a 23 and 98 bp fragment for wild-type ETR1 and does not digest product from etr1-6, while digestion with Hpy188I results in a 24 and 97 bp product from etr1-6 and does not digest PCR product from wild-type ETR1. Homozygous F3 or F4 seeds were used for germination assays and analysis of hypocotyl lengths.

SEED GERMINATION EXPERIMENTS

To minimize biological variation, seeds were harvested on the same day from plants grown together under similar conditions (Hensel et al., 1993), stored in a desiccator at room temperature, and allowed to after-ripen for at least 3 weeks. These were then mechanically sorted as previously described (Ellwell et al., 2011). Seeds between 250 and 300 μm in size were surface sterilized in 70% ethanol for 30 s, dried on filter paper and placed on agar plates containing half-strength Murashige and Skoog (MS) basal medium with Gamborg’s vitamins (Sigma, St. Louis, MO, USA), pH 5.7, 0.8% (w/v) agar, with no added sugar. Plates were sealed with micropore surgical tape (3M, St. Paul, MN, USA) so that ethylene did not accumulate (Buer et al., 2003). Twenty seeds of one genotype were plated per plate with a spacing of 5 mm between seeds and three plates per genotype per condition were used in each experiment.

Where used, GA and the ABA synthesis inhibitor, norflurazon were prepared as 10,000× stocks in ethanol, filter sterilized, and added to the media at the indicated concentration after autoclaving the media. Solvent control plates contained 0.01% ethanol. In some cases, 5 μM AVG was added to block ethylene biosynthesis. Ethylene treatments were conducted by placing the plates of seeds in sealed containers and injecting ethylene to yield the indicated concentrations.

Unless otherwise specified, seeds were treated with 45–55 μmol m-2 s-1 white light for 4 h. This was followed by a 3 h treatment with 12 μmol m-2 s-1 blue (λmax = 470 nm), green (λmax = 525 nm), red (λmax = 672 nm), or far-red (λmax = 732 nm) light. Monochromatic light was provided by LED arrays (Quantum Devices, Inc., Barneveld, WI, USA). For positive controls, seeds were treated for 3 h with 45–55 μmol m-2 s-1 white light. After light treatment, seeds were allowed to germinate for 7 days in darkness at which time germination was evaluated. For dark controls, seeds were treated for 5 min with far-red light immediately after sowing without a pre-treatment with white light (Oh et al., 2007) and then allowed to germinate in darkness for 7 days. In some experiments, seeds were germinated on 150 mM NaCl under continuous white light.

Germination was scored as the visible rupture of the testa (seed coat). After each experiment, plates containing seeds that did not germinate were transferred to white light conditions (16 h of light/8 h of dark photoperiod) and germination evaluated after 7 days. In all cases, seeds reached at least 95% germination showing that the seeds were viable.

ETHYLENE MEASUREMENTS

To measure ethylene production, 22 mg of seeds were placed on 1 mL of half-strength MS media in sealed 6 mL glass vials, treated with white or far-red light, and ethylene levels in the headspace measured every 6 h over several days using an ETD-300 photoacoustic ethylene detector (Sensor Sense, The Netherlands) as previously described (Wilson et al., 2014).

HYPOCOTYL GROWTH EXPERIMENTS

To examine the growth of hypocotyls, seeds were placed on agar plates and illuminated with 45–55 μmol m-2 s-1 white light for 24 h. The plates of seeds were then grown vertically for 6 days under continuous red or far-red light. At that time, the plates were scanned with a flat-bed scanner and seedling length measured using ImageJ (ver. 1.43u).

RNA ISOLATION AND QUANTITATIVE REAL-TIME REVERSE TRANSCRIPTASE (qRT)-PCR

The transcript abundance of several Arabidopsis genes that encode GA and ABA metabolic enzymes was examined using quantitative real-time reverse transcriptase (qRT)-PCR. This included gene transcripts for GA3 oxidase 1 and 2 (GA3ox1, GA3ox2) encoding for two GA biosynthesis enzymes, GA2ox2 encoding for a GA degradation enzyme, zeaxanthin epoxidase (ZEP), 9-cis-epoxycarotenoid dioxygenase6 and 9 (NCED6, NCED9) encoding for three ABA biosynthesis enzymes, and ABA8′-hydroxylase (CYP707A2) encoding for an ABA degradation enzyme. For this, total RNA was isolated from either 25 mg dry seeds or 25 mg (dry weight) of seeds that were imbibed in half strength MS and light treated as specified for the indicated times. RNA was isolated according to methods modified from Meng and Feldman (2010). Instead of resuspending the pellet in Trizol, the RNA was further purified using the Spectrum Plant Total RNA Kit (Sigma, St. Louis, MO, USA). Total RNA was treated with DNase I (Invitrogen, Carlsbad, CA, USA) and 800 ng of the RNA was used for cDNA synthesis with the ImProm-II Reverse Transcription System (Promega, Madison, WI, USA) according to the manufacturer’s instructions. Each qPCR reaction consisted of 5 μL of SsoFast EvaGreen Supermix (Bio-Rad, Hercules, CA, USA), 0.5 μL each of the forward and Reverse primers (10 μM) and 4 μL of cDNA diluted 1:8. The qPCR reactions were run on a Bio-Rad iQ5 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) with the following conditions: an initial denaturation step of 95°C for 1 min followed by 45 cycles of 15 s at 95°C, 30 s at 58°C, and 10 s at 72°C.

Transcript data were normalized to At3g12210 (Dekkers et al., 2011) using the method of Livak and Schmittgen (2001) for each seed line for each condition to obtain the relative amounts of target gene transcripts between plant backgrounds for each treatment. The primers used for GA3ox2 were 5′-GTTCTTTAATAAGAAGATGTGGTCCG-3′ (forward) and 5′CATCAACTTGGCTGCCAACTTT-3′ (reverse). Other primers used have been previously described (Seo et al., 2004; Kim et al., 2012; Shu et al., 2013).

STATISTICS

Data were analyzed with Student’s t-tests and considered statistically different with a P value <0.05.

RESULTS

ETR1 INHIBITS SEED GERMINATION AFTER EXPOSURE TO FAR-RED LIGHT

We recently reported that loss of ETR1 led to better seed germination during salt stress when seeds were germinated in white light (Wilson et al., 2014). During the course of those experiments we noted that loss of ETR1 also caused better seed germination during salt treatment when the seeds were germinated in darkness (data not shown). This led us to determine the role of individual ethylene receptor isoforms on seed germination under different light conditions. To do this, we measured the percent of seed germination for receptor loss-of-function mutants 7 days following a 3 h treatment with white, blue, green, red, or far-red light as described in Section “Materials and Methods.” Following white light treatment, all seed lines reached at least 95% germination (Figure 1). The extent of wild-type seed germination was not altered by blue, green, or red light. However, germination of wild-type seeds was drastically reduced by treatment with far-red light. This is consistent with prior research (Shinomura et al., 1994). By contrast, the effect of far-red light on the germination of etr1-6 and etr1-7 loss-of-function mutants was significantly reduced even though responses to blue, green, and red light were not altered by the loss of ETR1. This effect of etr1 mutants was observed with multiple seed batches. Loss of ETR2 or EIN4 did not affect responses to far-red light, but did have a small and statistically significant effect on germination in blue light (Figure 1). Loss of ERS1 or ERS2 had no measurable effect on germination in any of the light conditions tested (data not shown). Interestingly, when germination occurred in darkness without a white light pre-treatment, wild-type, etr2-3, and ein4-4 seeds failed to germinate or germinated very poorly, whereas etr1 loss-of-function mutants germinated to an extent that was similar to germination after far-red illumination (Figure 1). These data suggest that ETR2 and EIN4 promote seed germination after exposure to blue light and ETR1 inhibits germination after exposure to far-red light and in darkness.
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FIGURE 1. Ethylene receptors affect germination in response to different wavelengths of light. Seed germination of wild-type seeds was compared to ethylene receptor loss-of-function mutants. Seeds were treated with 4 h of white light, followed by 3 h of different colors of monochromatic light or white light as indicated. For dark controls, seeds were treated for 5 min with far-red light immediately after sowing without a pre-treatment with white light. The seeds were then placed in darkness for 7 days. At that time seed germination was measured and the percent of seed germination calculated. Plots show the average ± SD from at least three biological replicates. ND denotes no germination detected. Data were analyzed by t-tests and differences considered statistically significant with P < 0.05. aSignificant difference from white light for that ecotype; bSignificant difference of mutant from wild-type after the same light treatment.



ETR1 FUNCTIONS OPPOSITELY TO ETR2 TO INFLUENCE SEED GERMINATION AFTER EXPOSURE TO FAR-RED LIGHT

In seed germination under salt stress, etr2-3 loss-of-function mutants were shown to have reduced germination compared to wild-type seeds and ETR1 and ETR2 were found to act additively (Wilson et al., 2014). In contrast, under the far-red light conditions used, the germination of etr2-3 mutants was indistinguishable from wild-type seeds (Figure 1). However, an effect of ETR2 on seed germination in these conditions might have been masked by the fact that the wild-type seeds germinated poorly and a further reduction might have been obscured. To determine whether or not ETR1 and ETR2 act additively to control seed germination after far-red light, we compared seed germination of etr1-6 and etr2-3 to germination of etr1-6;etr2-3 double mutants. Following a 3 h white light treatment, the seed germination of the single and double mutants were not significantly different and reached at least 95% germination (Figure 2). A different pattern emerged after a 3 h far-red light treatment. Here, the etr1-6 seeds germinated significantly better and the etr2-3 seeds germinated significantly worse than the etr1-6;etr2-3 double mutants. These results show that ETR1 and ETR2 have opposite effects on seed germination after far-red light treatment.
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FIGURE 2. ETR1 functions oppositely to ETR2 to control seed germination after treatment with far-red light. The percent of wild-type, etr1-6, etr2-3, and etr1-6;etr2-3 seed germination was determined 7 days after a far-red light treatment. For comparison, germination after a white light treatment is included. Plots show the average ± SD from at least three biological replicates. Data were analyzed by t-tests and differences considered statistically significant with P < 0.05.aStatistical difference from wild-type in that light condition; bSignificant difference of the single mutant from the double.



THE ETR1 RECEIVER DOMAIN IS NOT REQUIRED FOR ETR1 FUNCTION IN SEED GERMINATION AFTER EXPOSURE TO FAR-RED LIGHT

We previously showed that etr1-6;etr2-3;ein4-4 triple mutants germinate better than wild-type seeds during salt stress under white light (Wilson et al., 2014). Interestingly, transformation of this triple mutant with a cDNA construct for full-length ETR1 (cETR1) resulted in a reduction in germination, whereas transformation with a truncated ETR1 transgene lacking the receiver domain (cetr1-ΔR) failed to alter germination (Wilson et al., 2014). Both constructs are under the control of the ETR1 promoter and have been shown to be expressed and functional (Kim et al., 2011) supporting the idea that the full-length ETR1 receptor is required to affect seed germination during salt stress under white light. To determine whether or not the ETR1 receiver domain is also required to modulate seed germination after treatment with far-red light, we examined the seed germination of these transformants. Comparable to our results with germination on salt, the etr1-6;etr2-3;ein4-4 triple mutants germinated better than wild-type seeds after illumination with far-red light (Figure 3). However, in contrast to germination on salt, both the full-length and truncated ETR1 transgenes reduced seed germination to wild-type levels after far-red illumination indicating that the receiver domain of ETR1 is not required to function in this trait. When transferred to white light conditions for 7 days, all seed lines reached at least 98% germination (data not shown). This pattern of rescue is different from what we obtained when studying the role of ETR1 in the control of germination during salt stress in white light (Wilson et al., 2014). To confirm this difference, we germinated seeds in white light under salt stress. Under salt stress, wild-type seeds reached approximately 72% germination while the etr1-6;etr2-3;ein4-4 triple mutants reached 100% germination (Figure 3). The full-length cETR1, but not the truncated cetr1-ΔR transgene, reduced germination to wild-type levels as previously reported (Wilson et al., 2014). These results reveal that the function of ETR1 varies depending upon environmental conditions.
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FIGURE 3. After far-red illumination, the better germination of etr1;etr2;ein4 triple mutants is reversed by both a full-length and truncated ETR1 transgene lacking the receiver domain. (A) The percent of germination 7 days after treatment with far-red light for wild-type, etr1-6;etr2-3;ein4-4 triple mutants and these triple mutants transformed with cDNA for full-length ETR1 (cETR1) or a truncated ETR1 lacking the receiver domain (cetr1-ΔR) was determined. (B) For comparison, the percent germination of these seed lines 7 days after sowing on 150 mM NaCl in the presence of continuous white light was determined. Data were analyzed by t-tests and differences considered statistically significant with P < 0.05. aSignificant difference from wild-type germinated under the same conditions.bSignificant rescue of germination by the transgene.



ETHYLENE MAY HAVE A ROLE IN MEDIATING THE EFFECTS OF ETR1 ON GERMINATION AFTER EXPOSURE TO FAR-RED ILLUMINATION

In order to determine whether differences in ethylene production or sensitivity are responsible for the difference between the etr1 loss-of-function mutants and wild-type in germination following far-red treatment, we examined the effect of ethylene and the ethylene biosynthesis inhibitor, AVG, on germination. Following white light treatment, AVG did not have a statistically significant effect on the germination of wild-type, etr1-6 or etr2-3 seeds (Figure 4A). AVG also did not affect wild-type or etr2-3 germination following far-red treatment. However, germination of etr1-6 was statistically reduced by 20% by AVG after far-red light (Figure 4A). Although AVG reduced germination of etr1-6 seeds in far-red, this mutant still had better seed germination than wild-type. These observations suggest that part of the difference in germination between wild-type and the etr1-6 mutants may be due to alterations in ethylene levels. To more directly determine this, we measured ethylene levels of germinating seeds after white or far-red light treatment. We found that ethylene levels were indistinguishable between etr1-6 and wild-type seeds during germination in both conditions (data not shown) suggesting that higher ethylene levels are not responsible for the enhanced germination of etr1-6 seeds after far-red illumination.
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FIGURE 4. The effects of L-α-(2-amino ethoxyvinyl)-glycine (AVG) and ethylene on seed germination after treatment with far-red light. The number of seeds that germinated after far-red or white illumination was counted and the percent of seeds that germinated was calculated. (A) Seeds on plates containing the ethylene biosynthesis inhibitor, AVG, were treated with far-red light and then germinated for 7 days in the dark. The average ± SD from at least three biological replicates is plotted. ND denotes no germination detected. Data were analyzed by t-tests and differences considered statistically significant with P < 0.05. *Denotes that AVG had a significant effect compared to the non-treated control in that light condition. (B) The effects of increasing concentrations of ethylene as indicated were measured after treatment with white light or far-red light. The average ± SD from at least three biological replicates is plotted. Data were analyzed by t-tests and differences considered statistically significant with P < 0.05. *Denotes that ethylene significantly increased the percent of germination after-far red light over the ethylene untreated control.



Ethylene can stimulate seed germination of lettuce and cocklebur after far-red illumination (Abeles and Lonski, 1969; Burdett and Vidaver, 1971; Esashi et al., 1987). We wished to determine if this was the case for Arabidopsis too and to see if the etr1-6 and etr2-3 mutants had altered ethylene sensitivity when assayed in these conditions. One explanation for etr1 loss-of-function mutants germinating better than wild-type is that they are more sensitive to ethylene. This has been observed when assaying growth of dark-grown Arabidopsis seedlings (Hua and Meyerowitz, 1998; Cancel and Larsen, 2002), but is not true for seeds germinating on salt (Wilson et al., 2014). After white light, 0.01 ppm ethylene increased the germination of etr2-3 seeds slightly, but significantly (P < 0.05), and higher concentrations of ethylene caused no measurable additional increase in germination. By contrast, ethylene had no measurable effect on the germination of wild-type or etr1-6 seeds after white light illumination (Figure 4B). After treatment with far-red light, ethylene increased seed germination of wild-type seeds (Figure 4B). By contrast, ethylene had no measurable effect on germination of the etr1-6 mutants indicating that these mutants are largely un-responsive to ethylene for this trait. We also examined etr2-3 mutants and found that ethylene enhanced germination of these seeds after far-red illumination, but the effect was smaller than seen with wild-type seeds. The highest concentration of ethylene used (1 ppm) failed to completely eliminate the differences in germination between etr1-6, etr2-3, and wild-type seeds. This is at least 1000-fold higher than the concentration of ethylene released by the germinating seeds under these conditions. Thus, ethylene may have a role in mediating the differences in germination between wild-type and etr1 mutants, but other factors are likely to be more important.

ABA AND GA HAVE A ROLE IN MEDIATING THE EFFECTS OF ETR1 ON GERMINATION AFTER EXPOSURE TO FAR-RED ILLUMINATION

There are complex interactions between hormones and light to control germination (reviewed by Finkelstein et al., 2008; Lau and Deng, 2010; Leivar and Quail, 2010). We previously found that ETR1 predominantly affects ABA sensitivity to alter seed germination during salt stress (Wilson et al., 2014). We therefore were curious to know if ETR1 is also predominantly affecting seed germination after treatment with far-red light in the same way.

Abscisic acid is well known for inhibiting germination and GA for stimulating Arabidopsis seed germination (Hilhorst and Karssen, 1992; Garciarrubio et al., 1997). In order to test whether differences in ABA or GA or both were responsible for the differences in germination following far-red light treatment, we treated the seeds with an ABA biosynthesis inhibitor, norflurazon, or with GA. Initially, these chemicals were dissolved in ethanol to yield a final concentration of 0.1% (v/v) ethanol. However, this concentration of ethanol significantly (P < 0.05) reduced germination of etr1-6 and etr2-3 seeds after white light treatment to 55 ± 22 and 45 ± 9%, respectively. As previously observed, this concentration of ethanol had no measureable effect on the germination of Columbia seeds (Hirayama et al., 2004). Even though norflurazon and GA affected germination as expected, this added effect of the ethanol made interpretation of the data difficult. Because of this, we used stocks that yielded a final ethanol concentration of 0.01% (v/v). At this concentration of ethanol, there was no statistical difference (P < 0.05) between wild-type and the mutants following white light treatment (Figure 5). However, following far-red treatment, this concentration of ethanol significantly (P < 0.05) reduced the germination of etr1-6 (Figure 1 vs. Figure 5). In Figure 1, that has no added ethanol, etr1-6 reached 75 ± 10% germination, but when ethanol was added to the plates (Figure 5) etr1-6 only reached 33 ± 6% germination following far-red treatment. These experiments were conducted at the same time and with the same seed batches. We found that addition of 10 μM norflurazon, resulted in a significant improvement of etr1-6 germination following far-red treatment, but surprisingly had no effect on wild-type or etr2-3 seed germination (Figure 5A). Treatment with 10 μM GA significantly increased the germination following far-red treatment of all three seed lines tested (P < 0.05), but was not able to improve the germination of wild-type and etr2-3 to that seen by etr1-6 (Figure 5B). These data suggest that ETR1 is having a complex effect on ABA and GA to control seed germination after far-red illumination. This is somewhat different from the role of ETR1 in controlling seed germination during salt stress (Wilson et al., 2014).
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FIGURE 5. The effects of gibberellic acid (GA) and norflurazon on seed germination after treatment with far-red light. Wild-type, etr1-6, and etr2-3 seeds were germinated after treatment with white or far-red light. Seed germination was then measured 7 days later. The effects of (A) norflurazon and (B) GA were assessed. All experiments were performed in triplicate. The average percent seed germination ± SD is plotted. Data were analyzed by t-tests and differences considered statistically significant with P < 0.05. *Denotes that the compound had a significant effect compared to the non-treated control in that light condition.



To explore this complex interaction more, we used qRT-PCR to examine the time-course of changes in transcript levels of selected genes during germination under the conditions used above. We chose genes encoding for enzymes for GA biosynthesis (GA3ox1, GA3ox2), GA degradation (GA2ox2), ABA biosynthesis (ZEP, NCED6, NCED9), and ABA degradation (CYP707A2). These genes are important for seed development and germination (Yamauchi et al., 2004, 2007; Lefebvre et al., 2006; Okamoto et al., 2006). Generally consistent with prior studies (Yamauchi et al., 2004; Seo et al., 2006; Finch-Savage et al., 2007), imbibing wild-type seeds in white light led to large increases in the transcript abundance of GA3ox1, GA3ox2, and CYP707A2 and significant (P < 0.05) decreases in GA2ox2, ZEP, and NCED6 (Figure 6). The transcript abundance of NCED9 increased slightly, but overall these results are predicted to lead to increased GA levels and decreased ABA levels. Immediately following treatment with far-red light, the transcript abundance of GA3ox1, GA3ox2, ZEP, NCED9, and CYP707A2 decreased and the levels of GA2ox2 and NCED6 increased in wild-type seeds. Overall, these transcriptional changes are predicted to cause ABA levels to rise and GA levels to decrease compared to white light and lead to inhibited germination. In the wild-type seeds, the transcript levels of each gene showed different patterns of change over the 24 h period following far-red illumination. GA3ox1 and GA3ox2 showed a small decrease 6 h following far-red light but then plateaued at a very low level and CYP707A2 showed very little change in transcript abundance after far-red illumination. By contrast, the transcript levels of ZEP, NCED6, and NCED9 increased with time after far-red light treatment.
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FIGURE 6. Transcript levels for select GA and ABA metabolism genes are affected by loss of ETR1. The levels of transcript for GA3ox1, GA3ox2, GA2ox2, ZEP, NCED6, NCED9, and CYP707A2 in wild-type and etr1-6 mutants at various times during germination were measured using qRT-PCR. Data were normalized to the levels of At3g12210 in each seed line at each stage of germination. Transcript levels of dry seeds and imbibed seeds treated with light as indicated were compared. Data were analyzed by t-tests and differences considered statistically significant with P < 0.05. *Denotes that the levels of transcript at that time-point are statistically different between wild-type and etr1-6 seeds.



The effect of the etr1-6 mutation on the transcript levels of these genes was evident at various times during germination. After white-light treatment, the etr1-6 mutants had higher levels of GA3ox1, GA3ox2, and ZEP and slightly lower levels of GA2ox2 (P < 0.05) compared to the wild-type seeds (Figure 6). Immediately following treatment with far-red light, the levels of GA3ox1, GA2ox2, NCED6, and CYP707A2 were slightly but significantly (P < 0.05) lower in etr1-6 mutants compared to wild-type and GA3ox2 and ZEP were slightly, but significantly higher in the mutants compared to wild-type. More differences between the etr1-6 seeds and wild-type became apparent with increasing time after treatment with far-red light with a trend toward higher levels of GA3ox1 and GA3ox2 and lower levels of ZEP, NCED6, and NCED9 in the etr1-6 mutants compared to wild-type. The differences in the levels of ZEP, NCED6, and NCED9 appear to arise because the levels of these gene transcripts increased in the wild-type seeds, but remained fairly constant in the etr1-6 mutants. Since the transcript levels of GA and ABA metabolic genes generally correlate with the levels of GA and ABA, respectively (Qin and Zeevaart, 1999; Iuchi et al., 2001; Reid et al., 2002; Seo et al., 2004; Lefebvre et al., 2006; Reinecke et al., 2013), our results suggest that the etr1-6 seeds are likely to have higher levels of GA and lower levels of ABA than wild-type seeds following treatment with far-red light. These alterations in GA and ABA levels are predicted to cause better germination of the mutant seeds compared to the wild-type seeds after far-red illumination.

ETR1 GENETICALLY INTERACTS WITH PHYA AND PHYB TO CONTROL GERMINATION

The phy have an important role in seed germination and responses to far-red light are mediated by the phy (Shinomura et al., 1994, 1996; Poppe and Schäfer, 1997; Hennig et al., 2002; Rösler et al., 2007) suggesting that ETR1 is affecting events influenced by the phy. The phy act as photoreversible switches driven by red and far-red light to control germination of seeds including germination of Arabidopsis (Shinomura et al., 1994; Casal and Sánchez, 1998). To confirm that loss of ETR1 is affecting phy-influenced germination, we treated seedlings with a series of 5 min pulses of red and far-red light followed by darkness (Figure 7). From this we found that there was no measurable difference in wild-type and etr1-6 germination rates in seeds treated with a pulse series that ended with red light. By contrast, if the pulse series ended with far-red light, wild-type seedlings failed to germinate, but approximately 20% of the etr1-6 seeds germinated.
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FIGURE 7. The effect of ETR1 on germination after far-red light treatment is reversed by red light. Seeds were treated with white light for 3 h, followed by a series of 5 min pulses of red (R) and far-red (FR) light as shown. The percent of seeds that germinated was determined 7 days later. The average ± SD from at least three biological replicates is plotted. ND denotes no germination detected.



Of the phy, phyA and phyB have the predominant roles in controlling Arabidopsis seed germination (Shinomura et al., 1994, 1996; Rösler et al., 2007). To further explore the interaction between ETR1 and the phy, we generated etr1-6;phya-t and etr1-6;phyb-9 double mutants. After treatment with white light, the germination rates of etr1-6, etr1-6;phya-t, and phya-t were indistinguishable from wild-type seeds (Figure 8A). By contrast, the phyb-9 seeds had severely diminished germination after white light treatment, consistent with previous reports (Reed et al., 1994; Shinomura et al., 1994). The etr1-6;phyb-9 double mutants had a percent germination worse than the etr1-6 single mutants and slightly better than the phyb-9 mutants following white light treatment. After treatment with far-red light, the phya-t and phyb-9 mutants had significantly worse germination than wild-type seeds and the etr1-6 mutants significantly better germination (Figure 8A). Both the etr1-6;phya-t and etr1-6;phyb-9 double mutants had a percent germination intermediate between the single mutants. However, these were not statistically different.
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FIGURE 8. Epistasis analysis of ETR1 and the phytochromes (phy), PHYA and PHYB after light treatment. (A) Seeds were treated with white light for 3 h, followed by either 4 h of white or far-red light as shown. The percent of seed germination was then determined 7 days later. The average ± SD from at least three biological replicates is plotted. ND denotes no germination detected. (B) Seeds were treated with white light for 24 h followed by continuous illumination with red or far-red light for 6 days as shown. The lengths of the hypocotyls were then measured. The average ± SD is plotted. In both panels, the data were analyzed by t-tests and differences considered statistically significant with P < 0.05. aStatistical difference from wild-type in that light condition; bSignificant difference of the single mutant from the double.



We also examined hypocotyl growth in red and far-red light (Figure 8B). Consistent with previous studies, the phyB mutants grew taller than wild-type in red light and the phyA mutants grew taller than wild-type in far-red light (Reed et al., 1994; Quail et al., 1995; Smith et al., 1997). The growth of the etr1-6 seedlings was similar to wild-type in both light conditions. In red light, the etr1-6;phyb-9 double mutants were shorter than the phyb-9 mutants and taller than the etr1-6 mutants. Similarly, in far-red light the etr1-6;phya-t double mutants were shorter than the phya-t seedlings and taller than the etr1-6 seedlings. The etr1-6;phya-t double mutants were also slightly, but significantly, shorter than either single mutant in red light. Together, these results on seed germination and hypocotyl growth show that ETR1 genetically interacts with PHYA and PHYB.

ETR1 AFFECTS GERMINATION INDEPENDENTLY OF LIGHT

From the above experiments, it is unclear whether or not ETR1 is affecting responses to light by affecting signaling from phyA or phyB. We have previously shown that etr1-6 loss-of-function mutants are more sensitive to ABA when measuring seed germination under white light (Wilson et al., 2014) indicating that the effects of ETR1 could be independent of these photoreceptors. Since phyB has the major role in controlling germination in the dark (Bentsink and Koorneef, 2008), we examined the effect of ETR1 on the germination of phyb-9 mutants in the dark. In dark conditions, wild-type and phyb-9 seeds failed to germinate, whereas etr1-6 mutants did germinate (Figure 9). The etr1-6;phyb-9 also germinated under these conditions but had a percent germination lower than the etr1-6 single mutant seeds. This indicates that ETR1 can affect germination independently of light.
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FIGURE 9. Epistasis analysis of ETR1 and PHYB in the dark. Seeds were germinated in the dark for 7 days and the percent of seed germination was then determined. The average ± SD from at least three biological replicates is plotted. ND denotes no germination detected. The data were analyzed by t-tests and differences considered statistically significant with P < 0.05. aStatistical difference from wild-type in that light condition; bSignificant difference of the single mutant from the double mutant.



DISCUSSION

It has been suggested that there is a network of two-component receptors in plants that fine-tune signaling (Hwang et al., 2002; Hass et al., 2004; Wilson et al., 2014). In this study, we found that ETR1, a two-component-like receptor for ethylene, inhibits germination after far-red light treatment and in the dark. This is similar to results we obtained when examining germination during salt stress (Wilson et al., 2014). However, in the prior study, the effect of ETR1 was to mainly affect ABA signaling or synthesis. In the current study, ETR1 was found to affect ABA, GA, and perhaps ethylene. It has previously been shown that in Arabidopsis phyA and B affect the transcript abundance of ETR2 and ERS1 (Tepperman et al., 2004), and phy interacting factor1 (PIF1), which is important for phy signaling, affects the transcript abundance of ETR2 and EIN4 (Oh et al., 2009). Additionally, phyB is involved in the circadian control of ethylene synthesis in sorghum (Finlayson et al., 1998) showing that there is likely to be signaling cross-talk from the phy to ethylene signaling and synthesis. Results presented in the current study show that there is also signaling from ETR1, but not the other four ethylene receptor isoforms, that affects responses to red and far-red light.

Previous research has shown that the receiver domain of ETR1 affects receptor function in the control of growth of dark-grown seedlings (Binder et al., 2004, 2006; Qu and Schaller, 2004; Kim et al., 2011) and germination during salt stress under white light (Wilson et al., 2014). In the current study, we found that transformation of etr1-6;etr2-3;ein4-4 triple mutants with either cETR1 or cetr1-ΔR rescued germination after far-red light treatment to wild-type levels showing that the receiver domain of ETR1 is not required in the control of this trait. This is intriguing because the receiver domain is required for ETR1 function in the control of germination during salt stress under white light (Wilson et al., 2014; this study). These results indicate that environmental conditions affect the function of the ETR1 ethylene receptor to regulate seed germination. The mechanism for this is not known but one possibility is that a downstream target unique to ETR1 is altered upon illumination. There is precedence for this since light regulates the levels of one downstream target of EIN3, PIF3, to alter the effects of ethylene on plant growth in the dark versus light (Zhong et al., 2012).

A major question is whether or not the effect of ETR1 on seed germination is ethylene-dependent or not. We found that the ethylene biosynthesis inhibitor, AVG, partially reversed the effect of etr1-6 on germination after treatment far-red light, but addition of ethylene up to 1 ppm had no effect on germination of the mutant after far-red illumination. It is possible that the etr1 loss-of-function mutants are producing high levels of ethylene and are saturated for ethylene responses. However, this seems unlikely since etr1-6 produced very low levels of ethylene that were indistinguishable from the germinating wild-type seeds after illumination with far-red light. Transfer of these seeds to white light conditions resulted in an increase in germination showing that the seeds were still capable of better germination. Additionally, AVG has effects that are independent of its effect on ethylene biosynthesis (Larsen and Chang, 2001; Soeno et al., 2010) confounding the results with this compound. Thus, it is seems unlikely that ethylene is the major factor contributing to the differences in germination between wild-type and etr1 loss-of-function mutants observed in this study.

Results presented here indicate that ETR1 is affecting germination by affecting the levels of GA and ABA. We observed that the transcript abundance of genes encoding certain GA and ABA metabolic genes are altered in etr1-6 mutants consistent with higher GA levels and lower ABA levels after far-red light treatment in the etr1 loss-of-function mutants compared to wild-type. Additionally, we have previously shown that etr1-6 mutants are less sensitive to ABA than wild-type (Wilson et al., 2014). Together, these results would explain the better germination of the etr1 loss-of-function mutants. Consistent with these results, application of GA improved the germination of all seed lines and norflurazon improved seed germination of etr1-6 mutants.

Another major question is whether ETR1 is affecting germination via the phy signaling pathway, via a phy-independent pathway, or both. Previous studies provide a tentative link between ETR1 and phyB (Urao et al., 2000; Sweere et al., 2001; To et al., 2004; Salomé et al., 2006; Scharein et al., 2008). However, our data suggest that ETR1 is affecting responses to light that are independent of the phy. Support for this is our observation that etr1 loss-of-function mutants are more sensitive to ABA in white light (Wilson et al., 2014) and germinate better than wild-type seeds in the dark (this study). Additionally, etr1;phyb double mutants germinated in the dark, whereas phyb single mutants did not. Similarly, after treatment with far-red light the phyA mutants did not germinate but the etr1;phyA double mutants did germinate. Thus, the effects of ETR1 on germination are occurring in the absence of actively signaling phy. These observations coupled with our observation that ETR1 affects the transcript levels of genes encoding for ABA and GA metabolic enzymes support a model where ETR1 is affecting germination by altering ABA and GA levels and ABA sensitivity in parallel with the effects of phy signaling on these parameters.
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The gaseous plant hormone ethylene is perceived by a family of ethylene receptors and mediates an array of ethylene responses. In the absence of ethylene, receptor signaling is conveyed via the C-terminal histidine kinase domain to the N-terminus of the CONSTITUTIVE TRIPLE RESPONSE1 (CTR1) protein kinase, which represses ethylene signaling mediated by ETHYLENE INSENSITIVE2 (EIN2) followed by EIN3. In the presence of ethylene, the receptors are inactivated when ethylene binds to their N-terminal domain, and consequently CTR1 is inactive, allowing EIN2 and EIN3 to activate ethylene signaling. Recent findings have shown that the ethylene receptor N-terminal portion can conditionally mediate the receptor signal output in mutants lacking CTR1, thus providing evidence of an alternative pathway from the ethylene receptors not involving CTR1. Here we highlight the evidence for receptor signaling to an alternative pathway and suggest that receptor signaling is coordinated via the N- and C-termini, as we address the biological significance of the negative regulation of ethylene signaling by the two pathways.
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INTRODUCTION

Signal transduction of the gaseous plant hormone ethylene has been studied for more than 2 decades, mainly with the dicotyledonous model plant Arabidopsis, and a linear signal transduction pathway has been proposed (Figure 1A; Ju and Chang, 2012; Ju et al., 2012; Shakeel et al., 2013). In the absence of ethylene, the ethylene receptors at the endoplasmic reticulum (ER) are active, and the docking of CONSTITUTIVE TRIPLE RESPONSE1 (CTR1) at the receptor histidine kinase domain facilitates CTR1 activation by unknown mechanisms. Serine/threonine kinase activity of CTR1 (Huang et al., 2003) results in phosphorylation of the C-terminal domain of ETHYLENE INSENSITIVE2 (EIN2; Ju et al., 2012). This phosphorylation prevents the EIN2 C-terminal domain from moving into the nucleus, and thusly prevents ethylene signaling. With ethylene binding to the receptors or in the absence of the receptors, CTR1 cannot be activated to phosphorylate EIN2. Underphosphorylated EIN2 undergoes proteolytic cleavage by an unknown mechanism to release a nuclear localization signal (NLS)-containing C-terminus, which enters the nucleus to mediate signaling to the EIN3 and EIN3-LIKE1 (EIL1) transcription factors. Such factors directly activate an array of primary ethylene response genes, including the ETHYLENE RESPONSE FACTOR1 (ERF1) transcription factor gene (Chao et al., 1997; Solano et al., 1998; Qiao et al., 2012; Chang et al., 2013).
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FIGURE 1. A model of the ethylene receptor signaling via the C- and N-termini of ethylene receptor. (A) Ethylene receptor C-terminal signaling, here represented by ETHYLENE RESPONSE1 (ETR1), is mediated via the histidine kinase domain to CTR1 to phosphorylate EIN2 residues S645 and S924, and EIN2 is retained at the endoplasmic reticulum for degradation mediated by the F-box proteins EIN2 TARGETING PROTEIN1 (ETP1) and ETP2. Ethylene signaling mediated by EIN2 to the nuclear EIN3/EIL1 is inhibited, and EIN3 and EIL1 undergo degradation mediated by the F-box proteins EIN3 BINDING F-BOX PROTEIN1 (EBF1) and EBF2. (B) “Default” ethylene signaling by EIN2. Without the receptors (in the receptor quintuple mutant), EIN2-mediated ethylene signaling fully occurs and the mutants produce an extremely strong constitutive ethylene response phenotype. With the receptors, a portion of EIN2 could be underphosphorylated, presumably because of interconversion between the phosphorylated and underphosphorylated state or incomplete phosphorylation by CTR1, and cleaved to potentially activate ethylene signaling. (C,D) Ethylene signaling suppression by the receptor N-terminus: (C) With the receptors, the “default” ethylene signaling mediated by EIN2 can be repressed in part by the receptor N-terminal signaling (red line), regardless of CTR1 docking. (D) Ethylene binding or docking of a kinase-inactive ctr1 at the receptors inhibits the receptor C-terminal signaling, and the cleaved EIN2 C-terminus is translocated to the nucleus to induce EIN3/EIL1-directed expression of ethylene response genes. The N-terminal signaling is also inhibited (red dotted line), and the inhibition of EIN2-mediated signaling is largely alleviated. Components involved in the receptor N-terminal signaling remain to be identified. AHP1 and EIN2 are proposed to be involved in the CTR1-independent pathway because of their interaction with ETR1, and AHP1 also mediates cytokinin signaling.



This model illustrates a framework of ethylene signaling; however, the dynamic fine-tuning of ethylene signaling remains to be fully addressed. One question we have been focusing on is a pathway that does not involve CTR1, as proposed 16 years ago (Hua and Meyerowitz, 1998). The finding that expression of the ethylene receptor ETHYLENE RESPONSE1 (ETR1) N-terminus represses ethylene signaling without involving CTR1 reveals an alternative pathway that greatly represses ethylene signaling (Gallie, 2012; Qiu et al., 2012). In this perspective article, we highlight studies that have revealed this alternative pathway for receptor signaling and discuss the dynamic coordination of the two pathways in negatively regulating ethylene signaling. We also discuss other alternative pathways that were have been previously suggested.

EVIDENCE FOR ETHYLENE RECEPTOR SIGNALING NOT INVOLVING CTR1

Results from various studies imply that ethylene receptor signaling could be in part independent of CTR1. The ctr1-1 mutation, encoding a D694E substitution, reduces CTR1 kinase activity to approximately <0.1% that of the wild-type activity and ctr1-3, encoding an R435STOP early termination, has a stronger phenotype than ctr1-1 and the putative ctr1-3 protein does not have the kinase domain (Huang et al., 2003). The weak in vitro kinase activity of ctr1-1 that was detected could be due to the residual activity with the D694E substitution (Huang et al., 2003), non-specific phosphorylation, or a possible trace amount of kinase contamination during protein purification. Both ctr1-1 and ctr1-3 are responsive to ethylene treatment, indicating that ethylene receptor signaling can be mediated bypassing CTR1 (Larsen and Chang, 2001). A reciprocal evidence is the stronger constitutive ethylene response phenotype of the Arabidopsis quadruple and quintuple mutants (respectively, lacking 4 and 5 of the five homologous ethylene receptors) compared to the ctr1-1 mutant (Hua and Meyerowitz, 1998; Liu et al., 2010).

It was considered that the loss of multiple ethylene receptors could impact seedling growth, and the severe mutant phenotype might not be solely due to strong constitutive ethylene responses (Hua and Meyerowitz, 1998). Nevertheless, the possibility of an alternative pathway was supported by experimental evidence showing that expression of ETR1p:etr11-349, which encodes the ETR1 N-terminus (residues 1–349) lacking the CTR1 docking site, largely rescued the ctr1-1 and ctr1-2 mutant phenotypes and reduced the ERF1 transcript level. The ctr1-2 allele has a 17-bp deletion and probably encodes a truncated protein with 462 residues (Huang et al., 2003; Qiu et al., 2012), which was not immunologically detectable at the molecular-weight position of wild-type CTR1 (Gao et al., 2003). Ethylene insensitivity conferred by the dominant etr1-1 mutation was prevented by ctr1-1, whereas expression of ETR1p:etr1-11-349 in ctr1-1 conferred ethylene insensitivity. Moreover, expression of an ETR1p:etr11-349 transgene in the etr1-1 ctr1-1 double mutant largely restored ethylene insensitivity conferred by the etr1-1 allele, revealing the role of the ETR1 N-terminus in receptor cooperation and signal output without involving CTR1. Consistently, the ctr1-1 allele prevents ethylene insensitivity by other ethylene-insensitive receptor genes, and ethylene insensitivity was restored to various degrees by the wild-type ETR1 N-terminus (Gallie, 2012; Qiu et al., 2012).

The CTR1 N-terminus is a regulatory domain that physically interacts with the ETR1 C-terminal histidine kinase domain (Clark et al., 1998). Excess CTR1 N-terminus (residues 7–560) generated by expression of a 35S:CTR17-560 transgene, lacking the kinase domain, most likely occupies the ethylene receptors and prevents the normal receptor signal output, and the overexpressor (CTR1-Nox) consequently shows the typical constitutive ethylene response phenotype (Huang et al., 2003; Qiu et al., 2012). These studies define a role of the CTR1 N-terminus in receptor docking to mediate the receptor signaling to the CTR1 C-terminal kinase domain. However, there is more to this story. The constitutive ethylene response of CTR1-Nox was largely rescued by expression of the ETR1 N-terminus. etr11-349 lacks the CTR1 docking site; without the docking of CTR1 N-terminus, the receptor N-terminal signaling may be mediated by an alternative pathway (Qiu et al., 2012).

Another line of evidence for the alternative pathway may come from studies of ctr1-8. In contrast to CTR1, which associates with ethylene receptors at the ER membrane, the ctr1-8 protein (with a G354E substitution) does not associate with ethylene receptors and is detected in the cellular soluble fraction (Gao et al., 2003; Huang et al., 2003). With these features, theoretically ctr1-8 cannot be activated by the receptors to phosphorylate EIN2, thus resulting in constitutive ethylene responses. However, the ctr1-8 mutant has a relatively mild constitutive ethylene response phenotype as compared with ctr1-1 and ctr1-2 (Xie et al., 2012). Given that ctr1-8 has a wild-type kinase domain, the weak phenotype could be due to some ctr1-8 protein (below the limit of detection) still associating with the receptors to repress ethylene signaling. This scenario, however, is not supported by the result that overexpressing the N-terminus of wild-type CTR1 but not ctr1-8 increases ethylene sensitivity (Huang et al., 2003); whether the mutant ctr1-8 protein can still mediate receptor signaling is yet to be determined. Thus, the weak ctr1-8 mutant phenotype could indicate suppression of ethylene signaling by the receptors without involving CTR1.

There are two models for an alternative ethylene signaling pathway, based on evidence from biochemical studies and protein–protein interactions. (1) Ethylene binding to the receptors results in the dynamic dissociation of CTR1 from, and association of EIN2 with, the receptors; in this case, the ethylene receptors might directly mediate ethylene signaling to EIN2 (Bisson and Groth, 2010, 2011). (2) Ethylene binding also facilitates the dissociation of the ETR1-interacting phosphotransfer protein ARABIDOPSIS HISTIDINE-CONTAINING PHOSPHOTRANSMITTER1 (AHP1) that is phosphorylated by ETR1 prior to ethylene binding (Scharein et al., 2008; Scharein and Groth, 2011). A conjectured two-component signaling model was proposed for ethylene signaling mediated by the receptors via AHPs to type B response regulator proteins known as ARABIDOPSIS RESPONSE REGULATORs (ARRs; Shakeel et al., 2013). S-nitrosylation of AHP1 Cys115 inhibits protein phosphorylation and subsequent phosphotransfer to ARR1, thereby suppressing cytokinin signaling (Feng et al., 2013). A complex formed by the two-component histidine kinase ARABIDOPSIS HISTIDINE KINASE5 (AHK5) and AHP1 is involved in a variety of biological processes (Bauer et al., 2013). Thus, AHP1 might differentially mediate signaling from various upstream histidine kinase proteins.

ALTERNATIVE PATHWAY SUGGESTED BY ctr1-1 EIN2/ein2

In a genetic screen for suppressors of ctr1-1, we isolated ctr1-1 EIN2/ein2, which showed a weaker constitutive ethylene response phenotype than ctr1-1 (Figure 2). That is, with ethylene treatment, seedling hypocotyl elongation of this mutant (with ein2 heterozygous) was inhibited to a lesser extent than that of ethylene-treated wild-type (Col-0) seedlings, with the ctr1-1 ein2 seedling hypocotyl elongation unresponsive to ethylene (Figure 2A). Light-grown ctr1-1 EIN2/ein2 seedlings produced a weaker growth-inhibition phenotype than ctr1-1 with or without ethylene treatment, while ctr1-1 ein2 seedling growth was unresponsive to ethylene (Figure 2B). The transcript level of the ethylene-dependent ERF1 gene in the ctr1-1 EIN2/ein2 mutant was slightly higher than in the ctr1-1 ein2 double homozygote but much lower than in the ctr1-1 mutant alone, and ethylene induction of ERF1 expression was higher in ctr1-1 EIN2/ein2 than ctr1-1 ein2 but much lower than in the wild type (Figure 2C).
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FIGURE 2. The ethylene response phenotype of ctr1-1 EIN2/ein2. The ethylene response phenotype for etiolated (A) and light-grown (B) seedlings and ERF1 levels in rosettes (C). Data are mean ± SE.



Sequence analysis revealed that a G1440A transition mutation caused a W308stop early termination of EIN2 in the newly isolated allele. The allele could conceivably produce a truncated EIN2 protein lacking the C-terminus for ethylene signaling and is likely a loss-of-function mutation. With a single-copy of wild-type EIN2, the EIN2 protein level in ctr1-1 EIN2/ein2 may not be sufficient to fully induce the ethylene response to the same degree as ctr1-1. The mutation could be recessive or partially dominant because the heterozygote but not homozygote was responsive to ethylene. An important finding is that the ctr1-1 EIN2/ein2 mutant appears to be slightly responsive to ethylene (Figure 2). This slight responsiveness to ethylene could reflect a pathway that does not involve CTR1. Without an alternative pathway to activate the wild-type copy of EIN2, the ethylene response would not be expected.

We therefore propose that ethylene binding could prevent the receptor N-terminal signaling so that ethylene signaling is relieved from suppression. Alternatively, ethylene signaling could be mediated by the receptors via AHPs to ARRs or directly to EIN2 (Bisson and Groth, 2011; Scharein and Groth, 2011; Shakeel et al., 2013).

SIGNIFICANCE OF THE ALTERNATIVE PATHWAY IN ETHYLENE SIGNALING

Gene function can be partially inferred from the phenotype of loss-of-function mutants, and the effects conferred by different lesions of a gene may differ. The role of the alternative pathway in ethylene signaling could be minor given that ctr1-1 and ctr1-3 are slightly responsive to ethylene (Larsen and Chang, 2001) or the mutant ctr1-1 protein retains a trace of kinase activity (Huang et al., 2003). In contrast, the constitutive ethylene response phenotype is stronger in the ethylene-receptor quintuple mutant than in the ctr1-1 mutant (Liu et al., 2010). The findings that ctr1-8, ETR1p:etr11-349 ctr1-2, and ctr1-1 EIN2/ein2 have a much weaker constitutive ethylene response phenotype than ctr1-1/ctr1-2 suggest that the role of the alternative receptor-signaling pathway seems to be more pronounced than previously thought.

We explain these two conflicting interpretations for significance of the alternative pathway as follows. The inhibition of receptor signaling by the full-length receptors but not the truncated ETR1 N-terminus with expression of excess CTR1 N-terminus (Huang et al., 2003; Qiu et al., 2012) implies that the docking of a kinase-defective CTR1 protein at the receptors could inhibit the receptor N-terminal signaling to the alternative pathway (Xie et al., 2012). Conceivably, ctr1-1 and ctr1-2 could dock at the receptor C-terminus to inhibit the N-terminal signaling. In ctr1-8, the receptor N-terminal signaling to the alternative pathway is not inhibited, and the mutant produces a weak phenotype while being fully responsive to ethylene treatment that inhibits the N-terminal signaling. ETR1 and CTR1 may dissociate, with the Kd for ETR1- CTR1 interaction to be determined; the N-terminal signaling may not be fully inhibited by kinase-defective CTR1 proteins so that the constitutive ethylene response phenotype is weaker in ctr1-1 and ctr1-2 than the quintuple mutant, with ctr1-1 EIN2/ein2 responsive to ethylene.

Whether the truncated ctr1-2 protein could dock at the receptors and ctr1-8 could mediate receptor signaling are to be demonstrated. More lines of experimental evidence are required to reveal the significance of the alternative ethylene signaling via the receptors to EIN2 or AHP1.

DYNAMIC ETHYLENE RECEPTOR SIGNALING VIA THE C- AND N-TERMINI

A proposed model for the dynamic receptor ethylene signaling via the two termini is described in Figure 1. The model explains the following scenarios. (1) In the receptor quintuple mutants, the default “ethylene signaling” mediated by EIN2 is not affected because of the absence of the receptor C- and N-terminal signaling, and the mutant shows an extremely strong constitutive ethylene response phenotype (Figure 1B). (2) ctr1-8 does not dock at the receptors, and the N-terminal signaling is not inhibited; although the EIN2 C-terminus is theoretically released, ethylene signaling is nevertheless inhibited by the receptor N-terminal signaling, so that ctr1-8 shows a relatively weak constitutive ethylene response phenotype (Figure 1C). (3) In mutants defective in CTR1 kinase activity (i.e., ctr1-1 and ctr1-2), the mutant CTR1 proteins dock at the receptors to inhibit but not fully prevent receptor N-terminal signaling, whereas the EIN2 C-terminus is released for ethylene signaling (Figure 1D). Thus, the ctr1 mutants produce a typical ethylene response phenotype that is weaker than the receptor quintuple mutant phenotype. (4) In ctr1-1 EIN2/ein2, receptor N-terminal signaling is inhibited; however, it is still sufficient to repress in part the ethylene signaling that is mediated by the EIN2 C-terminus, which exists at a reduced amount. Thus, the heterozygote shows a weaker phenotype than ctr1-1. Ethylene treatment inhibits the receptor N-terminal signaling, and the mutant is ethylene responsive.

CONCLUSION AND REMARKS

Little is known about the components involved in the possible alternative pathway of ethylene perceived by ethylene receptors and mediation of receptor N-terminal signaling; mutants isolated from an ongoing suppressor screen in our laboratory for ETR1p:etr1-11-349 ctr1-1 could potentially isolate the involved components. The isolation of several ENHANCED ETHYLENE RESPONSE (EER) genes suggests a resetting mechanism damping ethylene signaling by components involved in various biological processes (Larsen and Chang, 2001; Robles et al., 2007; Christians et al., 2008; Deslauriers and Larsen, 2010; Lu et al., 2010). REVERSION-TO-ETHYLENE SENSITIVITY1 (RTE1) is an ER- and Golgi-associated protein facilitating ETR1 receptor N-terminal signaling (Resnick et al., 2006; Zhou et al., 2007; Gallie, 2012; Qiu et al., 2012), with its functions involving cytochrome b (Chang et al., 2014). The RTE1–cytrochrome b interaction may have a role in the alternative pathway. Unlike the ETR1 N-terminal signaling, the conjectured two-component signaling via AHPs and ARRs (Scharein and Groth, 2011; Shakeel et al., 2013) is presumably mediated via the receptor C-terminal histidine kinase domain. With a long half-life for ethylene binding to the receptors, a desensitizing mechanism is expectedly required for sustained AHP1 phosphorylation and dissociation from ETR1 and for EIN2 recruitment for ethylene signaling. The possibility for regulating ethylene signaling by multiple pathways or components is therefore likely.

Ethylene receptor signaling via the C- and N-termini could act independently, with distinct signaling components and targets; alternatively, the signaling could be mediated to different components, converged at the same signaling component, and sharing a common downstream pathway. EIN2 might mediate ethylene signaling via the receptor N-terminus because ETR1 and EIN2 physically interact and a single copy of the ein2G1440A allele partially suppressed ctr1-1; evidence for an interaction of ETR1 N-terminus with EIN2 is required to strengthen this scenario. EIN3 and EIL1 are the prime transcription factors responsible for inducing an array of ethylene response genes (Chao et al., 1997; An et al., 2010; Chang et al., 2013). The two pathways could converge and share a common signaling pathway that involves EIN3 and EIL1.

The signaling components may be dynamically present in a pathway for an immediate response. EIN2 could be present in a steady-state interconversion between the phosphorylated and underphosphorylated state in the absence of ethylene treatment; alternatively, a small portion, but not most, of EIN2 could escape the phosphorylation by CTR1 to ensure immediate ethylene signaling. Conceivably, a level of constitutive ethylene signaling could occur, if not repressed, to trigger stronger ethylene signaling. Alternative receptor signaling could have a role in minimizing degrees of the basal-level ethylene signaling. The two-level control may facilitate a dynamic fine-tuning of ethylene signaling in response to a wide range of ethylene concentrations.
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The signaling of the plant hormone ethylene has been studied genetically, resulting in the identification of signaling components from membrane receptors to nuclear effectors. Among constituents of the hormone signaling pathway, functional links involving a putative mitogen-activated protein kinase kinase CONSTITUTIVE TRIPLE RESPONSE1 (CTR1) and a membrane transporter-like protein ETHYLENE INSENSITIVE2 (EIN2) have been missing for a long time. We now learn that EIN2 is cleaved and its C-terminal end moves to the nucleus upon ethylene perception at the membrane receptors, and then the C-terminal end of EIN2 in the nucleus supports EIN3-dependent ethylene-response gene expression. CTR1 kinase activity negatively controls the EIN2 cleavage process through direct phosphorylation. Despite the novel connection of CTR1 with EIN2 that explains a large portion of the missing links in ethylene signaling, our understanding still remains far from its completion. This focused review will summarize recent advances in the EIN3-dependent ethylene signaling mechanisms including CTR1–EIN2 functions with respect to EIN3 regulation and ethylene responses. This will also present several emerging issues that need to be addressed for the comprehensive understanding of signaling pathways of the invaluable plant hormone ethylene.
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INTRODUCTION

Ethylene is a small volatile hydrocarbon gas and mediates diverse physiological responses in plant cells. The plant hormone is synthesized by a simple two-step biochemical pathway involving conversion of S-adenosyl-L-methionine (SAM) to 1-aminocyclopropane-1-carboxylic acid (ACC) and then to ethylene, which occurs in all higher plants (Dorling and McManus, 2012; Harpaz-Saad et al., 2012). Ethylene regulates a wide variety of physiological responses throughout the life of various plants. This covers physiological regulations from seed dormancy release and germination, seedling growth, vegetative organ growth and shaping, reproductive organ growth and sex determination, fruit ripening, organ senescence, and abscission to plant–microbe interactions (McManus, 2012). This diverse ethylene physiology results from the fine-tuning of ethylene production and signaling that are under the control of complex interactions among ethylene and other signaling pathways. Therefore, ethylene signaling functions and mechanisms need to be understood at the higher order of complexity integrating other signaling pathways.

Ethylene is the first plant hormone, for which signaling pathway has been elucidated with mainly Arabidopsis genetics (Bleecker et al., 1988; Guzman and Ecker, 1990). ETHYLENE INSENSITIVE3 (EIN3) and EIN3-LIKE1 (EIL1) are the key transcription factors for ethylene immediate early gene expression (Figure 1). Protein stability regulation plays the major controlling step in the modulation of the transcription factors. EIN2, an NRAMP-like integral membrane protein located at the endoplasmic reticulum (ER), is another necessary genetic component for EIN3-dependent ethylene signaling. Recently three independent research groups (Ju et al., 2012; Qiao et al., 2012; Wen et al., 2012) have reported novel observations that EIN2 is cleaved and its processed C-terminal product (EIN2C) is translocated to the nucleus in response to ethylene. Despite the EIN2 translocation that correlates well with ethylene responses, the protease involved in EIN2 cleavage and a mechanistic function of EIN2C in EIN3-dependent gene expression have not been elucidated in these studies. Furthermore, it has yet to be examined whether or not any additional biochemical modification is required for EIN2C to be processed and translocated to the nucleus for ethylene signaling.


[image: image]

FIGURE 1 | Novel connections of ethylene signal transduction pathway in Arabidopsis. The ethylene receptors comprising subfamily I (ETR1, ERS1) and II (ETR2, ERS2, EIN4) act redundantly, but also differentially, and activate a negative CTR1 protein kinase in the ER in the absence of C2H4. Arabidopsis RTE1 promotes ETR1 function at the membrane. EIN2 appears to act at the same ER membrane, but genetically works downstream of CTR1, implicating an assembly function of the receptor–CTR1 complex. CTR1 phosphorylates EIN2 and modulates other regulatory factors perhaps MAPKinases in the absence of C2H4. Upon ethylene signaling, the negative function of the hormone receptor–CTR1 complex is inactivated. A portion of this process includes proteasome-dependent degradation of ETR2 protein. EIN2C is cleaved from EIN2 at ER or Golgi and moves into the nucleus in the presence of C2H4. The nuclear EIN2C then activates EIN3 dependent gene transcription through a unknown mechanism. Concurrently, MKK9–MPK3,6 cascade is activated in the presence of C2H4. Both EIN2 and EIN3 protein stability is respectively under the regulation of ETP1, ETP2 and EBF1, EBF2 F-box proteins in E3 ligase complexes that are coupled with 26S proteasome activity. EIN3 accumulation in the nucleus initiates the early transcription and some of these early gene products trigger the secondary transcription. EIN5 indirectly regulates EIN3 stability through mRNA regulation of EBFs.


This focused review summarizes the new discoveries of EIN2–EIN3 process in the ethylene signaling and raises specific questions that need to be investigated for comprehensive understanding of ethylene signaling. Readers are advised to consider many excellent reviews to cover other exciting discoveries including functional modes of ethylene receptors (Hall et al., 2007; Cho and Yoo, 2009; Yoo et al., 2009; Lacey and Binder, 2014). Any newly identified EIN2–EIN3 regulatory processes will extend our understanding of integrated physiological responses of ethylene and other hormones that are involved in model and crop plant growth and development.

ETHYLENE SIGNALING

In Arabidopsis, ethylene is binding to membrane proteins that are composed of five partially redundant receptors; ETHYLENE RESPONSE1 (ETR1), ETR2, ETHYLENE RESPONSE SENSOR1 (ERS1), ERS2, and EIN4. The receptors differentially express and act in different tissues and at distinct developmental stages (Bleecker et al., 1988; Chang et al., 1993; Hua et al., 1995, 1998; Hua and Meyerowitz, 1998; Sakai et al., 1998). In the absence of ethylene, ETR1 and other receptors have inverse agonistic roles in the hormone signaling and suppress ethylene responses (Hua and Meyerowitz, 1998; Wang et al., 2006). This negative action of the ethylene-free receptors is linked to another genetically identified regulator, CONSTITUTIVE TRIPLE RESPONSE1 (CTR1), which encodes a putative Raf-like mitogen-activated protein kinase kinase kinase (MAPKKK; Kieber et al., 1993; Clark et al., 1998; Huang et al., 2003). REVERSION-TO-ETHYLENE SENSITIVITY1 (RTE1) directly interacts with ETR1 in the ER membrane and Golgi-apparatus (Resnick et al., 2006; Zhou et al., 2007; Dong et al., 2008, 2010), perhaps for Cu+-dependent ethylene perception of the membrane receptors.

A membrane-integrated metal transporter-like protein EIN2 has been identified as a necessary component in the downstream of ethylene receptor signaling (Alonso et al., 1999). In the absence of ethylene, EIN2 is degraded by 26S proteasome activity under the action of two F-box proteins in E3 ubiquitin ligase complexes, EIN2 TARGETING F-BOX PROTEIN1 (ETP1) and ETP2 (Qiao et al., 2009). In the presence of ethylene, a part of EIN2 accumulates in plant nuclei (Ju et al., 2012; Qiao et al., 2012; Wen et al., 2012), which correlates well with the accumulation of EIN3 and EIL1 in the nucleus. Likewise, EIN3 is constantly degraded in the absence of ethylene, a process which is under the control of two F-box proteins in E3 ubiquitin ligase complexes, EIN3 BINDING F-BOX PROTEIN1 (EBF1) and EBF2 (Guo and Ecker, 2003; Potuschak et al., 2003; Yanagisawa et al., 2003; Gagne et al., 2004). The accumulation of EIN3 and EIL1 in the nucleus triggers primary transcription through EIN3-binding sites in the promoters of target genes such as ETHYLENE RESPONSE FACTOR1 (ERF1) and EBF2 (Solano et al., 1998; Alonso et al., 2003; Konishi and Yanagisawa, 2008). ERF1 then itself serves as a transcriptional activator by specifically recognizing and binding to a GCC element in the promoters of ethylene secondary responsive genes (Ohme-Takagi and Shinshi, 1995; Solano et al., 1998). All the gene products of these transcription cascades lead to cellular and biochemical changes that execute the physiological and developmental adaptation of plants in response to ethylene.

Ethylene signaling feeds back to dampen ethylene responses once executed. ERS1, ETR2, and EBF2 transcript abundance increases in response to ethylene (Hua et al., 1995; Sakai et al., 1998). These newly synthesized negative regulators in ethylene signaling may diminish and/or reset ethylene responses in the tissues that initially transduce the hormone signal.

Ethylene signaling induces gene expression and brings up the overall physiological changes of plants eventually to adapt to various biotic and abiotic stresses that trigger ethylene synthesis and signaling. For the rapid intracellular signaling, cellular protein kinases and nuclear transcription factors need to be connected instantly and dynamically. A newly identified molecular mechanism of EIN2 is the key signaling process of the ethylene immediate response and is the main point of discussion in the following section.

EIN2 REGULATION IN ETHYLENE SIGNALING

EIN2 encodes a membrane protein with 1294 amino acids that has a hydrophobic domain at the N-terminal end (480 amino acids), containing 21% sequence identity to NRAMP metal ion transporter proteins (Alonso et al., 1999). Even so, no transporter activity has been seen with EIN2 in ethylene signaling. The EIN2 C-terminal half (840 amino acids) partially complemented the light-dependent hypocotyl response to ethylene (Smalle et al., 1997), but failed to restore the triple response that was originally used for identifying ein2 (Alonso et al., 1999). The ein2 mutant was also insensitive to paraquat and jasmonate (Alonso et al., 1999), but hypersensitive to ABA (Beaudoin et al., 2000; Ghassemian et al., 2000), indicating either that responses to these other signals may require EIN2-dependent ethylene signaling pathway and/or that EIN2 has multiple functions in the stress signaling responses.

The strong ethylene insensitivity of ein2 correlates well with the diminished EIN3 protein levels in the mutant (Guo and Ecker, 2003; Wen et al., 2012). Thus, an ER membrane protein EIN2 appears to convey ethylene signaling by stabilizing the nuclear protein EIN3 through an unidentified mechanism. It has been proposed that EIN2C enters the nucleus and binds to EBF1 and EBF2 to inactivate and then stabilizes EIN3.

EIN2 has a short half-life of 30 min or less because of its degradation by the 26S proteasome activity coupled with ETP1 and ETP2 functions in E3 ligase complexes (Qiao et al., 2009). These F-box proteins interact with the C-terminal EIN21047–1294 and cause degradation of EIN2 in the absence of ethylene. On the other hand, ethylene can stabilize EIN2 by diminishing ETP1 and ETP2 activity with an unknown mechanism. Null EIN2-targeting E3 ligase activity in the etp1 etp2 double mutant causes EIN2 accumulation and leads to constitutive ethylene responses. This finding implies that EIN2 protein accumulation is necessary and sufficient for EIN3 protein accumulation and downstream ethylene responses in plant cells. However, this view has to be examined carefully with respect to the new discovery of EIN2 cleavage that is necessary for EIN2 function in ethylene signaling (Ju et al., 2012; Qiao et al., 2012; Wen et al., 2012).

Qiao et al. (2012) has reported that EIN2C, with its intrinsic nuclear localization signal (NLS), is cleaved from EIN2 and moves into the nucleus within 10 min after ethylene application. Since NLS-less EIN2 is unable to complement the loss of function ein2 mutant phenotype in the light, EIN2C needs to be present in the nucleus to mediate ethylene signaling. EIN2 movement to the nucleus is faster than EIN2 stabilization, which mostly happens 1 to 4 h after ethylene application (Qiao et al., 2009). Protein phospho-modification analysis has revealed that Ser645 of EIN2 (EIN2S645) that is the experimentally determined amino acid residue as a cleavage site of EIN2 is the main phosphorylation and dephosphorylation site in the absence and presence of ethylene, respectively (Qiao et al., 2012). Complementation of ein2–5 with EIN2S645A (Ser to Ala) preventing phosphorylation at this residue results in induction of the EIN2C cleavage and translocation to the nucleus, and constitutive ethylene responses in the absence of ethylene. This implicates that EIN2S645 is phosphorylated and its phosphorylation prevents the protein cleavage and translocation to the nucleus to suppress the hormone signaling in the absence of ethylene.

Upon ethylene treatment, two different patterns of EIN2 protein accumulation were reported (Qiao et al., 2009; Ju et al., 2012). EIN2 protein levels were increased in total proteins (Qiao et al., 2009), but decreased in microsomal fractions (Ju et al., 2012). Since EIN2C movement to the nucleus plays a key role in ethylene signaling responses, observation of ethylene-dependent EIN2 protein reduction at microsomal fraction supports the signaling process. However, EIN2 accumulation in response to ethylene is a little difficult to connect to the functional mode of EIN2.

CTR1 is identified as the protein kinase responsible for phosphorylating EIN2 on several conserved residues (Ju et al., 2012). Null mutation of CTR1 displays a constitutive ethylene response and thus CTR1 acts as a negative regulator in ethylene signaling. Although CTR1 has protein domains similar to MAPKKKs, its downstream targets MAPKK and MAPK have never been identified in any plant species. Ju et al. (2012) demonstrated that CTR1 phosphorylates EIN2 at six amino acids, including S645, in vitro. In another report, CTR1 phosphorylates four amino acids in EIN2 (Chen et al., 2011) and the phosphorylation of two amino acid sites appears important in the ethylene signaling context. More specifically, ein2 plants expressing either EIN2S645A or EIN2S924A conferred ethylene responses in the absence of ethylene. The lack of EIN2 phosphorylation at S645 or S645S924 was accompanied with EIN2C translocation to the nucleus and constitutive ethylene responses. It still remains to be examined whether the lack of EIN2 phosphorylation at S924 also brings about EIN2C translocation in a manner similar to the other variants. The functional complementation assays indicate that S645 and S924 phosphorylations are relevant to ethylene signaling suppression.

Recently, the discrepancy between the cleavage site of EIN2C reported by Qiao et al. (2012) and by Ju et al. (2012) was questioned (Cooper, 2013; Qiao et al., 2013). Furthermore, genetic complementation of ein2 with EIN2S645A results in a relatively weak ethylene response compared to EIN2S924A, which implicates that EIN2S645 phosphorylation perhaps plays minor role in the hormone signaling. The clear protein accumulation pattern, precise cleavage site and major phosphorylation sites of EIN2 that are responsible for ethylene intracellular signaling are still in debates and need to be resolved.

Is EIN2C in the nucleus enough for ethylene signaling responses? Wen et al. (2012) have constructed a chimerical gene of a glucocorticoid receptor-fused to C-terminal half of EIN2 and demonstrated transgenic plants expressing the Dex-inducible EIN2C displayed ethylene-induced Arabidopsis rosette growth inhibition and also its hypocotyl growth promotion as Dex-inducible EIN2 caused EIN3 protein accumulation. Although no triple response assay was reported, EIN2C expression was shown to be enough to confer ethylene response in the light.

These recent studies have provided mechanistic evidence supporting the necessity of EIN2 in ethylene signaling, but how EIN2C in the nucleus modulates EIN3 function to drive the downstream physiological responses of ethylene still remains unknown. Since EIN3 fails to accumulate in ein2 (Guo and Ecker, 2003), EIN2C most likely controls EIN3 protein stability directly or indirectly. Another important question is whether nuclear localized EIN2C is entirely sufficient for driving EIN3-dependent ethylene-response gene expression. EIN2C-complemented transgenic ein2 lines have hitherto never been able to complement the triple response. Thus, ethylene signaling appears to require additional processes for full execution of the hormone signaling such as other CTR1-dependent and/or -independent pathways.

EIN2 interacts directly with ETR1 in the ER membrane (Bisson et al., 2009; Bisson and Groth, 2010). Fluorescence resonance energy transfer (FRET) and intrinsic tryptophan fluorescence quenching for protein interaction assays showed that ETR1 autophosphorylation is required for ETR1 and EIN2 interaction. Upon ethylene perception, ETR1 appears to be dephosphorylated to bind more efficiently to the C-terminal end of EIN2. However, only little changes of Kd of ETR1 and EIN2 with a very high affinity at a nanomolar scale make it difficult to substantiate its involvement in ethylene signaling. Then, the obvious question would be how to fit these interaction dynamics of ETR1 and EIN2 with ethylene-inducible EIN2C cleavage and translocation processes. Since nuclear localization of EIN2C is pivotal in ethylene signaling response, ETR1–EIN2 interaction needs to be further examined to secure its significance in ethylene signaling.

EIN3 REGULATION IN ETHYLENE SIGNALING

The ethylene insensitivity of ein3 is less severe than that of etr1 and ein2 (Chao et al., 1997). This is apparently due to its functional redundancy with EIN3–LIKE1, and thus ein3 eil1 double mutants can block most ethylene responses as like ein2 (Alonso et al., 2003; Binder et al., 2004).

EIN3 transcription factor protein accumulates in the nucleus in the presence of ethylene (Yanagisawa et al., 2003). In the absence of ethylene, EIN3 is negatively regulated and constantly degraded in plant cells (Guo and Ecker, 2003, 2004; Potuschak et al., 2003; Gagne et al., 2004). Such EIN3 protein degradation is controlled by 26S proteasomal activity under the regulation of two redundant F-box proteins EBF1 and EBF2. In the process, both F-box proteins bind EIN3 directly in yeast and in vitro systems (Solano et al., 1998; Guo and Ecker, 2003; Potuschak et al., 2003). In the ebf1 ebf2 double mutant, EIN3 and EIL1 accumulate in the absence of ethylene and cause a seedling-arrestment phenotype (Gagne et al., 2004; Binder et al., 2007). Normal seedling growth is, however, restored in the quadruple ein3 eil1 ebf1 ebf2 mutant indicating that EBF1 and EBF2 act more or less specifically to control EIN3 and EIL1 protein stability (Binder et al., 2007).

Apart from common functions of EBF1 and EBF2 on EIN3 and EIL1 degradation, each F-box protein has also a unique role in ethylene signaling. Individual ebf1 and ebf2 mutants show differential growth responses to ethylene (Binder et al., 2007) and ctr1 ebf1 and ctr1 ebf2 display obviously distinct phenotypes.

Although many studies have indicated that the control of EIN3 protein stability is a key regulatory process in ethylene signaling, how ethylene signaling modulates EIN3 stability in the nucleus has not been clearly elucidated. Shi et al. (2012) found that an EIN3 dependent seedling response to cold/freezing is led by EIN2 that destabilizes EBF1, causing EIN3 accumulation in the nucleus. Ethylene signaling somehow modulates protein stability of EBF1 to influence EIN3 stability. This mechanism has not been demonstrated experimentally.

Once ethylene signaling is initiated, EBF2 appears to be activated transcriptionally. Unlike EBF1, EBF2 expression is induced by EIN3-dependent transcription and also by a regulatory step of mRNA stability depending on the 3′-untranslated region of EBF2 in the presence of ethylene (Olmedo et al., 2006; Potuschak et al., 2006; Gregory et al., 2008). The mRNA stability of EBF2 is under the indirect/direct control of a ribonuclease EIN5/EXORIBO-NUCLEASE4 (XNR4)/ACC INSENSITIVE1 (AIN1) activity.

EIN5 activity also controls the stability of many other RNAs including small RNAs (Olmedo et al., 2006). Therefore, it would be important to conduct further experiments to test whether or not the EIN5-dependent EBF2 regulation serves as a part of the ethylene signaling pathway.

Several studies now report that EIN3 protein levels are changed under different conditions (Lee et al., 2006; Laluk et al., 2011; Shi et al., 2012; Kim et al., 2013). In the absence of ethylene, EIN3 and EIL1 are stabilized in the light, but these proteins are degraded in the dark (Lee et al., 2006). Cold/freezing also causes EIN3 to accumulate but suppresses ethylene production, and thus the EIN3 accumulation by cold/freezing seems to be independent of ethylene signaling response (Shi et al., 2012). Furthermore, EIN3 stability regulation and plant immunity responses now point out that triple response which is one of the typical seedling responses to ethylene in the dark can be uncoupled from EIN3 accumulation in the nucleus that is a typical biochemical process in ethylene signaling. EIN3 accumulates in a null mutant botrytis induced kinase1 (bik1), but this protein accumulation does not result in a triple response (Laluk et al., 2011). Instead, bik1 is rather insensitive to ethylene. In another case, the protein level of EIN3 is down-regulated in the ectopic expression of GDSL lipase1 (GLIP1; Kim et al., 2013). However, the seedlings display hypersensitivity to ethylene instead of hyposensitivity. In both cases BIK1 and GLIP1 act downstream of EIN3 but upstream of the triple response so that these mutants are interfered in EIN3 dependent responses (Liu et al., 2013; Kim et al., 2014). All these studies simply demonstrate the complexity of ethylene signaling with respect to a seemingly simple phenotypic response.

EIN3-DEPENDENT ETHYLENE RESPONSIVE GENE EXPRESSION

Nuclear EIN3 activates primary ethylene-dependent transcription through binding to the cis-element AYGWAYCT within promoters of ethylene early response genes (Yamasaki et al., 2005). The DNA binding activity of EIN3, and its close homolog EIL1, often results in transcriptional activation of target genes such as ERF1, AtERFs, ERS1, and EBF2 as a primary response of ethylene signaling. EIN3 also binds to the promoter regions of PHYTOCHROME INTERACTION FACTOR1 (PIF1) and PIF3 directly to activate their transcription and causes seedling greening and hypocotyl growth under lights, respectively (Zhong et al., 2012a,b).

In contrast to the well characterized transcription activator role of EIN3/EIL1, recent studies on EIN3 function have proposed transcriptional repression functions through direct binding to target gene promoters as well. EIN3 binds to the 5′-flanking region of SA INDUCTION DEFICIENT2 (SID2) involved in salicylic acid (SA) biosynthesis (Chen et al., 2009) to negatively modulate target gene expression. Consequently, EIN3 activation compromises SA-dependent defense and causes systemic vulnerability to bacterial pathogens. Similarly, EIN3 is reported to bind to the promoter of CRT/DRE BINDING FACTOR3 (CBF3), which is a key transcription factor in cold/freezing resistance response, and suppresses its transcription (Shi et al., 2012). Thus, ethylene sensitivity seems to compromise CBF3 gene expression and cold/freezing tolerance. Such direct repressor function of EIN3 on gene expression is still rare when compared to its activator function, and needs to be further characterized more thoroughly.

Zhu et al. (2011) have investigated the interaction of jasmonate and ethylene signaling in plant defense and revealed a link between these two hormones and further investigated a molecular basis of repressor function of EIN3 in gene expression. JASMONATE ZIM DOMAIN (JAZ) transcription factors interact directly with EIN3 and suppress EIN3 transcription activity. The JAZ proteins do so in part by recruiting a histone deacetylase (HDAC6) repressor component. HDAC6 obstructs EIN3 from binding to its targeted promoters by removing acetyl groups from the histones at target chromatins. In summary, EIN3 recruits a transcriptional repressor complex to a target gene and suppresses gene expression. In the presence of both jasmonate and ethylene, JAZ destabilizes and EIN3 accumulates in the nucleus, and eventually activates target genes cooperatively. Even so, this mechanism is not enough to explain how EIN3 can act as an activator for some gene transcriptions, but as a repressor for others.

GAPS IN OUR KNOWLEDGE OF ETHYLENE INTRACELLULAR SIGNALING

Ethylene is a key signaling molecule mediating physiological events underlying plant growth and development. Multifaceted functions of ethylene ensure developmental plasticity of plants in response to diverse environmental stress conditions. Our understanding of ethylene signaling is advanced by recent functional characterization of CTR1 phosphorylation of EIN2 and its phosphorylation status-dependent movement into the nucleus that controls EIN3 stability mediating ethylene signaling (Figure 1). Discovery of CTR1 and EIN2 connection does provide an epic moment in the field of ethylene signaling research. However, several issues and questions still remain unresolved for comprehensive understanding of ethylene signaling, including (1) which phosphorylation sites and what sizes of EIN2C are truly involved in ethylene signaling since discrepancy has been documented in the literature, (2) which protease functions in EIN2 cleavage, (3) how EIN2C manipulates EIN3 protein stability, (4) whether CTR1 is the only protein kinase that is involved in EIN2 phosphorylation, and (5) whether CTR1-dependent phosphorylation of EIN2 is sufficient for ethylene signaling. For example, a search for MAPKKs and MPKs downstream of the MAPKKK CTR1 could identify additional CTR1 substrates. MAPK cascades of MKK9–MPK3 and MPK6 also involve in EIN3 phosphorylation and its stability regulation (Yoo et al., 2008). As EIN2C cannot fully complement EIN2 functions, such a parallel pathway may exist in ethylene signaling. Taken together, our understanding of the pathways and processes of ethylene signaling is far from its completion at this stage.

Since ethylene mediates so many physiological traits important for plant-based biomass productivity and its genetic constituents in signaling pathways are largely conserved in diverse plant genomes, detailed understanding of ethylene signaling in the model plant Arabidopsis will provide invaluable information to screen and characterize regulatory chemicals to specifically manipulate ethylene signaling in crops and certainly be able to manipulate ethylene-dependent physiology for practical purposes.
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Ethylene is an important component of the gaseous environment, and regulates numerous plant developmental processes including seed germination and seedling establishment. Dormancy, the inability to germinate in apparently favorable conditions, has been demonstrated to be regulated by the hormonal balance between abscisic acid (ABA) and gibberellins (GAs). Ethylene plays a key role in dormancy release in numerous species, the effective concentrations allowing the germination of dormant seeds ranging between 0.1 and 200 μL L-1. Studies using inhibitors of ethylene biosynthesis or of ethylene action and analysis of mutant lines altered in genes involved in the ethylene signaling pathway (etr1, ein2, ain1, etr1, and erf1) demonstrate the involvement of ethylene in the regulation of germination and dormancy. Ethylene counteracts ABA effects through a regulation of ABA metabolism and signaling pathways. Moreover, ethylene insensitive mutants in Arabidopsis are more sensitive to ABA and the seeds are more dormant. Numerous data also show an interaction between ABA, GAs and ethylene metabolism and signaling pathways. It has been increasingly demonstrated that reactive oxygen species (ROS) may play a significant role in the regulation of seed germination interacting with hormonal signaling pathways. In the present review the responsiveness of seeds to ethylene will be described, and the key role of ethylene in the regulation of seed dormancy via a crosstalk between hormones and other signals will be discussed.
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INTRODUCTION

In soil, seeds are exposed to various environmental factors including temperature, moisture, oxygen and light, which regulate seed germination, and subsequent seedling growth. Phase I of the germination process is initiated by imbibition, which is required to activate the respiratory metabolism, and transcriptional and translational activities. In phase II called germination sensu stricto, water uptake ceases and reserve mobilization starts. Phase III is characterized by radicle protrusion (Bewley and Black, 1994; Bewley, 1997; Nonogaki et al., 2010; Weitbrecht et al., 2011). Germination requires specific temperatures, oxygen levels and light, the exact proportions being species specific. However, the seeds of species (or even within species) do not germinate, or do so with difficulty, even when incubated under apparently favorable conditions; these are considered as dormant and cannot germinate in the same conditions (i.e., water, air, temperature) under which non-dormant seeds do (Bewley and Black, 1994; Corbineau and Côme, 1995; Bewley, 1997). Dormancy is a heritable trait, but its intensity at harvest and its maintenance after harvest is highly modulated by the environmental conditions throughout seed development and ripening on the plant, and during seed storage (Bewley, 1997). Factors inhibiting germination can reside within the embryo itself (embryo dormancy) or can result from an inhibitory action of the covering structures (seed coat imposed dormancy; Bewley and Black, 1994; Hilhorst, 2007). Primary dormancy sets during seed development, but a secondary dormancy can develop in mature seeds with some degree of primary dormancy or in non-dormant seeds in response to unfavorable conditions for germination (Hilhorst, 2007; Hilhorst et al., 2010).

The involvement of the hormonal balance between abscisic acid (ABA) and gibberellins (GAs) in the regulation of seed germination and dormancy in response to environmental signals is well documented and discussed in recent reviews (Finkelstein et al., 2008; Nambara et al., 2010; Nonogaki et al., 2010; Weitbrecht et al., 2011; Graeber et al., 2012; Rajjou et al., 2012; Arc et al., 2013; Miransari and Smith, 2014). ABA is well known to play a crucial role in induction of dormancy in the developing seeds and in maintenance of dormancy during seed imbibition, while GAs are involved in dormancy release and/or germination (Finkelstein et al., 2008; Cutler et al., 2010; Nambara et al., 2010; Miransari and Smith, 2014). In addition to GAs and ABA, other hormones (ethylene, jasmonates, auxins) also play a role in the control of seed germination (Linkies and Leubner-Metzger, 2012; Arc et al., 2013; Miransari and Smith, 2014). Ethylene (C2H4) in particular regulates germination and dormancy of numerous species via a complex hormonal signaling network (Matilla, 2000; Brady and McCourt, 2003; Feurtado and Kermode, 2007; Matilla and Matilla-Vazquez, 2008; Arc et al., 2013).

The role of reactive oxygen species (ROS) in seed biology has progressively emerged and evolved this last decade. Originally considered as harmful compounds, causing deleterious reactions toward a wide range of biomolecules and thus to seeds, ROS are now widely acknowledged as signaling compounds regulating the germination process through an hormonal network (Bailly et al., 2008; Diaz-Vivancos et al., 2013; El-Maarouf-Bouteau et al., 2014).

In this review, we describe how ethylene interacts with other plant hormones in regulation of germination and dormancy, concentrating on its interactions with ABA, GAs, and ROS.

ETHYLENE BIOSYNTHESIS DURING GERMINATION

Ethylene production by seeds begins immediately after the onset of imbibition and increases with time of germination. There is, however, a peak in ethylene emission concomitant with the radicle protrusion through the seed coat (Ketring and Morgan, 1969; Fu and Yang, 1983; Satoh and Esashi, 1983; Gallardo et al., 1991; Gorecki et al., 1991; Siriwitayawan et al., 2003; El-Maarouf-Bouteau et al., 2014). Seed ethylene production is species dependent (Kepczynski and Kepczynska, 1997; Matilla, 2000), but is generally below levels detectable by gas chromatography during imbibition. Using a high sensitivity laser photo acoustic spectroscopy (Cristescu et al., 2008), El-Maarouf-Bouteau et al. (2014) have confirmed the occurrence of an ethylene peak at the end of the germination process in sunflower (Helianthus annuus) seeds. Interestingly, a close relationship between the ability to produce ethylene and seed vigor has been reported in various species including rape (Brassica napus; Takayanagi and Harrington, 1971), cotton (Gossypium spp.; Ketring et al., 1974), peanut (Arachis hypogaea; Ketring et al., 1974), cocklebur (Xanthium pennsylvanicum; Gorecki et al., 1991), snap bean (Phaseolus vulgaris; Samimy and Taylor, 1983), sunflower (Chonowski et al., 1997) and pea (Pisum sativum; Gorecki et al., 1991), and 1-aminocyclopropane 1-carboxylic acid (ACC)-dependent C2H4 production was proposed as a marker of seed quality (Khan, 1994; Corbineau, 2012).

The pathway of ethylene biosynthesis in seeds is the same as that described for other plant organs, in which S-adenosyl-methionine (S-AdoMet) and ACC are the main intermediates (Yang and Hoffman, 1984; Wang et al., 2002; Rzewuski and Sauter, 2008; Figure 1). S-AdoMet synthesized from methionine by the S-AdoMet synthetase (or SAM synthetase), is converted to ACC, the direct precursor of ethylene, by ACC synthase (S-adenosyl-L-methionine methylthioadenosine-lyase, ACS). The by-product 5′-methylthioadenosine (MTA) is recycled back to methionine through the Yang Cycle (Yang and Hoffman, 1984; Kende, 1993). S-AdoMet is also the precursor of the biosynthesis of polyamines, which can also play a role in seed germination (Matilla, 1996). Ethylene production results from the oxidation of ACC by ACC oxidase (ACO), which also generates CO2 and hydrogen cyanide (HCN; Figure 1). Autocatalytic synthesis of ethylene via induction of ACC and ACO transcription is well known in fruit ripening (Lin et al., 2009), ethylene also regulates ACO expression in pea (Petruzzelli et al., 2000, 2003), beechnut (Fagus sylvatica; Calvo et al., 2004b), and turnip (Brassica rapa; Puga-Hermida et al., 2003). In contrast, ethylene or ACC does not affect the abundance of ACO transcript in sugar beet (Beta vulgaris; Hermann et al., 2007) and, expression of SoACS7 in Sisymbrium officinale and PsAC1 in pea (Petruzzelli et al., 2000, 2003; Iglesias-Fernandez and Matilla, 2010).
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FIGURE 1. Ethylene biosynthesis and signaling pathways. S-adenosyl methionine (S-AdoMet) is synthesized from methionine by the SAM synthetase, it is then converted to 1-aminocyclopropane-1-carboxylic acid (ACC) by the ACC synthase (ACS), 5-methylthioadenosine (MTA) being a by-product. MTA is recycled to methionine through the Yang Cycle by successive enzymatic reactions involving different intermediates among which 5-methylthioribose (MTR) and 2-keto-4-methylthiobutyrate (KMB). S-AdoMet is also the precursor of the spermidine/spermine biosynthesis pathway. Ethylene production results from the ACC oxidation catalyzed by the ACC oxidase (ACO) that also generates carbon dioxide and cyanide. Malonylation of ACC to malonyl-ACC (MACC) reduces ACC content and consequently ethylene production. Ethylene can stimulate its own biosynthesis, by improving ACC synthesis catalyzed by ACS, and conversion to ethylene by ACO. Ethylene binds to receptors (among which ethylene receptor 1, ETR1) located in the endoplasmic reticulum, which leads to the deactivation of the receptors that become able to recruit CTR1 (constitutive triple response). Release of CTR1 inhibition allows EIN2 to act as a positive regulator of ethylene signaling pathway. EIN2 acts upstream of nuclear transcription factors, such as EIN3 (ethylene insensitive), EILs (EIN3-like), ERBPs (ethylene responsive element binding protein), and ERFs (ethylene response factor). → and —∙ arrows indicate positive and negative interactions between the different elements of the signaling cascade, respectively.



Increased ethylene production during germination is associated with an increase in ACO activity, as well as a progressive accumulation of ACS and ACO transcripts (Gomez-Jimenez et al., 1998; Matilla and Matilla-Vazquez, 2008; Linkies et al., 2009; Iglesias-Fernandez and Matilla, 2010; Linkies and Leubner-Metzger, 2012). Although ACS is considered to be a key enzyme in the regulation of ethylene production in most plant responses to abiotic and biotic stresses (Wang et al., 2002), it was demonstrated in seeds that ACO activity plays a fundamental role during germination (Matilla and Matilla-Vazquez, 2008; Linkies and Leubner-Metzger, 2012). Both ACS and ACO are encoded by a multigene family, and the regulation of particular ACS and ACO genes differ among each other (Wang et al., 2002, 2005; Yamagami et al., 2003). In both Arabidopsis and cress (Lepidium sativum), ACO1 and ACO2 have been demonstrated to be the major ACOs involved in ethylene synthesis (Linkies et al., 2009; Linkies and Leubner-Metzger, 2012), and the correlation between the abundance of ACO transcripts and the ACO activity suggests its regulation at a transcriptional level during germination.

Ethylene is involved in various developmental processes and responses to biotic and abiotic stresses in plants (Bleecker and Kende, 2000; Wang et al., 2002). The key components in its signaling pathway have been identified using a molecular dissection of ethylene responsiveness in Arabidopsis (Wang et al., 2002; Stepanova and Alonso, 2009; Yoo et al., 2009). Five membrane-localized ethylene receptors, ethylene resistant 1 (ETR1), ETR2, ethylene response sensor 1 (ERS1), ERS2, and ethylene insensitive 4 (EIN4) exist in Arabidopsis (Wang et al., 2002). Among them, ETR1 and ERS1 contain three transmembrane domains in the N-terminus and a histidine kinase domain in the C-terminus, when ETR2, EIN4, and ERS2 present four transmembrane regions and a serine-threonine kinase domain in the C-terminus (Wang et al., 2006; Kendrick and Chang, 2008). Binding of ethylene to its receptors results in inactivation of CTR1 (constitutive triple response 1) protein kinase, which in turn activates the kinase cascade controlling EIN2 and its transcription factors in the nucleus. These, such as EIN3, EILs, ethylene response element binding proteins (EREBPs)/ethylene responsive factors (ERFs) activate the transcription of ethylene response genes (Wang et al., 2002; Liu et al., 2004; Hall et al., 2007; Rzewuski and Sauter, 2008; Yoo et al., 2008, 2009; Stepanova and Alonso, 2009; Figure 1). Recently, it was demonstrated that EIN2 is phosphorylated by CTR1 kinase in the absence of ethylene, and that EIN2 protein level is regulated through its degradation by the proteasome (Qiao et al., 2009, 2012; Ju et al., 2012).

SEED RESPONSIVENESS TO EXOGENOUS ETHYLENE

Exogenous ethylene or ethephon, an ethylene releasing compound, improves germination in numerous species (Esashi, 1991; Corbineau and Côme, 1995; Kepczynski and Kepczynska, 1997; Matilla, 2000; Matilla and Matilla-Vazquez, 2008; Arc et al., 2013). It stimulates germination of non-dormant seeds incubated in non-optimal environmental conditions such as too high temperatures (Rao et al., 1975; Abeles, 1986; Gallardo et al., 1991), osmotic stress (Negm and Smith, 1978; Kepczynski, 1986; Khan et al., 2009), hypoxia (Esashi et al., 1989; Corbineau and Côme, 1992), and salinity (Zapata et al., 2003; Wang et al., 2011; Lin et al., 2013; Silva et al., 2014). It can also break primary and secondary dormancy (Table 1). It breaks the embryo dormancy in apple (Malus domestica; Kepczynski et al., 1977; Sinska and Gladon, 1984; Sinska and Lewandowska, 1991) and beechnut (Calvo et al., 2004a), the dormancy of which is usually broken by chilling, and in sunflower (Corbineau et al., 1990), the dormancy of which is progressively alleviated during dry storage (after-ripening). It also promotes the germination of seeds exhibiting a seed coat imposed dormancy in various species such as cocklebur (Katoh and Esashi, 1975; Esashi et al., 1978), subterranean clover (Trifolium subterraneum; Esashi and Leopold, 1969), Rumex crispus (Taylorson, 1979), and Arabidopsis (Siriwitayawan et al., 2003). In particular, it can also overcome the secondary dormancy induced by high temperatures in lettuce (Lactuca sativa; Speer et al., 1974; Abeles, 1986), sunflower (Corbineau et al., 1988), Amaranthus caudatus (Kepczynski et al., 1996a) and Amaranthus paniculatus (Kepczynski and Kepczynska, 1993). In Rhus coriaria, a post-fire pioneer, low ethylene concentrations (0.03–0.10 μL L-1) released by wet ash stimulates germination (Ne’eman et al., 1999), although it does not improve that of many other species in which germination is smoke-induced (Brown and van Staden, 1997). Ethylene also improves germination of seeds from parasitic plants such as Striga asiatica, Striga lutea and Striga hermonthica (Egley and Dale, 1970; Bebawi and Eplee, 1986).

TABLE 1. Plant species whose seed dormancy is broken by ethylene, ethephon, an ethylene releasing compound, or 1-aminocyclopropane-1-carboxylic acid, the direct precursor of ethylene.
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The stimulatory effect of ethylene is dose dependent, the hormone being efficient when applied at concentration ranging from 0.1 to 200 μL L-1 depending on the species, the depth of dormancy and the environmental conditions. Breaking of dormancy either during chilling in apple (Sinska, 1989) or dry storage in sunflower (Corbineau and Côme, 2003), Amaranthus retroflexus (Kepczynski and Sznigir, 2014) and Stylosanthes humilis (Ribeiro and Barros, 2006) is associated with an increasing sensitivity to ethylene. At harvest, dormant sunflower seeds require 50 μL L-1 ethylene in order to germinate at 15°C, but only 10 and 3 μL L-1 after 8 and 15 weeks of dry-storage at 5°C, respectively (Corbineau and Côme, 2003). In contrast, the responsiveness to the hormone decreases progressively during seed incubation under environmental conditions that induce a secondary dormancy (Negm et al., 1973; Speer et al., 1974; Esashi et al., 1978; Jones and Hall, 1984; Corbineau and Côme, 2003).

Although ethylene stimulates the germination of numerous light sensitive seeds, it does not overcome the light requirement in Amaranthus retroflexus (Schönbeck and Egley, 1981), celery (Apium graveolens; Thomas et al., 1975), lettuce (Burdett and Vidaver, 1971), and Spergula arvensis (Olatoye and Hall, 1973). Recently, Wilson et al. (2014b) demonstrate that loss of ETR1 reduces the inhibitory effect of far-red on the germination of Arabidopsis seeds through expression of genes involved in ABA and GAs metabolism. An epistasis analysis performed by the same authors also suggests that ETR1 may interact with phytochromes to control seed germination.

An additive or synergistic effect of CO2 and ethylene has also been demonstrated in seeds of peanut (Ketring and Morgan, 1972), Spergula arvensis (Jones and Hall, 1984), cocklebur (Katoh and Esashi, 1975), and lettuce (Negm and Smith, 1978; Saini et al., 1986). In the case of cocklebur (Esashi et al., 1986) and sunflower (Corbineau et al., 1990) seeds, it was suggested that the improving effect of CO2 results from an enhancement of C2H4 biosynthesis, since it is suppressed in the presence of inhibitors of ethylene synthesis.

INVOLVEMENT OF ETHYLENE IN SEED GERMINATION AND DORMANCY

Numerous studies demonstrate that the ability to germinate correlates with ethylene production, suggesting that ethylene is involved in the regulation of seed germination and dormancy (reviewed in Kepczynski and Kepczynska, 1997; Matilla and Matilla-Vazquez, 2008; Arc et al., 2013). For example, induction of thermodormancy at high temperatures is associated with a reduced ethylene production in chickpea (Cicer arietinum; Gallardo et al., 1991), sunflower (Corbineau et al., 1988), and lettuce (Prusinski and Khan, 1990). This decrease in C2H4 production may result from an increase in ACC-malonyltransferase activity, thus from a decrease in ACC content as demonstrated in chickpea (Martinez-Reina et al., 1996), an inhibition of ACO activity (Corbineau et al., 1988; Gallardo et al., 1991), or a reduced expression of ACS and ACO (Argyris et al., 2008). In contrast, breaking of dormancy by various treatments (e.g., chilling, GAs, NO, HCN) leads to an increase in ethylene production (Kepczynski and Kepczynska, 1997; Arc et al., 2013). In Arabidopsis, the inductive effect of chilling is associated with a reduced expression of ACO, but in a transient induction of ACS (Narsai et al., 2011; Linkies and Leubner-Metzger, 2012). However, after-ripening of Sisymbrium officinale seeds inhibits expression of SoACS7 and SoACO2 which are involved in ethylene biosynthesis, during early seed incubation, but stimulates that of SoGA20ox2, SoGA3ox2, and SoGA2ox6 involved in GA metabolism (Iglesias-Fernandez and Matilla, 2009).

Data obtained using inhibitors of ethylene biosynthesis pathway or mutants altered in ethylene biosynthesis and signaling pathways demonstrated that endogenous ethylene plays a key role in the regulation of germination and dormancy. Incubation of seeds in the presence of aminoethoxyvinylglycine (AVG) and aminooxyacetic acid (AOA), inhibitors of ACS activity, CoCl2 and α-aminoisobutyric acid (α-AIB), inhibitors of ACO activity, or 2,5-norbornadiene (2,5 NBD) and silver thiosulfate (STS), inhibitors of ethylene action, allowed demonstration of the involvement of endogenous ethylene in germination and dormancy breakage (Kepczynski et al., 1977, 2003; Sinska and Gladon, 1989; Corbineau et al., 1990; Longan and Stewart, 1992; Gallardo et al., 1994; Hermann et al., 2007). In contrast, seed incubation in the presence of ACC, the direct precursor of ethylene, improves seed germination in numerous species such as lettuce (Fu and Yang, 1983), sunflower (Corbineau et al., 1990), cocklebur (Satoh et al., 1984), Amaranthus sp. (Kepczynski, 1986; Kepczynski et al., 1996b), chickpea (Gallardo et al., 1994), and sugar beet (Hermann et al., 2007). This effect of ACC suggests that ACO is potentially active, and that dormancy might result from insufficient ACC level due to low ACS activity.

It is important to notice that HCN, a co-product of ACC oxidation, can also break seed dormancy in apple (Perino et al., 1984; Lewak, 2011; Krasuska and Gniazdowska, 2012; Krasuska et al., 2014), sunflower (Oracz et al., 2008) and Amaranthus retroflexus (Kepczynski and Sznigir, 2014).

Using Arabidopsis lines altered in ethylene biosynthesis and signaling allowed to characterize the regulation of dormancy by ethylene (Table 2). Seeds of ethylene insensitive etr1 (ethylene resistant) as well as ein2 (ethylene insensitive 2) mutants display enhanced primary dormancy relative to wild type, probably due to high ABA sensitivity, whereas ctr1 (constitutive triple responses) mutant have a slightly enhanced rate of germination (Bleecker et al., 1988; Leubner-Metzger et al., 1998; Beaudoin et al., 2000; Ghassemian et al., 2000; Hall et al., 2001; Chiwocha et al., 2005; Subbiah and Reddy, 2010). EIN2 plays a key role in the ethylene signaling pathway, and loss of its function results in a hypersensitivy to salt and osmotic stress during germination and early seedling development in Arabidopsis (Wang et al., 2007). ERFs genes might also play a pivotal role in ethylene responsiveness and regulation of germination (Leubner-Metzger et al., 1998; Pirrello et al., 2006). FsERF1 expression is minimal in dormant beechnut embryo, but increases during moist chilling which breaks dormancy (Jimenez et al., 2005). In sunflower, ERF1 expression is fivefold higher in non-dormant than in dormant embryos, and expression is markedly stimulated by HCN, which breaks dormancy (Oracz et al., 2008). In tomato (Solanum lycopersicon), SlERF2 transcript abundance is higher in germinating seeds than in non-germinating ones, and its overexpression in transgenic lines results in premature seed germination (Pirrello et al., 2006).

TABLE 2. Dormancy and ABA sensitivity of various mutants of Arabidopsis thaliana affected in ethylene biosynthesis or signaling pathway.
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Transcriptional arrays have been used to draw a global view of gene expression in germinating and non-germinating seeds and core sets of genes were analyzed with respect to hormone responsive elements. The analysis of transcriptome data of dormant and after-ripened states in Arabidopsis performed by Cadman et al. (2006) showed that ACS2 gene expression was up-regulated in the dormant state and AtERF5 was up-regulated in germinating state. In lettuce, Argyris et al. (2008) have shown that ethylene responsive genes are regulated by thermo-inhibition; ACO and ACS gene expression is reduced while CTR1, EIN2, ETR1 expression is increased at high temperature. These results point out the gap that exists between hormone metabolism and signaling regulation at the level of gene expression. In wheat seeds, 78 probesets annotated as ethylene metabolism and signaling genes have been differentially expressed between dormant and after-ripened seeds (Chitnis et al., 2014). ACO is represented by four probesets that are up-regulated in after-ripened wheat seeds but no ACS corresponding probeset has been found. Ethylene signaling element as reversion to ethylene sensitivity 1, ERS1, EBF1 (EIN3 binding box protein1), prohibitin 3 or ERF have been shown to be up-regulated in after-ripened seeds at 12 or 24 h of imbibition. The number of genes related to ethylene involved in germination is underestimated since only direct known ethylene signaling components are targeted for analysis in omic studies. It has been shown that treatment with ACC of 7 days germinated seedlings triggers change in expression of 544 genes, among them 244 were common to seeds given an ABA treatment (Nemhauser et al., 2006). These results have been used to compare genes regulated in Lepidium seed tissues during germination (Linkies et al., 2009). Pectate Lyase 1, Argos-like, Expansin A2, B-1,3-glucanase and chitinase B which play an important role in endosperm weakening and/or radicle growth in germination of Lepidium seeds, are proposed as putative ethylene response down-stream genes. Cell wall loosening enzymes expressed in endosperm are also controlled by both ABA and GA (Groot et al., 1988; Toorop et al., 2000).

ETHYLENE CROSSTALK WITH ABA/GAS AND SEED GERMINATION

INTERRELATIONSHIP BETWEEN ETHYLENE AND ABA

The antagonistic effects of ABA and ethylene in the regulation of seed germination and dormancy have been extensively studied (Leubner-Metzger et al., 1998; Beaudoin et al., 2000; Kucera et al., 2005; Matilla and Matilla-Vazquez, 2008; Linkies et al., 2009; Arc et al., 2013). Ethylene overcomes the inhibitory action of ABA on germination of numerous species among which are Amaranthus caudatus (Kepczynski, 1986), Chenopodium album (Karssen, 1976), cotton (Halloin, 1976), tobacco (Nicotiana tabacum), and Arabidopsis (Leubner-Metzger et al., 1998). In Arabidopsis and Lepidium sativum, ethylene also counteracts the inhibition by ABA of endosperm cap weakening and rupture (Linkies et al., 2009). On the contrary, ABA increases the ethylene requirement in order to release dormancy in sunflower (Corbineau and Côme, 1995, 2003) and Amaranthus caudatus (Kepczynski et al., 2003). The negative interaction between ABA and ethylene is also supported by data obtained with various mutants affected in the signaling pathway of both hormones. Ethylene insensitive mutants (etr1, ein2, and ein6) are hypersensitive to ABA, whereas seeds of ein3, ein4, ein5, and ein7 germinate normally. Conversely, eto1, eto3, and ctr1 mutants (characterized by an increase in C2H4 production) exhibit a reduced sensitivity to ABA (Table 2; Beaudoin et al., 2000; Ghassemian et al., 2000; Subbiah and Reddy, 2010). Loss of function of CRT1 enhances the tolerance to ABA of abi1-1 seeds (Beaudoin et al., 2000). Genetic approaches, using double mutants obtained by crossing ethylene insensitive mutants (ctr1, ein1, ein3, and ein6) with aba2 mutant, demonstrate that ABA and C2H4 may also act in parallel, since they exibit phenotypes resulting from both ABA deficiency and altered ethylene sensitivity (Cheng et al., 2009).

Although ACC and exogenous ethylene do not affect ABA content in Lepidium sativum (Linkies et al., 2009) and sugar beet (Hermann et al., 2007), Arabidopsis seeds from ethylene insensitive mutants, etr1 and ein2, have a higher ABA content than that of wild type seeds (Kende et al., 1998; Beaudoin et al., 2000; Ghassemian et al., 2000; Chiwocha et al., 2005; Wang et al., 2007). For example, mutation in ETR1 results in an 8-fold higher ABA content in mature seeds than in wild type, probably due to a decrease in ABA conjugation (Chiwocha et al., 2005). Loss of function of ACS7, one of type 3 ACS with a very short C-terminus and no phosphorylation site, results in reduced C2H4 emission and hyper-sensitivity to ABA, consequently conferring abiotic stress tolerance to Arabidopsis seeds (Dong et al., 2011). ABA accumulation is also associated with stimulation of ABA biosynthesis through an up-regulation of NCED and a down-regulation of CYP707A2 in seeds of the etr1 mutant (Cheng et al., 2009), or an up-regulation of NCED3 associated with an up-regulation of ABA1 in ein2 seeds (Wang et al., 2007).

Inhibition of germination by ABA is associated with an inhibition of in vivo ACO activity and is correlated with a reduction in ACO transcript accumulation (Bailly et al., 1992; Petruzzelli et al., 2000, 2003; Linkies et al., 2009), leading to a reduction of ethylene production (Kepczynski and Kepczynska, 1997; Matilla, 2000). In Arabidopsis, accumulation of ACO1 and ACO2 transcripts during germination is inhibited by ABA, and the high level of ACO1 transcript in ABA-insensitive mutants suggest a tight regulation of ACO expression by ABA (Penfield et al., 2006; Carrera et al., 2008; Linkies et al., 2009). In Lepidium sativum, ABA inhibits expression of both ACO1 and ACO2 in the endosperm cap (Linkies et al., 2009). Up-regulation of ACO transcript has also been detected by microarray analysis in the aba2 mutant in Arabidopsis (Cheng et al., 2009). In contrast, there is an ABA-mediated up-regulation of ACC accumulation and ACO expression in sugar beet seeds (Hermann et al., 2007).

INTERRELATIONSHIP BETWEEN ETHYLENE AND GAs

Gibberellins improve the germination of dormant seeds in numerous species whose dormancy is broken by ethylene, ethephon, or ACC (c.f. Table 1). Both hormones promote the germination of primary dormant seeds of Arabidopsis (Ogawa et al., 2003; Siriwitayawan et al., 2003), Amaranthus retroflexus (Kepczynski et al., 1996b; Kepczynski and Sznigir, 2014), beechnut (Calvo et al., 2004a,b), apple (Kepczynski et al., 1977; Sinska and Gladon, 1984; Sinska, 1989; Lewak, 2011), and Sisymbrium officinale (Iglesias-Fernandez and Matilla, 2010). They also break secondary dormancy in Rumex crispus (Samimy and Khan, 1983) and cocklebur seeds (Esashi et al., 1975), and thermodormancy in lettuce achenes (Keys et al., 1975). In Arabidopsis, C2H4 restores the germination of the GA-deficient mutant ga1-3 (Karssen et al., 1989), and GA3 stimulates that of the etr1 mutant (Bleecker et al., 1988), while no stimulatory effect is noted on the germination of the GA-deficient gib-1 mutant in tomato (Groot and Karssen, 1987). All these data suggest that GAs and ethylene pathways interact (Brady and McCourt, 2003; Feurtado and Kermode, 2007; Matilla and Matilla-Vazquez, 2008; Miransari and Smith, 2014).

In beechnut, incubation of embryos in the presence of GA3 results in an accumulation of ACC and an increase in ACC oxidase activity and C2H4 production, concomitant with an increased expression of FsACO1 (Calvo et al., 2004a). Similarly, the improving effect of GA4 on the germination of Arabidopsis ga1-3 mutant seeds is associated with an increase in AtACO (Ogawa et al., 2003). Decrease of the expression of FsACO1 in the presence of paclobutrazol, a GAs biosynthesis inhibitor, confirms that GAs activates the ethylene biosynthesis pathway (Calvo et al., 2004a,b). However, in Sisymbrium officinale, Iglesias-Fernandez and Matilla (2010) demonstrate that expression of SoACS7 and SoACO2 during germination is inhibited by paclobutrazol, but is not affected by application of either ethrel or GA4+7. In addition, the up-regulation of AtERS1 (ETHYLENE RESPONSE SENSOR encoding a member of ethylene receptor family) in Arabidopsis in the presence of GA4 (Ogawa et al., 2003) and of an EIN-3 like in beechnut in the presence of GA3 (Lorenzo et al., 2000) suggest an effect of GAs on ethylene response.

Numerous data also suggest that ethylene stimulates seed germination by affecting the GAs biosynthesis or signaling pathway. GA1, GA4, and GA7 strongly accumulate in dry mature seeds of the etr1-2 Arabidopsis mutant relative to wild type, and both GA4 and GA7 contents remain higher than in wild type during the two first days of imbibition (Chiwocha et al., 2005). The changes in GA content during germination suggest that lack of ETR1, i.e., of ethylene signaling pathway, results (i) in alteration of GAs biosynthesis pathway, and (ii) in a requirement for higher levels of GAs than wild type, to promote germination (Chiwocha et al., 2005). In beechnut, expression of FsGA20ox1, which is involved in the synthesis of active GAs, remains low in stratified seeds (i.e., non-dormant seeds) and seeds treated with GA3 or ethephon, but inhibition of ethylene biosynthesis by AOA (2-aminoxyacetic acid) results in an increase in this transcript indicating the involvement of ethylene in the regulation of GA biosynthesis (Calvo et al., 2004b). Studies of expression of genes involved in GA synthesis (SoGA3ox2 and SoGA20ox2) and degradation (SoGA2ox6) during imbibition of Sisymbrium officinale seeds in the presence of GA4+7, ethylene, and inhibitors of GA synthesis or ethylene synthesis and signaling, indicate that GA biosynthesis is strongly regulated by GA and ethylene (Iglesias-Fernandez and Matilla, 2010).

Gibberellin signaling pathways depend on DELLA proteins including GAI (GA INSENSITIVE), RGA (REPRESSOR OF ga1-3), RGL1 (RGA LIKE1), RGL2 and RGL3 (Sun and Gubler, 2004; Davière and Achard, 2013). GAs destabilizes the DELLA proteins, which act as growth repressors by targeting GAs for ubiquitination and degradation (Dill et al., 2004). In Arabidopsis, Achard et al. (2003, 2007) reported that a part of ethylene action on hypocotyl growth and floral transition was mediated via its effects on the DELLA proteins. This may be true too in the control of germination since DELLA proteins seem to play a key role in the regulation of seed germination (Lee et al., 2002; Tyler et al., 2004; Cao et al., 2006; Steber, 2007; Piskurewicz et al., 2008; Schwechheimer, 2008). Thus, the seed GA content and responsiveness may result from a regulation of DELLA accumulation by ethylene.

ROS AND ETHYLENE INTERACT TO REGULATE SEED GERMINATION

It has been shown in various seed species (Oracz et al., 2007; Ishibashi et al., 2008, 2013; Müller et al., 2009; Bahin et al., 2011), including Arabidopsis (Liu et al., 2010; Leymarie et al., 2012), that radicle protrusion is associated with and/or required a controlled accumulation of ROS. Regarding the role of plant hormones in seed germination and dormancy, several studies have investigated the possible relationship between metabolic and signaling pathways of these hormones, mainly ABA and GAs, and ROS homeostasis (Bailly et al., 2008). Up-to-date, however, the relationship between ROS and ethylene has been scarcely studied within the context of seed germination, although this is well documented in other contexts such as plant pathogen interactions (Mersmann et al., 2010) or cell death regulation (Overmyer et al., 2003).

In sunflower embryos, whose dormancy is released by exogenous ethylene (Corbineau et al., 1990), it has been recently demonstrated that ethylene markedly enhanced ROS accumulation within dormant embryonic axes, probably through the activation of NADPH oxidase (El-Maarouf-Bouteau et al., 2014). Whether ethylene produced in response to ROS has a direct effect on cell wall properties and cell elongation or if it stimulates cell signaling pathways related to germination, is however not known. Contrasting results obtained by Lin et al. (2012, 2013) demonstrates that ethylene decreases ROS content in Arabidopsis seeds germinating under salinity stress. In the case of the former species, ethylene has an antagonistic effect to ROS that are detrimental for germination, probably because their production increases to excessive levels in response to stress. This highlights the plasticity of seed responses to ROS but also the complexity of their interaction with ethylene (Bailly et al., 2008).

Several authors have also studied the effect of ROS on ethylene production during seed germination. Dormant sunflower embryos treated by methylviologen, a ROS generating compound, germinate rapidly at temperatures that would otherwise prevent their germination (Oracz et al., 2007). However, this improving effect is not associated with an increase in ethylene production which peaks at the time radicle elongates, and which therefore must be considered as a post-germinative event (El-Maarouf-Bouteau et al., 2014). These authors propose that ethylene might participate in association with ROS to facilitate the initiation of cell elongation, the first visible symptom of germination. In dormant apple embryos, Gniazdowska et al. (2010) suggest that the improving effect of NO and HCN results from a transient ROS production leading to an ethylene production required in termination of the sensu stricto germination process before radicle elongation and propose that this might result from a non-enzymatic oxidation of ACC. Ishibashi et al. (2013) have proposed that ROS produced in soybean (Glycine max) embryonic axes during imbibition induces ethylene production, which promotes cell elongation in the radicle. However, in that case, ethylene was measured after the onset of radicle protrusion, and this production was probably more related to the kinetics of seedling elongation than on a direct effect of H2O2. In contrast, in pea, which germination is not strongly regulated by ethylene, Barba-Espin et al. (2011) demonstrate that H2O2 treatment results in a reduction in PsACS2 transcript abundance consistent with a decrease in ACC content. These results suggest that ROS and ethylene probably do not interact directly, but rather through a complex hormonal network (Diaz-Vivancos et al., 2013).

All together these data suggest that the interaction between ROS and ethylene in seeds can operate in both directions, depending on the physiological context of germination, i.e., on the environmental conditions prevailing during imbibition, and is highly species related. One can predict that the use of seeds of the plant model Arabidopsis will help decipher the molecular bases of this interaction. In particular it will be interesting to determine whether ROS can trigger expression of the ethylene signaling pathway components and vice versa. For example, Oracz et al. (2009) has demonstrated the occurrence of such a cross talk, since the treatment of dormant sunflower embryos by methylviologen induced the expression of ETR2 and of the transcription factor ERF1. The involvement of ethylene transcription factors in response to ROS appears to be worth investigating since studies with other plant systems have also implicated such a relationship (Sewelam et al., 2013).

CONCLUSION: NETWORK BETWEEN ETHYLENE, PLANT HORMONES, AND ROS

Seed germination is regulated by ethylene in a complex signaling network, which is also operational in numerous developmental processes, including vegetative growth, flowering timing, fruit ripening and organ senescence and abscission (Yoo et al., 2009; Muday et al., 2012; Arc et al., 2013). As mentioned above, ethylene interacts with ABA and GAs, both hormones being essential regulators of germination and dormancy (Feurtado and Kermode, 2007; Nambara et al., 2010; Nonogaki et al., 2010; Miransari and Smith, 2014). Thus, the improving effect of ethylene may occur via the involvement of C2H4-GAs-ABA crosstalk but whether its action is direct or indirect needs clarification. Research on the effect of ABA and GAs on C2H4 biosynthesis and signaling pathways, especially in seeds, would then require further investigation, specifically in relation with ROS. Figure 2 summarizes the current data concerning ABA-GAs-C2H4 networks based on genetic analyses, microarray data, and physiological studies. ABA inhibits the C2H4 biosynthesis pathway via an inhibitory action on ACO activity and on the ACO transcript accumulation. On the contrary, C2H4 counteracts both ABA synthesis and signaling, ETR1 having a key role. In addition, C2H4 affects the synthesis of GAs via modification of expression of genes (GA3ox and GA20ox) involved in GAs synthesis. Ethylene also probably modifies the GAs signaling pathway via a regulation of DELLA proteins, as demonstrated in growth processes (Achard et al., 2003, 2007). To add to the complexity of the ABA-GAs-C2H4 network, there are antagonistic interactions between ABA and GAs, C2H4 and brassinosteroids, jasmonates and auxins (Wang et al., 2002; Brady and McCourt, 2003; Weiss and Ori, 2007; Finkelstein et al., 2008; Matilla and Matilla-Vazquez, 2008; Cheng et al., 2009; Divi et al., 2010; Linkies and Leubner-Metzger, 2012). ROS also regulate seed germination through hormonal networks, in particular with ABA and GAs (Bethke et al., 2007; Liu et al., 2010; Diaz-Vivancos et al., 2013). It would be then important to discriminate the hierarchy of the different signaling pathways, and their role as sensor of environmental signals.


[image: image]

FIGURE 2. Interactions between ethylene, abscisic acid, gibberellins, and ROS in the regulation of seed germination and dormancy. This scheme is based on genetic analyses, microarray data, and physiological studies on seed responsiveness to ethylene, ABA, GAs, or ROS cited in the text. Ethylene down-regulates ABA accumulation by both inhibiting its synthesis and promoting its inactivation or catabolism, and also negatively regulates ABA signaling. ABA inhibits ethylene biosynthesis through ACS and ACO activities. Ethylene also improves the GAs metabolism, and GAs signaling, and vice versa. ROS enhance ABA catabolism and both C2H4 and GAs signaling. Whether ROS are signals induced by environmental factors to modulate the hormonal network toward germination is to be investigated. → and —∙ arrows indicate positive and negative interactions between the different elements of the signaling cascade, respectively.



Omics studies are now available in the field of seed germination but efforts to develop transcriptomic analysis of ethylene action are required to understand ethylene involvement in seed germination. Analysis of the effects of ethylene on specific cellular processes highlighted by dormancy and germination studies such as transcription regulation, cell cycle activity and endosperm weakening should help to understand the regulatory network of germination process in seeds. Moreover, although hormonal signaling network share common components, they may work in specific territories in seeds.
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Agrobacterium tumefaciens has a unique ability to transfer genes into plant genomes. This ability has been utilized for plant genetic engineering. However, the efficiency is not sufficient for all plant species. Several studies have shown that ethylene decreased the Agrobacterium-mediated transformation frequency. Thus, A. tumefaciens with an ability to suppress ethylene evolution would increase the efficiency of Agrobacterium-mediated transformation. Some studies showed that plant growth-promoting rhizobacteria (PGPR) can reduce ethylene levels in plants through 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase, which cleaves the ethylene precursor ACC into α-ketobutyrate and ammonia, resulting in reduced ethylene production. The whole genome sequence data showed that A. tumefaciens does not possess an ACC deaminase gene in its genome. Therefore, providing ACC deaminase activity to the bacteria would improve gene transfer. As expected, A. tumefaciens with ACC deaminase activity, designated as super-Agrobacterium, could suppress ethylene evolution and increase the gene transfer efficiency in several plant species. In this review, we summarize plant–Agrobacterium interactions and their applications for improving Agrobacterium-mediated genetic engineering techniques via super-Agrobacterium.
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INTRODUCTION

Agrobacterium tumefaciens is a soil-borne bacterium known to cause crown gall disease in plants. A. tumefaciens strains that induce crown gall have a large plasmid (tumor-inducing plasmid: Ti plasmid), which is essential for the establishment of crown gall disease (van Larebeke et al., 1974, 1975; Zaenen et al., 1974; Watson et al., 1975; Currier and Nester, 1976). Chilton et al. (1977) detected part of the Ti plasmid in the crown gall genome, showing that plant cell conversion resulted in genetic transformation. This work clearly showed that A. tumefaciens has the ability to transfer T-DNA into plant genomes (Chilton et al., 1977).

Since this discovery in 1977, many investigators have attempted to generate A. tumefaciens suitable for plant genetic engineering. In early techniques, the oncogenic T-DNA region of the Ti plasmid was replaced with genes of interest by single or double homologous recombination (Zambryski et al., 1983). Although the recombination steps are easy, they are limited by the potential recombination of repetitive sequences during or after recombination in the Ti plasmid replicon in A. tumefaciens. Hoekema et al. (1983) showed that A. tumefaciens is able to deliver the T-DNA even if the Ti plasmid is divided into two plasmids (the T-DNA region and the vir region). This finding made it possible to extract only the T-DNA region from A. tumefaciens, and the modification was easier without the sequence limitation. After this finding, a binary plant vector strategy became the standard method in plant genetic engineering (Hoekema et al., 1983; Bevan, 1984). Increasing the virulence of A. tumefaciens is a useful strategy for higher transformation efficiency. The identification and application of vir gene inducers, such as plant phenolic compounds (Stachel et al., 1985, 1986) and sugars (Cangelosi et al., 1990; He et al., 2009; Hu et al., 2013), enabled this technique to be adapted for a wide range of plant species, especially monocot crops. The selection of hyper-virulent strains also spread the adaptation throughout the host range. Super-binary vectors, which have shown higher vir gene expression, have provided critical improvements in transformation efficiency (Komari et al., 2006). Agrobacterium-mediated gene transfer has been well established through many modifications, and it is a basic technique in plant science, but the gene transfer efficiencies are not sufficient for many plant species, especially crops and biomass plants. Therefore, improvements in these techniques are required.

Some plant metabolites and phytohormones inhibit Agrobacterium-mediated transformation. In particular, ethylene showed a negative effect on Agrobacterium-mediated T-DNA transformation in many plant species. In this review, we focus on the effect of ethylene on Agrobacterium-mediated gene transfer into plant cells and introduce an engineering strategy by which to increase the transformation efficiency of A. tumefaciens via ethylene removal. The established A. tumefaciens strain is designated as super-Agrobacterium.

ETHYLENE SUPPRESSES Agrobacterium-MEDIATED T-DNA TRANSFER

The gaseous phytohormone ethylene regulates multiple physiological and developmental processes in plants, such as seedling emergence, leaf and flower senescence, ripening, organ abscission, growth-phase transitions, rhizobium–legume interaction, and plant–pathogen interaction (Beyer, 1981; Yang and Hoffman, 1984; Yang, 1985; Abeles, 1992; Ogawara et al., 2003). Ethylene synthesis is stimulated by biotic or abiotic stress. Ethylene also modulates A. tumefaciens–plant interactions. Ethylene is a crucial determinant of crown gall development. Plants treated with inhibitors of ethylene synthesis or perception, such as aminoethoxyvinylglycine (AVG), and ethylene-insensitive Never-ripe mutants (tomato) suppress crown gall growth (Aloni et al., 1998). Because vascularization is essential for efficient assimilate import from the host plant into the tumor cells, if the vascularization is suppressed, nutrient supply stops (Malsy et al., 1992; Pradel et al., 1996, 1999), resulting in the inhibition of crown gall development. Ethylene stimulates crown gall development by inducing vascular development (Wächter et al., 2003), and it induces crown gall development but inhibits Agrobacterium-mediated genetic transformation of plant cells. The enhancement of ethylene production by supplying its immediate precursor, 1-aminocyclopropane-1-carboxylic acid (ACC), suppresses gene transfer in tomatoes and melons (Davis et al., 1992; Ezura et al., 2000). Ethylene is increased by wounding and A. tumefaciens infection stress during co-cultivation (Ezura et al., 2000). Reducing ethylene production during co-cultivation using ethylene biosynthesis inhibitors such as AVG or suppressing plant ethylene perception by adding silver ions to the tissue culture medium has improved the transformation efficiency in melons (Ezura et al., 2000), cauliflowers (Chakrabarty et al., 2002), apricots (Burgos and Alburquerque, 2003), apple trees (Petri et al., 2005; Seong et al., 2005), and bottle gourds (Han et al., 2005). The stable transformation frequency was also increased in the Arabidopsis thaliana ethylene-insensitive mutants etr1-1 and etr1-2 (Nonaka et al., 2008a).

These results indicate that ethylene inhibits gene transfer in plants. One possible explanation for this phenomenon might involve the plant defense response via ethylene signaling. Previous studies have found that ethylene regulates several genes that are involved in the defense response, including those that encode the PR proteins chitinase, β-1, 3-glucanase, and PR1 (Deikman, 1997) in addition to phytoalexin synthetic enzymes (Ecker and Davis, 1987), defensins (Penninckx et al., 1996), and hydroxy-Pro-rich glycoproteins (Toppan et al., 1982). These compounds suppress bacterial growth because of their antibacterial activity. Indeed, in tomatoes, the reduced expression of LeETR4, which encodes a tomato ethylene receptor, resulted in increased sensitivity to ethylene, an enhanced hypersensitive response, and the reduced growth of Xanthomonas campestris pv. vesicatoria compared to wild-type (WT) plants (Ciardi et al., 2000). Ethylene insensitivity results in reduced resistance to the potato soft rot agent Erwinia carotovora subsp. carotovora in A. thaliana etr1-1 and ein2-1 mutants (Norman-Setterblad et al., 2000).

In general, ethylene levels increase in plant defense responses; however, the inhibitory effect of ethylene on Agrobacterium-mediated gene transfer does not occur through plant defense. The model scheme is described in Figure 1. Microarray and differential display analysis showed that A. tumefaciens infection induces the plant genes necessary for transformation while simultaneously repressing host defense response genes (Veena et al., 2003). Ethylene evolution was induced by A. tumefaciens inoculation in the early stage of the infection (Nonaka et al., 2008b; Lee et al., 2009). Although A. tumefaciens infection increased ethylene levels, the plant genes that encode ethylene receptors and their downstream signaling components, including defense response genes, are not induced (Lee et al., 2009). These results support the hypothesis that the inhibitory effect of ethylene on Agrobacterium-mediated gene transfer is independent of the plant defense response. Indeed, the plant ethylene response did not affect A. tumefaciens growth during co-cultivation (Nonaka et al., 2008a). The plant ethylene response inhibits T-DNA transfer through the suppression of vir gene expression (Nonaka et al., 2008a). The application of exudate from plants showing an ethylene response to A. tumefaciens reduced vir gene expression, which decreased T-DNA transfer. Such an inhibitory effect was partially overcome by the application of acetosyringone, a vir gene inducer, and in an A. tumefaciens strain constitutively expressing the vir gene. From this result, two possibilities were considered: in plants showing an ethylene response, the amount of the vir gene inducer would be reduced or the antagonist of the vir gene inducer would be produced. This deficient recovery indicates that vir gene suppression is one of the reasons for a reduction in T-DNA transfer via the ethylene response. The partial restoration upon the application of the vir gene inducer suggests that there is another inhibitory mechanism of ethylene. Therefore, the suppression of the vir gene is not sufficient to explain the negative effect of ethylene on Agrobacterium-mediated gene transfer. Because the inhibitory mechanism of ethylene on Agrobacterium-mediated gene transfer still needs to be clarified, to improve the transformation frequency, the introduction of the ability to reduce ethylene in A. tumefaciens would be effective.
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FIGURE 1 | Schematic drawing of the potential mechanisms of inhibition through ethylene signaling and vir gene expression. (1) The infection of A. tumefaciens induces ethylene evolution from plant tissue. (2) Ethylene is received by the ethylene receptor. (3) Ethylene signal transduction is induced and, (4) subsequently, the plant shows the ethylene response. (5) In plants that show the ethylene response, vir gene inducer production would be suppressed or an antagonist of the inducer would be produced, (6) resulting in a reduction of vir gene expression in A. tumefaciens.


STRATEGY TO REDUCE ETHYLENE PRODUCTION IN PLANT CELLS INOCULATED WITH Agrobacterium

Ethylene is generated through the ethylene biosynthetic pathway, which was elucidated largely by the pioneering work of Yang and co-workers in the 1970s and 1980s (Wang et al., 2002). Ethylene is synthesized from the amino acid methionine, which is converted to S-adenosyl-L-methionine (SAM) by SAM synthase (ADS). SAM is the major methyl donor in plants and is involved in the methylation of lipids, proteins, and nucleic acids. SAM is converted by the enzyme ACC synthase (ACS) to 5′-methylthioadenosine (MTA), which is converted back to methionine via the Yang Cycle and to ACC, the precursor of ethylene. ACC is finally oxidized by ACC oxidase (ACO) to form ethylene, cyanide, and carbon dioxide. The conversion of SAM to ACC is considered to be the rate-limiting step in ethylene biosynthesis and consequently has been studied intensively. Therefore, the degradation of ACC, the immediate precursor of ethylene, effectively reduces ethylene production in plants. The reduction of ethylene via the degradation of ACC is found in some soil bacteria.

The pyridoxal 5-phosphate-dependent enzyme ACC deaminase catalyzes the decomposition of ACC to α-ketobutyrate and ammonia (Honma and Shimomura, 1978; Minami et al., 1998; Hontzeas et al., 2004; McDonnell et al., 2009). Although ACC deaminase genes have been isolated in a wide range of organisms, the ACC deaminase gene was isolated from many plant growth-promoting rhizobacteria (PGPR; Table 1). As shown in. PGPR with ACC deaminase activity can lower the ethylene level in plant cells through the degradation of ACC.

Table 1 | Organisms with ACC deaminase activity.
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In response to tryptophan and other small molecules present in root exudates, IAA is synthesized and secreted by a PGPR that is bound to the surface of the root (Whipps, 1990; Hong et al., 1991; Fallik et al., 1994; Dimkpa et al., 2012). Some of the newly synthesized IAA is taken up by the plant and can stimulate ACS to convert SAM to ACC (Kende, 1993). The uptake and subsequent cleavage of ACC by the PGPR decrease the amount of ACC outside the plant (Penrose and Glick, 2001).

The Km of ACC deaminase is lower than ACC oxidase. The various plant ACC oxidase for ACC ranges from approximately 8 μM (for ripening apples) to 120 μM (for etiolated beans; Smith et al., 1992). The Km of ACC deaminase for ACC ranges from approximately 1.5 to 3.4 mM (Honma and Shimomura, 1978; Hontzeas et al., 2004). This means that ACC oxidase has about a 100-fold greater affinity for ACC than does ACC deaminase. Despite the fact that ACC oxidase has a much higher affinity for ACC, the kinetic calculations indicate that ACC deaminase can be more effective in lowering ACC than ACC oxidase when the amount of ACC deaminase is much greater than the amount of ACC oxidase (Glick et al., 1998). These results indicate that the ACC metabolite reaction in PGPR was more effective than that in plant cells and that the ACC level are lower in inner plant cells than in external cells. Therefore, to maintain equilibrium between internal and external ACC levels, the plant increases the level of ACC exudate. PGPRs have the ability to utilize ACC as a sole source of nitrogen in plant roots (Glick et al., 1994; Jacobson et al., 1994) and to proliferate under conditions in which other soil bacteria cannot grow. The reduction of the inner ACC level caused by the utilization of ACC in bacteria causes the plant to synthesize more ACC and to effectively exude ACC from the plant.

A significant correlation was found between in vitro bacterial ACC deaminase activity and the growth-promoting activity of these bacteria under pot and field trial conditions (Shaharoona et al., 2006a,b). In fact, many types of PGPR containing the ACC deaminase gene reduced ethylene production, resulting in physiological changes in many types of plants. The rhizobacterium Variovorax paradoxus 5C-2, which possesses ACC deaminase, promotes the growth (leaf area and shoot biomass) and development of WT A. thaliana and the ethylene-overproducing mutant eto1-1 but does not have these effects in ethylene-insensitive mutants (etr1-1 and ein2-1; Chen et al., 2013). Furthermore, V. paradoxus 5C-2 decreased the ACC concentrations in the rosette leaves of WT plants by 59% and foliar ethylene emission in both WT plants and eto1-1 mutants by 42 and 37%, respectively, (Chen et al., 2013). Rhizobacteria possessing ACC deaminase induced maximum waterlogging tolerance in Ocimum sanctum, as treated waterlogged plants exhibited the maximum growth and biomass yield with minimal ethylene levels (Barnawal et al., 2012). Bacterial endophytes expressing ACC deaminase delay flower senescence (Ali et al., 2012). Mesorhizobium ciceri LMS-1 expressing an exogenous ACC deaminase increases nodulation abilities and chickpea plant resistance to soil constraints (Nascimento et al., 2012).

SUPER-Agrobacterium WITH ACC DEAMINASE ACTIVITY INCREASES T-DNA TRANSFER EFFICIENCY VIA A. tumefaciens

The introduction of ACC deaminase activity into A. tumefaciens may reduce ethylene levels during co-cultivation and increase A. tumefaciens-mediated transformation efficiency. Whole-genome sequence analysis revealed that the A. tumefaciens strain C58 does not have an ACC deaminase gene (Wood et al., 2001); therefore, this strategy seems to be effective in this species. The ACC deaminase gene was amplified from Pseudomonas sp. via PCR. This amplified fragment was inserted into pBBR1MCS-5 (pBBRacdS). The pBBR1MCS-5 plasmid is compatible with IncP, IncQ, and IncW plasmids, and it has a different origin of the RK2 vector, which is used as a binary vector (Kovach et al., 1994). Because their origins are different, pBBRacdS and the binary vector are able to coexist in A. tumefaciens. The expression of ACC deaminase was controlled by the lacZ promoter, which constitutively and strongly expresses genes in A. tumefaciens. The A. tumefaciens strain harboring ACC deaminase genes showed ACC deaminase activity and effectively inhibited ethylene production in melons (Figure 2A), resulting in increased transient T-DNA transformation in melons (Figure 2B; Nonaka et al., 2008b).
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FIGURE 2 | Agrobacterium tumefaciens with ACC deaminase activity inhibits ethylene evolution during co-cultivation, increasing gene transformation frequency in tomatoes and melons. (A) Measurement of ethylene evolution. The accumulation of ethylene in the headspace was measured on a gas chromatograph. Bars represent standard deviations (n = 3). The characters a and b show significant differences (t-test; P < 0.05). fw, fresh weight. (B) Quantification of gene transfer by a GUS assay. Melon cotyledon segments were co-cultured with three different A. tumefaciens strains for 3 days. (C) Classification of GUS-stained cotyledon explants. GUS-stained tomato cotyledons were categorized based on the stained area: less than 1, 1–3, 3–5, 5–10, 10–20, and more than 20%. (D) The frequency of each GUS staining category in tomato explants. Bacterial strains with significant differences (Student’s t-test and Kruskal–Wallis test; P < 0.01) are indicated by different letters. cont: A. tumefaciens GV2260 (pBBR1MCS-5, pIG121); acdS: A. tumefaciens GV2260 (pBBRacdS, pIG121-Hm) acdS gene driven by lac promoter; virD1acdS: A. tumefaciens GV2260 (pvirD1acdS, pIG121-Hm) acdS gene driven by the virD1 promoter. Panels (A,B) are cited from Nonaka et al. (2008b). Panels (C,D) are cited from Someya et al. (2013).


For the further improvement of Agrobacterium-mediated transformation, we attempted to increase the expression level of ACC deaminase. Klüsener et al. (2010) showed that virB1, virD1, and virE1 of A. tumefaciens were among the most highly expressed genes in acidic medium (AB medium at pH 5.5) containing 100 mol/L acetosyringone (Klüsener et al., 2010). We compared the activities of these three promoters to select the highest one, and the virD1 promoter showed the strongest transcription activity. The virD1 promoter conferred fourfold increased transcriptional activity compared with the lacZ promoter. The time course analysis (0–72 h) showed that ACC deaminase expression was induced at 6 h by adding acetosyringone to MS medium, and the high expression level was maintained until 72 h. By contrast, the expression of the ACC deaminase gene driven by the lacZ promoter started to decrease at 6 h. Compared with the lacZ promoter, the virD1 promoter maintained ACC deaminase gene expression at a higher level for a long time, increasing the ACC deaminase activity in A. tumefaciens. Generally, the co-cultivation period is 72 to 96 h, so the virD1 promoter seems to be suitable as the ACC deaminase gene activator. This newly developed A. tumefaciens strain showed higher T-DNA transformation efficiency in tomatoes (Figures 2C,D) and higher biomass production than Erianthus ravennae, which shows very low transformation frequency. Therefore, A. tumefaciens with higher ACC deaminase activity is a powerful tool for the Agrobacterium-mediated genetic engineering of plants (Someya et al., 2013). Introducing ACC deaminase into A. tumefaciens is effective at increasing the stable transformation frequency. A. tumefaciens with ACC deaminase succeeded in increasing the stable transformation frequency in Egusi melons (Ntui et al., 2009) and three canola cultivars (Brassica napus cv. Westar, B. napus cv. Hyola 401 and B. napus cv. 4414RR; Hao et al., 2010). We herein designate A. tumefaciens with ACC deaminase activity as super-Agrobacterium, which has the potential to improve the transformation efficiency of recalcitrant plant species.

CONCLUSION

Agrobacterium-mediated transformation is an important tool for plant genetic engineering. Although a sophisticated protocol has been established for model plants, such as A. thaliana, tobacco, and rice, the transformation efficiency was not sufficiently high for commercially important crops such as maize, sorghum, soybean, barley, and E. ravennae. There has therefore been a need for the improvement of this methodology. Among the various negative factors contributing to low Agrobacterium-mediated transformation rates, ethylene has been well known as an inhibitor of transformation efficiency for a long time. There are chemicals to reduce ethylene production or ethylene perception. However, they are hard to use because they are expensive, in a gaseous form or toxic to bacteria; they are thus not suitable for improving Agrobacterium-mediated transformation. Therefore, we attempted to reduce ethylene in A. tumefaciens. Some PGPRs have an enzyme that degrades the ethylene precursor ACC. This strategy is not toxic for bacteria, and it is very easy to perform. We introduced the enzyme ACC deaminase into A. tumefaciens. The strain has been designated as super-Agrobacterium. It showed increased transient gene delivery into melon cotyledons (Nonaka et al., 2008b), tomatoes, and E. ravennae (Someya et al., 2013). In addition, the super-Agrobacterium also increased stable transformation in Egusi melon and three canola species (Ntui et al., 2009; Hao et al., 2010). To improve the “super-Agrobacterium,” a thorough analysis will be required in the future. One of the negative effects of ethylene is the suppression of vir gene expression in A. tumefaciens. However, the constitutive vir gene expression strain or the addition of the vir gene expression inducer could only partially overcome the inhibitory effect of ethylene on vir gene expression. This result showed the possibility of a different inhibitory mechanism that is caused by ethylene; therefore, a thorough analysis will be required in the future.

Our study showed that there are two points that should be considered when improving the efficiency of Agrobacterium-mediated gene transfer: first, the transient transformation frequency is important for increasing the stable transformation efficiency. Second, the regulation of plant-derived signals is an effective method for increasing the A. tumefaciens-mediated gene transfer frequency. For a more sophisticated strategy by which to increase transformation, it is effective to analyze the plant-derived signals in Agrobacterium–plant interactions. The removal of these signals would further increase the A. tumefaciens-mediated transformation frequency in recalcitrant plants.
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Mutant or transgenic lines® Gene/locus Seed dormancy  Hormone sensitivity and content Reference®

etri-1 ETR1 Enhanced CaHa insensitive and ABA hypersensitive 1,2,3,4,6,78,9,10, 11,12

etri-2 Higher ABA content

etr1-3 ETR1 Enhanced Reduced CzHa sensitivity 10

etri-6 ETR1 Slightly enhanced ~ More sensitive to ABA 10,13

etr1-8 ETR1 Enhanced - 10

ein2-1, ein2-5, ein2-49 EIN2 Enhanced ABA hypersensitivity 1,8,4,711,12
Higher ABA content

eind-4 EIN4 Enhanced - 10

6in6 EIN6 Enhanced ABA hypersensitivity n

ctri-1, ctr1-10 CTR1 Early germination  Reduced ABA sensitivity 1,3,7,9, 11,12

acs7 ACS Early germination  ABA hypersensitivity 5

eto3 Early germination  Reduced ABA sensitivity 3n

2mutant abbreviations: acs7 = ACC synthetase7; ctrl = constitutive triple response; ein2, eind, ein6 = ethylene insensitivel, 4, 6; etrl = ethylene resistant1;
eto3 = ethylene overproducer3.

breferences: (1) Beaudoin etal. (2000); (2) Bleecker etal. (1988); (3) Cheng etal. (2009); (4) Chiwocha etal. (2005); (5) Dong etal. (2011); (6) Ghassemian etal. (2000);
(7) Hall etal. (2001); (8) LeubnerMetzger etal. (1998); (9) Ouaked etal. (2003); (10) Siriwitayawan etal. (2003); (1) Subbiah and Reddy (2010); (12) Wang etal. (2007);
(13) Wilson etal. (2014a).
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Arabidopsis thaliana
Arachis hypogaea
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Pyrus malus
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Rumex crispus
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Taylorson (1979)

Ribeiro and Barros (2006)
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Thermo-dormancy

Lactuca sativa

Speer etal. (1974)

Secondary dormancy

Amaranthus caudatus
Amaranthus paniculatus
Helianthus annuus
Lactuca sativa

Rumex crispus

Xanthium pennsylvanicum

Kepczynski and Karssen (1985)
Kepczynski and Kepczynska (1993)
Corbineau etal. (1988)

Abeles (1986)

Samimy and Khan (1983)

Esashi etal. (1978)
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Probe

HORMONE
PtpAffx.202003.1.51_at
PtpAffx.211163.1.51_s_at
NUTRIENT TRANSPORT
PtpAfix.79594.1.51_s_at
PtpAffx.15690.1.51 _at
Ptp.3435.2.51_s_at
Ptp.1562.151_s_at
Ptp.8110.1.51_at

DEFENSE
PtpAffx.77318.151_x_at
PtpAffx.50871.1.A1_at
Ptp.6139.1.51_at
PtpAfix.136901.1.51_at
Ptp.2230.1.51 _at

PtpAffx 55006.1.A1_at
SENESCENCE
PtpAffx.67533.151_a_at
Ptp.2629.151_s_at

PtpAffx 85571.1.81_s_at
CELL CYCLE/EXPANSION
PtpAffx.222953.1.51_at
PtpAffx.508972.51_at
PtpAffx.200879.1.51_at
Ptp.5638.1.51_at
Ptp.7389.151_at
PtpAffx. 162051.1.51
Ptp.1602.1.51_at
PtpAffx.63679.1A1_s_at
Ptp.2869.1A1_at
PtpAffx.206669.1.51_s_at
PtpAffx.17914.3.A1_at

RefSeq protein ID

XP_002302380
XP_002319260

XP_002318842
XP_002311043
XP_002302223
XP_002302727
XP_002313213

XP_002312918
XP_002302379
XP_002304920
XP_002306296
XP_002302409
XP_002322929

XP_002320492
XP_002307593
XP_002299638

XP_002318886
XP_002310432
XP_002298451
XP_002307791
XP_002319120
XP_002322260
XP_002307822
XP_002306649
XP_002299019
XP_002308551
XP_002312101

p < 0.05; > 2-fold differential regulation.

E-value

0.00E+00
0.00E+00

8.00E-164
0.00E+00
0.00E+00
0.00E+00
0.00E+00

1.00E-114
0.00E+00
0.00E+00
3.00E-165
5.00E-133
0.00E+00

6.00E-165
2.00E-40
1.00E-31

0.00E+00
3.00E-55
2.00E-156
0.00E+00
0.00E+00
3.00E-35
1.00E-177
0.00E+00
0.00E+00
0.00E+00
7.00E-140

Fold change

506.5
28

32
3.0
26
21

35

104
5.8
a8
36
32
28

370
27
22

-23
-23
2.4
-25
-25
-28
-2.9
-4.0
-4.2
4.6
48

Gene title

-Aminocyclopropane-1-carboxylate 8 (ACS8)
GH3 family protein

Sorbitol dehydrogenase-like protein
Proline transporter

Amino acid permease

SUS3 (sucrose synthase 3)
Oligopeptide transporter

Chitinase
Lipase

Cytochrome P450
GCL1ike

Sigma factor B

Glyoxal oxidase-related

Triacylglycerol lipase 2 precursor
Senescence-associated protein-related
Senescence-associated protein-related

Trehalose-6-phosphate synthase
Calmodulin 24-like protein
Cyclin

Cyclin B

€DC20.1

CDC2ike protein kinases
Cyclin-dependent kinase
Cyclin A

Patellin-4

Calmodulin binding protein
Expansin
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Probe RefSeqproteiniD  E-value  Foldchange  Gene title

ETHYLENE RELATED
PtpAffx.202003.1.51_at XP_002302380 0.00E+00 2339 1-Aminocyclopropane-1-carboxylate 8 (ACS8)
Ptp.6619.1.51_s_at XP_002315490 8.00E-144 305 AP2/ERF domain-containing transcription factor
PtpAfix.757871A1 s at  XP_002297877 0.00E+00 204 AP2/ERF domain-containing transcription factor
PtpAffx.76787.1.A1_at XP_002304640 0.00E+00 143 AP2/ERF domain-containing transcription factor
PtpAffx.129036.151_at XP_002316302 1.00E-16 123 Ethylene-responsive protein

PtpAffx.219707.1.51_at XP_002326299 0.00E+00 81 AP2/ERF domain-containing transcription factor
PtpAffx.4624.1.51_at XP_002328620 0.00E+00 58 AP2/ERF domain-containing transcription factor

PtpAffx 572.3.51_a_at XP_002315958 0.00E+00 53 AP2/ERF domain-containing transcription factor
Ptp.162.1A1_at XP_002302732 0.00E+00 36 Ethylene receptor 1 (PtETAT)

PtpAffx.79014.1.51_at XP_002316514 0.00E+00 35 Serinethreonine protein kinase (PtCTR4)

Ptp.866.1.51_s_at XP_002310408 4.00E-118 33 AP2/ERF domain-containing transcription factor
PtpAffx.208193.151_at XP_002311669 0.00E+00 28 Ethylene receptor  (PtETRS)

PtpAfix.1228971.A1_at XP_002308565 1.00E-96 27 REVERSION-TO-ETHYLENE SENSITIVITY1 (RTE1)
PtpAffx.13062.4.51_at XP_002308982 0.00E+00 25 ein3-binding f-box protein 4

Ptp.2044.2.51_a_at XP_002311967 0.00E+00 23 Serine/threonine protein kinase (P{CTR3)

AUXIN RELATED

PtpAffx.144034.151_s_at  XP_002310372 1.00E-06 AUXIN-REGULATED GENE INVOLVED IN ORGAN SIZE (ARGOS)
Ptp.6069.1.51_at XP_002320183 0.00E+00 GHS family protein

Ptp.8069.1.51_at XP_002306504 0.00E+00 NAKED PINS IN YUC MUTANTS 2 (NPY2)

PtpAffx. 165898.151_at XP_002320550 5.00E-109 Dopamine beta-monooxygenase

PlpAffx.97214.1A1_at XP_002302687 2.00E-132 Auxin-induced protein SNG4

PtpAffx.117529.1.51_at XP_002323866 0.00E+00 MDR family ABC transporter family

PtpAffx.210100.181_at XP_002317029 2.00E-157 Auxin:hydrogen symporter

PtpAffx.7696.4.51_at XP_002312567 1.00E-75 Auxin-responsive protein IAAd

NUTRIENT SYNTHESIS/TRANSPORT

PtpAffx.2311.1.51_s_at XP_002313246 0.00E+00 GLUTAMINE-DEPENDENT ASPARAGINE SYNTHASE 1(ASN1)
PlpAff«.217242.181_at XP_002331420 3.00E-169 Sugar transporter

Ptp.5882.1.51_at XP_002301819 3.00E-43 -21 RS21:C6 protein

PtpAffx.111624.1.51 _at XP_002302894 0.00E+00 -10.2 Amino acid transporter

{p < 0.05; > 2-fold differential regulation). Note: In this table there are no column lines as there are in Table 2.
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Name? Accession numberbedef Family Function? Reference

ARF22 AT5G62000° ARF Positive Ellis etal. (2005), Lim etal. (2010)
NtERF3 D38124¢ AP2/ERF Positive Koyama etal. (2013)

AERF4 AT3G15210° AP2/ERF Positive Koyama etal. (2013)

AtERF8 AT1G53170° AP2/ERF Positive Koyama etal. (2013)

SIERF36 SGN-U564952° AP2/ERF Positive Upadhyay etal. (2013)

RAV1 AT1G13260° AP2/ERF Positive Woo etal. (2010)

GmRAV NM_001250671¢ AP2/ERF Positive Zhao etal. (2008)

EDF1 AT1G25560° AP2/ERF Negative Chen etal. (2011)

EDF2 AT1G68840° AP2/ERF Negative Chen etal. (2011)

SUB1A LOC_0s09g11480° AP2/ERF Negative Fukao etal. (2012)

CBF2 AT4G25470° AP2/ERF Negative Sharabi-Schwager etal. (2010)
CBF3 AT4G25480° AP2/ERF Negative Sharabi-Schwager etal. (2010)
CRF6 AT3G61630° AP2/ERF Negative Zwack etal. (2013)

ciB Glyma11g12450' bHLH Positive Meng etal. (2013)

EIN3 AT3G20770° EIN3 Positive Li etal. (2013), Kim etal. (2014)
GLK2 AT5G44190° GARP Negative Rauf etal. (2013)

GBF1 AT4G36730° GBF Positive Smykowski etal. (2010)

GAP AT1G14920° GRAS Negative Chen etal. (2014)

GRF3 AT2G36400° GRF Negative Debernardi etal. (2014)

Knotted1 AY312169¢ homeodomain Negative Ori etal. (1999)

KNAT2 AT1G70510° homeodomain Negative Hamant etal. (2002)

FYF AT5G62165" MADS Negative Chen etal. (2011)

MYBR1/MYB44 AT5G67300° MYB Negative Jaradat etal. (2013)

NAM-B1 DQ871219¢ NAC Positive Uauy etal. (2006)

ANAP AT1G69490° NAC Positive Guo and Gan (2006), Zhang and Gan (2012)
ORE1 AT5G39610° NAC Positive Kim etal. (2009)

ANACO19 AT1G52890° NAC Positive? Hickman etal. (2013)

ANACO55 AT3G15500° NAC Positive? Hickman etal. (2013)

OsNAP LOC_0s03g21060° NAC Positive Zhou etal. (2013), Liang etal. (2014)
ORS1 AT3G29035° NAC Positive Balazadeh etal. (2011)

VNI2 AT5G13180° NAC Negative Yang etal. (2011)

Jus1® AT2G43000 NAC Negative Wu etal. (2012)

TCP2 AT4G18390° TcP Positive Schommer etal., 2008

TCP3 AT1G53230° TCcP Positive Schommer etal. (2008), Koyama etal. (2013)
TCP4 AT3G15030° TCP Positive Schommer etal. (2008), Koyama etal. (2013)
TCPS AT5G60970° TCP Positive Koyama etal. (2013)

TCP10 AT2G31070° TCP Positive Schommer etal. (2008), Koyama etal. (2013)
TCP13 AT3G02150° TCP Positive Koyama etal. (2013)

TCP19 AT5G51910° TCP Negative Danisman etal. (2012)

TCP20 AT3G27010 TCP Negative Danisman etal. (2012)

TCP24. AT1G30210° TCcP Positive Schommer etal. (2008)

WRKY6 AT1G62300° WRKY Positive Robatzek and Somssich (2002)
WRKY53 AT4G23810° WRKY Positive Miao and Zentgraf (2007)

WRKYS4 AT2G40750° WRKY Negative Besseau etal. (2012)

WRKY57 AT1G69310° WRKY Negative Jiang etal. (2014)

WRKY70 AT3GE6400 WRKY Negative Besseau etal. (2012)

SIzF2 ADZ153179 Zn finger Negative Hichri etal. (2014)

2 Abbreviations: GIBBERELLIC ACID INSENSITIVE (GAI) and JUNGBRUNNENT (JUB1). Other TF names are defined in the main text. <92 Accession numbers: The
sequence data can be found in ® Arabidopsis Genome Initiative, ©Sol genomic network, 3 Genbank, © Michigan State University Rice Genome Annotation Project, and
fPhytozome libraries. 9 Function: Positive and negative indicate TFs that accelerate and delay leaf senescence, respectively.
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Source organisms

Reference

Bacteria (Gram-negative)

Enterobacter cloacae
Achromobacter xylosoxidans
Rhizobium leguminosarum
Pseudomonas putida
Burkholderia phytofirmans
Variovorax paradoxus
Methylobacterium fujisawaense
Cronobacter sakazakii
Mesorhizobium sp.
Haererehalobacter sp.
Halomonas sp.

Holguin and Glick (2001)
Belimov et al. (2001)

Ma et al. (2003)

Hontzeas et al. (2004)
Sessitsch et al. (2005)
Madhaiyan et al. (2006)
Belimov et al. (2009)

Jha etal. (2012)
Gontia-Mishra et al. (2014)
Gontia-Mishra et al. (2014)
Gontia-Mishra et al. (2014)

Bacteria (Gram-positive)

Rhodococcus sp.
Brevibacterium iodinum
Bacillus licheniformis
Zhihengliuela alba

Micrococcus sp.
Brachybacterium saurashtrense
Brevibacterium casei

Belimov et al. (2001)
Dastager et al. (2010)
Siddikee et al. (2011)
Gontia et al. (2011)

Jha etal. (2012)
Gontia-Mishra et al. (2014)
Gontia-Mishra et al. (2014)

Archaebacteria

Pyrococcus horikoshii

Fujino et al. (2004)

Yeasts

Hansenula saturnus
Issatchenkia occidentalis

Minami et al. (1998)
Palmer et al. (2007)

Fungi

Penicillium citrinum
Trichoderma asperellum
Phytophthora sojae

Jia et al. (1999)
Viterbo et al. (2010)
Singh and Kashyap (2012)

Plants

Arabidopsis thaliana
Populus tremula
Solanum lycopersicum

McDonnell et al. (2009)
Plett et al. (2009)
Gontia-Mishra et al. (2014)
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