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Editorial on the Research Topic
 Plant Programmed Cell Death Revisited



Plant life cannot exist without programmed cell death (PCD). Both plant developmental processes and responses to environmental factors are modulated by highly controlled, localized cell death events (Kacprzyk et al., 2011; Locato and De Gara, 2018). A detailed understanding of these essential pathways and their regulation is therefore required, especially in the light of challenges imposed on plant health and productivity by an increasingly volatile climate. Reassuringly, this Research Topic gathers contributions underscoring that the plant PCD research is coming out of age and indeed holds the potential to drive the development of novel stress tolerant crop cultivars.

The two review articles of this Topic discuss critical aspects of plant cell death pathway: its transcriptional control (Burke et al.) and the proteases involved in execution of cell death process (Balakireva and Zamyatnin). Burke et al. highlights the role of transcription factors (TFs) in the regulation of plant PCD occurring in response to abiotic and biotic environmental triggers, complementing a recent publication by Cubría-Radío and Nowack (2019), who focused on TFs involvement during developmental PCD. Burke et al. surveyed TFs from NAC, ERF and WKRY families that are involved in life-death decisions in response to environmental perturbations, including those modulating mitochondrial stress signaling. This work provides a starting point for integrative analysis of gene regulatory networks involved in PCD induced by abiotic and biotic stresses, and further elucidation of core transcriptional mechanisms driving the cell death processes in plants. Following PCD activation, proteolytic cascades are important elements of cell death pathways in animals, responsible for signal transduction (initiation caspases) and degradation of cellular components (effector caspases) (Crawford and Wells, 2011; Galluzzi et al., 2018). While canonical caspases are absent in plant genomes, numerous proteases have been shown to play a role in plant PCD, often displaying caspase-like specificity (Salvesen et al., 2016). In this Research Topic, Balakireva and Zamyatnin compare the key characteristics of protease function during cell death in animal and plant cells. The authors propose that proteolytic death-inducing cascades also exist in plant cells, although their participants are different in origin, but similar in function, to those described in animals (see Figure 1 in Balakireva and Zamyatnin). We expect that the application of increasingly accessible proteomics-based approaches will test this hypothesis in the near future.

The Original Research Articles from this topic uncover different aspects of both developmentally regulated and environmentally induced PCD modulation.

Dauphinee et al. used lace plant leaf morphogenesis, a unique model system for studying developmentally regulated PCD, to study the cross talk between cell death and autophagy. Authors demonstrate through the chemical modulation of autophagy, that the process does not have a direct role in the induction of developmental PCD during lace plant leaf morphogenesis and primarily contributes to cell survival. These findings are an important contribution to the ongoing debate on the role of autophagy in plant cell death (Bozhkov, 2018).

The Earth's changing climate is leading to increased frequency of extreme weather events that may lead to severe crop damage. Thankfully, plants have developed diverse strategies to deal with environmental stresses, and PCD is part of this defense repertoire (Kacprzyk et al., 2011; Locato and De Gara, 2018). In this Research Topic, Pegg et al. provide novel insights into PCD-mediated formation of aerenchyma, a tissue comprising empty spaces that facilitates the gas exchange and consequently a key morphological adaptation for waterlogging tolerance (Mustroph, 2018). The study characterized the flooding-induced aerenchyma formation patterns and the associated cell wall carbohydrate modifications within the vascular stele of three Fabacea species (pea, chickpea, and runner bean). The authors identified a localized (and likely carefully controlled) pectin de-methyl-esterification as a putative mechanism paving the way for enzymatic degradation of cell walls and cell death in the aerenchyma forming tissues. Efforts to improve the flooding tolerance in legumes are likely to significantly benefit from this work. The theme of PCD in plant stress tolerance is continued by Chua et al. who explored the effect of the cyanobacteria Nostoc muscorum exometabolites on the heat-induced PCD in Arabidopsis root hairs. In their elegantly designed study, the authors demonstrate the suppression of stress-induced plant PCD due to uptake of cyanobacteria-derived proline. The findings suggest a novel mechanism for increased plant stress tolerance when Nostoc is used as a biofertilizer, and may therefore stimulate development of more effective strategies where Nostoc strains with increased proline secretion are generated. The rates of PCD in root hairs were also studied in this Research Topic as a potential marker for the variety stress tolerance (Chua et al.). These authors used the root hair assay (Kacprzyk et al., 2014) to score the PCD rates in barley and wheat seedlings and estimate their basal-, induced- and cross-stress tolerance. The stressed-induced PCD responses were an effective biomarker for preliminary identification of stress tolerant cereal varieties prior to large scale field testing, making the study highly relevant from an agricultural point of view.

Collectively, the contributions from the Research Topic emphasize the progress in the field of PCD research and its potential to deliver solutions from the laboratory to the farm. They also highlight the still unanswered questions about the death of plant cell—and hence the exciting opportunities for further research!
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To date, many animal models for programmed cell death (PCD) have been extensively characterized and classified while such efforts in plant types of PCD still remain poorly understood. However, despite a wide range of functional differences between PCD types in animals and plants, it is certain that all of them are regulated through the recruitment of proteases. Most importantly, proteases are able to perform proteolysis that results in a gain or loss of protein function. This principle relies on the presence of proteolytic cascades where proteases are activated upon various upstream stimuli and which lead to repetitive cell death. While protease activation, proteolytic cascades and targeted substrates are described in detail mainly for nematode, human, and mice models of apoptosis, for plants, only fragmentary knowledge of protease involvement in PCD exists. However, recently, data on the regulation of general plant PCD and protease involvement have emerged which deepens our understanding of the molecular mechanisms responsible for PCD in plants. With this in mind, this article highlights major aspects of protease involvement in the execution of PCD in both animals and plants, addresses obstacles and advances in the field and proposes recommendations for further research of plant PCD.
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INTRODUCTION

Programmed cell death (PCD) is an integral part of any organism’s life, and for animals PCD has been classified into apoptosis, autophagy and necrosis (Galluzzi et al., 2018). However, when it comes to classification of plant PCD, it is a rather complex matter. Morphologically, plant forms of PCD were classified into autolytic and non-autolytic types (Van Doorn et al., 2011), and where autolytic death implies a rupture of the tonoplast with the subsequent rapid clearance of the cytoplasm that causes the death of the cell. Non-autolytic PCD is characterized by such events happening after cells gave already died (Van Doorn, 2011). Functionally, PCD may occur during the normal development of a plant (dPCD) (Van Durme and Nowack, 2016), or be triggered by pathogens (pPCD) (Huysmans et al., 2017), and which may result in a plant-specific form of PCD, for example, dying a hypersensitive response (HR) death (Balakireva and Zamyatnin, 2018).

Moreover, both dPCD and pPCD may exhibit mixed traits of autophagic, autolytic and non-autolytic forms simultaneously, which makes it difficult to distinguish dPCD and pPCD morphologically. Despite that obstacle, it is clear that the regulation of any type of PCD is held by proteases (Zamyatnin, 2015), and evidenced in both animals and plants, with apoptosis in animals being orchestrated mainly by the well-known caspases (aspartate-specific cysteine proteases). However, due to the presence of semirigid cell wall in plants, it is consequently accepted, that apoptosis is morphologically absent in plants (Locato and De Gara, 2018). Moreover, the caspases are absent in plants (Uren et al., 2000). Nevertheless, during plant PCD, caspase-like activity can be detected and is attributed to the alternative families of proteases, which include the metacaspases (Coll et al., 2014), vacuolar processing enzymes (VPEs) (Hatsugai et al., 2004, 2015), and the papain-like cysteine proteases (PLCP), etc., (Gilroy et al., 2007; Paireder et al., 2016), summarized in Supplementary Table. However, exactly how these proteases orchestrate PCD in plants is still largely unknown. In this article, we compare major aspects of protease function in PCD between animals and plants, address obstacles and advances in the field, and explore niches for research in the future.



PROTEASE INITIATION EVENTS: HOW ARE PCD PROTEASES ACTIVATED IN PLANTS?

The first step in the plant PCD by proteases is their activation, since all known PCD-related proteases in both animals and plants are synthetized as inactive zymogens and which require proteolytic processing in order to become enzymatically active. Most secreted zymogens have similar domain structures and contain a signal peptide, N-terminal and/or C-terminal autoinhibitory prodomains, and a catalytic domain. Hydrolysis of the autoinhibitory domains may happen autocatalytically or by other proteases, which triggers a conformational change that is indispensable for protease activity (Figure 1A).
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FIGURE 1. A protease implementation in PCD. (A) Factors that affect activation of proteases (initiation); (B) protease cooperation after initiation (proteolytic cascade); and (C) effects on signal transduction by activated proteases (execution). Groups of caspase substrates were adapted from Fischer et al. (2003). Protease names, pathways that correspond to animals are indicated in red, and for plants – in green. Arising questions of interest are indicated by question marks and text in blue.



Mechanistic Similarities Between Animal and Plant Protease Activation

It is widely accepted that inhibitors are essential for the regulation of protease activity in animals (Armstrong, 2006) and is evidenced for plants too. For example, during the embryonic development of Nicotiana tabacum, the mechanism triggering PCD of a structure involved solely in positioning the embryo proper within the seed – suspensor – is based on the antagonistic actions of two proteins, the protease inhibitor (cystatin NtCYS), and its target (cathepsin H-like protease NtCP14) (Zhao et al., 2013). Another example is the protease “Responsive to Desiccation-21” (RD21) and the activity of which is regulated through the irreversible inhibition by AtSerpin1 during PCD (Lampl et al., 2013). Moreover, recently it has been shown that there is cross-talk between the pathways for irreversible inhibition of RD21 (by AtSerpin1) and reversible inhibition, mediated by the water-soluble chlorophyll-binding protein (WSCP), which broadly contributes to the regulatory role of RD21 in innate immunity and development (Rustgi et al., 2017).

Inhibitors and activators of certain proteases are usually co-located within the same subcellular compartments (Van der Hoorn, 2004), which can differ in pH values. This can significantly affect protease activation status. One good example illustrating this point are lysosomal proteases, known as the human cathepsins, which are activated in the low pH, acidic environments within the lysosome. Interestingly, this is evidenced for plant vacuolar proteases as well, such as the Arabidopsis RD21 protease (Yamada et al., 2001), or its wheat homolog triticain-α (Savvateeva et al., 2015). The cysteine C13 protease legumain, which displays low-pH-dependent dimerization and activation is also another good example (Zauner et al., 2018).

Conversely, the activity of some proteases with a neutral pH optimum does depend greatly on their calcium-binding ability as in the case of mammalian membrane-bound proteases (Mellgren, 1987), which has been evidenced for plant proteases as well. Here, phytocalpain DEK1 is a calcium-dependent membrane-bound protease, the activity of which enhances significantly after binding to calcium (van der Hoorn, 2008) and serves as a good paradigm, as do the type II metacaspases (Bozhkov et al., 2005) and the MCA2 protein from Arabidopsis thaliana (Watanabe and Lam, 2011).

Other activators of caspase-3 in animals are reactive oxygen species (ROS) (Higuchi et al., 1998). Similarly, ROS are able to activate proteases in plants too. For example, caspase-like proteases (C1LP and C3LP) had increased activity resulting from reactive carbonyl species (RCS) which are downstream products of ROS and which consequently triggered PCD in N. tabacum (Biswas and Mano, 2016). Vacuolar cell death can also be regulated by ROS as oxygen radical directly cause vacuole membrane permeabilization and the release of RD21 and its consequent binding to AtSerpin1 in A. thaliana cells leading to PCD (Koh et al., 2016).

Taken together, we can conclude that the activation of proteases in animals and plants can happen through very similar mechanisms, as seen in animals and based on this proposition, does raise questions about how protease initiation may be triggered in plants mechanistically.

Does Plant Protease Activation Occur in a Similar Manner to Animals, During Cell Death?

During apoptosis, the extrinsic pathway of caspase activation requires the engagement of cell membrane receptors by a ligand, leading to the formation of the death-inducing signaling complex (DISC). The DISC activates caspase-8, which subsequently activates caspase-3 and caspase-7 (Crawford and Wells, 2011). However, it is still unknown whether such death receptors can transduce such signals directly to the proteases in plants and therefore does require further investigation.

Alternatively, the intrinsic pathway of caspase activation requires the release of mitochondrial cytochrome c which induces the formation of a multiprotein complex called the apoptosome – a scaffold consisting of cytochrome c bound to dATP and the cytochrome c apoptotic protease activating factor 1 (Apaf1). The apoptosome activates caspase-9 through its N-terminal caspase recruitment domain (CARD) and caspase-9 subsequently activates caspase-3 and caspase-7 (Crawford and Wells, 2011). To date, there is no evidence that such multiprotein pro-death complexes capable of activating PCD-related proteases exist in plants. However, the presence of a similar mechanism has been indirectly observed for plants. Whereas in animals, recombinant Bax protein is responsible for the release of cytochrome c from mitochondria, it also induces a response similar to a HR and a cell death response in tobacco (Lacomme and Santa Cruz, 1999). Additionally, when expressed in tobacco, the antiapoptotic protein Bcl-xL can confer resistance to death induced by UV-B irradiation and by paraquat (Mitsuhara et al., 1999), or by Tobacco mosaic virus protein p50 (Solovieva et al., 2013). However, Bcl-2 family orthologs are absent in plants, and this process which is similar to apoptotic cell death is achieved through other unidentified proteins.



TRANSDUCTION OF A SIGNAL: WHICH PROTEOLYTIC CASCADES EXIST IN PLANTS?

Once a protease becomes active, it can change conformation and interact with other proteases (Figure 1B). As mentioned, the main executioners of apoptosis in animals are the caspases that act through the proteolytic cascades. Caspases can manage the two-step activation of PCD through the recruitment of initiator (caspases-2, -8, -9, -10) and effector (caspases-3, -6, -7) caspases (Crawford and Wells, 2011). How the initiator caspases cause the activation of effector caspases is through cleavages of a number of other proteases or proapoptotic substrates leading to death of the cell (Galluzzi et al., 2018). Apoptosis is characterized by YVADase, DEVDase, VEIDase and other activities (Kidd, 1998), which correspond to activities of caspases-1, -3, and -6, respectively.

Despite close homologs of caspases being absent in plants, proteases that belong to the same family of C14 cysteine proteases are present, called the metacaspases. Of interest is that metacaspases are lysine- and arginine-specific, unlike the aspartate-specific caspases, suggesting that metacaspases may not be directly responsible for similar caspase activities found in plants (Fagundes et al., 2015). However, type I metacaspases (AtMC1, AtMC2) are strongly associated with an autolytic type of PCD and plant immunity (Coll et al., 2010), whereas type II metacaspases from Populus tremula × tremuloides PttMC13 and PttMC14 are able to cleave PLCP, RD21 during xylem elements cell death (Bollhoner et al., 2018).

There are also many studies supporting the involvement of proteases other than metacaspases in plant PCD. Not only do cysteine proteases, such as VPEs, exhibit caspase-like activity (Hatsugai et al., 2004, 2009; Zhang et al., 2010), but proteasome subunit PBA1 (Hatsugai et al., 2009) and subtilases (Coffeen and Wolpert, 2004; Chichkova et al., 2010) were also shown to display same activity. Moreover, there are also proteases that do not exhibit caspase-like activity at all, but are closely associated with different types of PCD. For example, PLCPs are associated with pPCD [cathepsin B, RD21 (Gilroy et al., 2007; McLellan et al., 2009; Shindo et al., 2012)] and dPCD [CEP1, NtCP14, XCP1, XCP2 (Avci et al., 2008; Ruckh et al., 2012; Bollhoner et al., 2013; Salvesen et al., 2016)]. In addition, serine protease P69B is cleaved by apoplastic metalloproteases Sl2- and Sl3-MMPs (Li et al., 2015; Zimmermann et al., 2016) and regulates cell death in the tomato plant in response to Botrytis cinerea infection and PstDC3000. Known examples of proteases that are involved in plant PCD are summarized in the Supplementary Table.

Based on the animal apoptotic pathway, the initiator-effector model was also proposed for the metacaspases (Rocha et al., 2017). Type I metacaspases undergo autocatalytic processing and can activate type II metacaspases. Due to the limited data, it is still difficult to assign the role of an initiator or effector protease for the “non-metacaspase” proteases that are involved in PCD. Moreover, there is a consensus, that cysteine proteases may not be universal regulators of PCD in plants as they are in animals (Sueldo and van der Hoorn, 2017) and may be they are unessential for plant PCD.

Recently, the question of whether proteolytic cascades exist in plants was addressed, and a specific requirement for two proteases to form a protease-substrate link was suggested (Paulus and van der Hoorn, 2019). It is certain, that although caspases are absent in plants, and caspase-like activity is not the only activity that characterizes plant PCD, it does lead to similar to animal apoptotic traits such as cytoplasm shrinkage, chromatin condensation, and nucleus fragmentation (Van Doorn et al., 2011). Based on this data, we believe that death-inducing cascades do exist in plants and their participants are different in origin, but similar in function. Recently, it was used for the identification of sites of hydrolysis by endogenous proteases during biotic stress (Balakireva et al., 2018). It was shown that during the early response of wheat to different pathogens, caspase-like and metacaspase-like activities are not required, while immune response is still triggered and, apparently, is held by some other proteases, which confirms our assumptions in a way.



EXECUTION OF A SIGNAL: IS PCD DERIVED FROM THE SAME SIGNALING PATHWAYS IN BOTH ANIMALS AND PLANTS?

It is true that plants and animals differ in a number of ways, firstly, due to photoautotrophic growth, absence of mobility and the presence of a semirigid cell wall. Independent evolution of animals and plants resulted in the development of analogous, but non-conserved protein structure and signaling pathways. One striking example is the animal Toll-like receptors. In plants, the equivalent is the receptor-like kinase (Ausubel, 2005). Both of them have a C-terminal leucine-rich repeat domain, and the cytoplasmic domains from the proteins are not conserved but are able to perform analogous functions. However, the downstream signaling events are very conserved among eukaryotic organisms such as the activation of mitogen-activated protease kinase (MAPK) cascades (Dong et al., 2002; Pitzschke et al., 2009).

Apoptosis itself is very conserved among metazoans and fungi (Crawford and Wells, 2011). Cleavage of a substrate by proteases at a specific site can result in two outcomes, the loss or gain of protein function (Figure 1C). In this manner, one effect of cleavage by caspases for a large number of their substrates was analyzed (Fischer et al., 2003) and made clear that the majority of substrates lose their function after hydrolytic cleavage which leads to a shutdown of almost all pathways essential for vital activity. However, some of the substrates become active after hydrolysis such as cytokines, protein kinases, and regulatory proteins essential for signal transduction.

It is very important to note that the analysis of caspase sites, their substrates and appropriate pathways in mice, Drosophila and Caenorhabditis elegans, which represent 600 million years of evolution, highlight that such sites are conserved over a relatively short evolutionary timeframe, in comparison to the lengthy timeframes of signaling pathways (Crawford et al., 2012). For example, the Tudor Staphylococcal Nuclease (TSN) protein is essential for the activation of transcription, mRNA splicing and RNA silencing, a pathway highly conserved among eukaryotes (Ausubel, 2005) in which TSN can be cleaved by both human caspase-3 and metacaspase mcII-Pa from Norway spruce (Sundstrom et al., 2009). Similarly, poly (ADP-ribose) polymerase (PARP) which is involved in the conserved pathway for DNA repair, is a substrate of human caspases and two metacaspases (MCA1 and MCA2) from the fungi Podospora anserine (Strobel and Osiewacz, 2013). Collectively, these findings indeed support the idea that eukaryotes share conserved signaling pathways that can be targeted by PCD proteases which are functionally similar but structurally unique (e.g., caspase-3 vs. metacaspase mcII-Pa, and others).

Additionally, another excellent example is a membrane receptor protein which can be cleaved by the tomato P69C protease and includes a leucine-rich repeat (Tornero et al., 1996). This protein can also be categorized into a group of membrane receptors that can also be targeted by caspases (Figure 1C). Finally, phosphoenolpyruvate carboxykinase 1 (PEPCK1) can be cleaved and activated by AtMC9 (Tsiatsiani et al., 2013). Other examples of known substrates of plant proteases are summarized in the Supplementary Table.



CONCLUSION

Considering all the findings supporting the involvement of proteases in plant PCD, it is clear that this research area is relatively unexplored. To date, not a single proteolytic cascade in any plant has been linked to the PCD-related process. And the question posed is “why is the area of plan PCD so fragmentary?” Firstly, great emphasis has been placed on the study of human forms of PCD because of its immense therapeutic value and which serves as a good paradigm. Secondly, extrapolating such findings to the plant system has been slow due to a lack of methodology needed to yield findings in a timely manner. Thirdly, plant genomes contain many duplicated genes, especially in such organisms as hexaploid Triticum aestivum, which makes it difficult to perform knock-out studies.

To help matters, there has been some promising advances that have been recently introduced into plant science. “Big data” analytics are increasingly being used to discover hidden patterns, correlations and other insights from fragmented studies (Gharajeh, 2018). Additionally, genome-wide gene expression profiling and other “omics” technologies are indeed needed, started with proteomics approaches which are now becoming widely used for studying various aspects of plant death.

Plants do have their own features, their signaling networks do have a high level of functional redundancy. With similar parts of related pathways functionally compensating and substitutional for each other (Sewelam et al., 2016). Nevertheless, we believe that across eukaryotes its these pathways that are the most conserved rather than the regulatory proteins which constitute them. We assume that although proteases themselves (caspase vs. metacaspase) and their specificities (D-specific vs. R-, K-specific) are functionally giving rise to different morphologically diverse forms of PCD between animals and plants, such distinctions cannot be clearly made at this juncture in time.
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The lace plant (Aponogeton madagascariensis) is an aquatic monocot that utilizes programmed cell death (PCD) to form perforations throughout its mature leaves as part of normal development. The lace plant is an emerging model system representing a unique form of developmental PCD. The role of autophagy in lace plant PCD was investigated using live cell imaging, transmission electron microscopy (TEM), immunolocalization, and in vivo pharmacological experimentation. ATG8 immunostaining and acridine orange staining revealed that autophagy occurs in both healthy and dying cells. Autophagosome-like vesicles were also found in healthy and dying cells through ultrastructural analysis with TEM. Following autophagy modulation, there was a noticeable increase in vesicles and vacuolar aggregates. A novel cell death assay utilizing lace plant leaves revealed that autophagy enhancement with rapamycin significantly decreased cell death rates compared to the control, whereas inhibition of autophagosome formation with wortmannin or blocking the degradation of cargoes with concanamycin A had an opposite effect. Although autophagy modulation significantly affected cell death rates in cells that are destined to die, neither the promotion nor inhibition of autophagy in whole plants had a significant effect on the number of perforations formed in lace plant leaves. Our data indicate that autophagy predominantly contributes to cell survival, and we found no clear evidence for its direct involvement in the induction of developmental PCD during perforation formation in lace plant leaves.

Keywords: programmed cell death (PCD), autophagy, TEM, confocal microscopy, immunolocalization, ATG8, leaf development, perforation formation



Introduction

Autophagy is a major catabolic pathway critical for the survival of eukaryotes as it enables cells to maintain homeostasis under stressful conditions such as nutrient deprivation or starvation (Klionsky et al., 2016). Autophagy plays a central role in many processes including programmed cell death (PCD), stress responses, and longevity (Floyd et al., 2015). It has been proposed that there are three classes of autophagy in plants: i) microautophagy which involves the direct passing of contents into a lytic vacuole; ii) macroautophagy is coordinated by evolutionarily conserved AuTophaGy-related (ATG) proteins and involves either the bulk or selective sequestration of cytoplasmic cargoes into double-membrane vesicles known as autophagosomes, which are then delivered to a lytic compartment for degradation; and iii) mega-autophagy, defined by cellular degradation following the release of hydrolases from the vacuole after tonoplast rupture (Van Doorn and Papini, 2013; Marshall and Vierstra, 2018). Of these classes, macroautophagy, hereafter autophagy, is the only well-characterized form of autophagy in plants (Batoko et al., 2017) and is therefore the focus of this study.

Because of the significant involvement of autophagy in a wide range of developmental processes and stress responses, there has been a substantial effort to identify chemicals that modulate autophagic flux (Figure 1). Autophagy is an evolutionary conserved process in fungi, plants, and animals. In fact, a great deal of our understanding of the regulatory genes involved in autophagy originated from yeast (Saccharomyces cerevisiae) mutagenic screens (Tsukada and Ohsumi, 1993). There have been 40 ATG proteins identified in yeast to date, and among them is ATG8, which is a ubiquitin-like protein integral for autophagosome membrane formation (Shpilka et al., 2011; Avin-Wittenberg et al., 2018; Marshall and Vierstra, 2018). The central regulator of autophagy is the target of rapamycin (TOR) kinase, which comprised two complexes: TORC1 and TORC2 (Liu and Bassham, 2012). Autophagy is inhibited by TOR, and therefore compounds such as rapamycin (Ballou and Lin, 2008) and AZD 8055 (Din et al., 2012), which block TOR, lead to an increase in autophagic activity. A similar effect can be achieved through starvation, which also inhibits TOR (Kwak et al., 2012; Liu and Bassham, 2012; Heras-Sandoval et al., 2014). Autophagy can also be inhibited with compounds such as wortmannin or 3-methyladenine that interfere with vesicle nucleation by inhibiting phosphoinositide 3-kinase (Klionsky et al., 2016; Marshall and Vierstra, 2018). Additionally, autophagy can be inhibited indirectly toward the end of autophagic flux by halting the breakdown of autophagic bodies via raising the vacuolar pH through the specific inhibition of vacuolar ATPases with concanamycin A (Huss et al., 2002).



[image: ]

Figure 1 | Modulating autophagic flux. Compared to standard control conditions, starvation, rapamycin, and AZD 8055 increase the number of autophagosomes within a cell. Wortmannin and 3-methyladenine (3-MA) disrupt membrane formation and are therefore early phase inhibitors of autophagy. Concanamycin A inhibits the breakdown of autophagic bodies and cargoes in the vacuole.




The lace plant (Aponogeton madagascariensis) is an aquatic monocot with a unique perforated morphology created by developmentally regulated PCD (Figure 2A; Gunawardena et al., 2004). The lace plant is an emerging model for studying PCD due to the predictability of perforation formation, its nearly transparent leaves that facilitate live cell imaging, and established sterile cultures for in vivo pharmacological experimentation (Gunawardena et al., 2006). The first visible sign that PCD is underway is the disappearance of anthocyanins (which are potent antioxidants) between longitudinal and transverse veins in spaces known as areoles (Gunawardena et al., 2004). The disappearance of anthocyanins provides a visual gradient of PCD within each areole (Figures 2B, C): non-PCD (NPCD; Figure 2D) cells retain anthocyanins throughout perforation formation; early-PCD (EPCD; Figure 2E) cells have lost anthocyanin and are fated to die but still have an abundance of chlorophyll pigmentation; and cells that are in the late-PCD (LPCD; Figure 2F) are mostly devoid of pigmentation and near death (Lord et al., 2011; Dauphinee et al., 2017). When observed with transmission electron microscopy (TEM), the PCD gradient highlights the degradation of LPCD compared to NPCD cells (Figure 2G). The dynamics and time-course analysis of lace plant PCD has been described in detail (Wertman et al., 2012), and preliminary evidence suggested that autophagy may be involved; however, its function in lace plant PCD remains unknown. Autophagy has been implicated in the regulation of various plant PCD systems and therefore warrants further investigation in lace plants. The purpose of this study is to elucidate the function of autophagy in developmental PCD during lace plant leaf development.
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Figure 2 | The lace plant programmed cell death (PCD) model system. (A) Lace plant grown in axenic magenta box culture producing a window stage leaf (arrow) where PCD is actively occurring. Between the longitudinal and transverse veins is the areole (B), and in the window stage of leaf development, there is a gradient of cell death (C). (D–F) Higher magnification of representative cells along the gradient of cell death. (D) Non-PCD (NPCD) cells do not die during perforation formation. (E) Early-PCD (EPCD) cells have lost anthocyanin pigmentation and are undergoing PCD. (F) Late-PCD (LPCD) cells are nearly devoid of pigmentation and are near death. (G) Merged transmission electron microscopy (TEM) micrographs of the lace plant gradient of PCD. Scale bars: A = 1 cm; B = 80 µm; C = 20 µm; D–F = 10 µm; G = 20 µm.






Materials and Methods



Plant Material and in Vivo Experiments

Lace plant (A. madagascariensis) cultures were propagated according to Gunawardena et al. (2006). To test the effects of autophagy modulators on the formation of perforations, 40 ml septum-lidded vials were used (Sigma-Aldrich) according to Dauphinee et al. (2012). Plants were grown in magenta boxes under daylight deluxe fluorescent lighting (Phillips) on 12-h dark-light cycles at an intensity of 125 μmol m−2 s−1 for approximately 4 weeks. They were then transferred to the vials and allowed to acclimate for 1 to 2 weeks. Once plants produced two to three perforated leaves, they were assigned randomly to a treatment group. Treatments were applied once to the liquid media and were dissolved in dimethyl sulfoxide (DMSO). The autophagy modulator treatments were optimized using a gradient of concentrations. The mock control treatment group received an equal volume of DMSO used for the autophagy modulator treatments. Optimal concentrations had no severe effects on leaf growth or showed signs of stress, which was observed at higher concentrations with the autophagy modulators. The optimized concentrations included 5 µM rapamycin (Enzo Scientific, BML-275), 1 µM AZD 8055 (AZD; ApexBio Technology, A8214), and 5 µM wortmannin (Cayman Chemical, 10010591).




Autophagy Modulation

Autophagy modulating compounds were also used for live cell imaging (described below) of detached window stage leaves. Autophagy modulation was achieved using the following treatments: distilled water (16 h starvation), 5 µM rapamycin, 1 µM AZD, 5 µM wortmannin, and 1 µM concanamycin A (Santa Cruz Biotechnology, sc-202111). For the cell death assay, leaves were mounted in treatment solution and observed continuously (video capture) for 6 h unless stated otherwise. Treatment times for the autophagy modulators were 3 h for TEM and live cell imaging experiments. The mock control treatment group received an equal volume of DMSO (BioShop Canada, DMS666).




Cell Death Assay and Live Cell Imaging

Window stage leaves were detached under sterile conditions and kept in distilled water for 16 h. Leaves were mounted in the designated treatment solution and placed on a custom grooved slide as per Wertman et al. (2012). The slide was then sealed with VALAP (a mixture of VAseline, LAnolin, and Paraffin wax) according to Kacprzyk et al. (2015). Videos were then captured on a Nikon Eclipse 90i microscope fitted with a DXM1200C digital camera using the audio video interleave recording function of NIS Elements AR 3.1 software (Nikon Instruments). Experiments ran for a maximum of 6 h or until all LPCD stage cells collapsed. A minimum of six independent replicates were carried out for each treatment. The number of dead cells (collapsed PMs) were counted prior to the beginning of the experiment and at the end of the observation period to determine the death rate per hour. Evans blue (Sigma-Aldrich, 46160) staining was used to facilitate the counting of dead cells at the end of the experiments and carried out according to Wertman et al. (2012).




ATG8 Immunolocalization

Intracellular detection of ATG8 was achieved in lace plant leaves using an adapted immunolocalization protocol (Pasternak et al., 2015; Mishra et al., 2017). Four independent replicates were carried out using window stage leaves taken from axenic cultures that were then rinsed gently with distilled water and fixed in 100% methanol at 37°C for 30 min. The tissues were then transferred to 800 µl of fresh 100% methanol and hydrophilized to a concentration of 20% methanol at 60°C through the addition of 200 µl of distilled water every 2 min for 32 min. Leaves were then cut into 2-mm2 pieces and rinsed in distilled water before being placed onto a multiwell slide. The leaf pieces were then allowed to dry on the slide for approximately 5 min until all excess liquid evaporated. Blocking was performed for 30 min at 37°C with 4% (w/v) low-fat milk in 1X MTSB (microtubule stabilization buffer: 7.5 g Pipes, 0.85 g EDTA, 0.61 g MgSO4*7H2O, and 1.25 g KOH, pH 7). Incubation with the ATG8 rabbit polyclonal primary antibody (Agrisera, AS14 2769) was done at 37°C for 30 min at a 1:1,000 dilution in MTSB. Negative controls were incubated with ATG8 preimmune serum (Agrisera, AS14 2769PRE) under the same conditions. Samples were then rinsed three times for 5 min each with MTSB. Secondary incubation was done with a 1:2,000 dilution of goat anti–rabbit Dylight® 488 polyclonal antibody (Agrisera, AS09 633) in MTSB. The samples were then rinsed as above and mounted in Mowiol (Sigma, 9000-89-5) prior to scanning with a Nikon Eclipse Ti C1 confocal system (Nikon). Z-stack images were analyzed and converted to maximum intensity projections using NIS Elements AR 3.1 software; fluorescent punctate structures (puncta) were counted automatically using ImageJ (particle analysis set to a lower brightness threshold of 75), and a central focal plane of the transmitted light channel was used to approximate the number of cells in the field of view. The data were normalized to the mean number of puncta in NPCD cells and expressed as the relative number of ATG8-positive puncta per cell.




ATG8 Immunoblotting

Three window stage leaves from sterile cultures were blot dried and had their midribs removed prior to freezing in liquid nitrogen. Tissues were macerated on ice in equal volumes of Pipes buffer (pH 6.8) and a protease inhibitor solution. The protease inhibitor solution consisted of a 1:2 ratio of two components (Component A: 10 mg/ml leupeptin and 10 mg/ml soybean trypsin inhibitor dissolved in Pipes buffer; Component B: 10 mg/ml pepstatin and 20 mg/ml phenylmethylsulfonyl fluoride dissolved in 95% ethanol). Following maceration, the samples were centrifuged for 15 min at 16,000 g. Total protein concentration of the supernatant was determined using the Bradford assay. A 1:1 mixture of sample to 2X Laemmli Buffer (Bio-Rad, 1610737) with 5% β-mercaptoethanol (v/v) was prepared prior to gel electrophoresis. A total of 10 µg of protein was loaded for each sample lane, along with 5 µl of the Precision Plus Protein Standards solution (Bio- Rad, 1610374) in a 8% to 16% sodium dodecyl sulfate (SDS) polyacrylamide Mini-PROTEAN TGX precast gel (Bio- Rad, 456- 1103). The gel was resolved at 100 V for 2 h in ice-cold running buffer (0.1% SDS [v/v], 25 mM Tris, and 192 mM glycine, 8.3 pH). Protein transfer to a 0.2 µm nitrocellulose membrane (Bio-Rad, 1610112) occurred overnight at 120 mA in a transfer buffer (20% methanol [v/v], 25 mM Tris, and 192 mM glycine, 8.3 pH) at room temperature.

Ponceau staining on the membrane was done for 5 min to confirm successful protein transfer. The membrane was then rinsed for 2 min in TBS-T (10 mM Tris, 140 mM NaCl, Tween-20, pH 7.4) prior to being scanned. The membrane was blocked in a 5% (w/v) low-fat milk powder TBS-T solution with mild shaking and then incubated overnight with the ATG8 primary antibody (detailed above) at a 1:10,000 dilution in TBS-T with 3% low-fat milk powder (w/v) at 2°C. The following day, the membrane was rinsed with mild shaking at 1-, 2-, and 3-min intervals in TBS-T. The secondary antibody (horseradish peroxidase–conjugated goat–anti-rabbit polyclonal; AS609 602, Agrisera) was applied at a 1:20,000 dilution in TBS-T for 30 min, and then the membrane was rinsed as described above with an additional 2-min rinse in Tris-buffered saline (10 mM Tris, 140 mM NaCl, 0.1%, pH 7.4). Clarity Western ECL substrate (Bio-Rad, 1705061) was used according to the manufacturer’s instructions. Protein bands were resolved using an MF-ChemiBIS 3.2 gel documentation system (DNR Bio-Imaging).




Acridine Orange and Monodansylcadaverine Staining

Window stage leaves were taken from cultures and had their midrib removed prior to staining. The leaves were then cut into 2-mm2 pieces prior to being placed in 30 µM acridine orange or a combination of acridine orange and 300 μM monodansylcadaverine (MDC) dissolved in phosphate-buffered saline. The leaf pieces were incubated at room temperature on a rotary shaker for 2 h at room temperature prior to being rinsed three times for 5 min with distilled water. Samples were mounted in distilled water and then imaged with confocal microscopy. Acridine orange was excited at 488 nm and detected at 525/25 nm (green) and 595/50 nm (red). Excitation of MDC was achieved with 405-nm light, and the emission filters for the dual stain experiments included 450/35 nm (blue), 525/25 nm (green), and 595/50 nm (red). Cyan, green, and magenta pseudocolors were applied for detecting blue, green, and red fluorescence, respectively, using ImageJ.




Transmission Electron Microscopy

Window stage lace plant leaves were taken from sterile cultures and treated (four independent replicates) for 3 h prior to having their midribs removed and sectioned into 2-mm2 pieces. The leaf pieces were then fixed for a minimum of 2 h with 2.5% solution of glutaraldehyde in a 0.1 M sodium cacodylate buffer. The samples were then rinsed three times for 10 min each time, with the 0.1 M sodium cacodylate buffer. Secondary fixation with 1% osmium tetroxide was done for 48 h under vacuum (20 psi). The samples were then rinsed with distilled water briefly before being placed in 0.25% uranyl acetate at 4°C overnight. The samples were then dehydrated through a graduated series of acetone at 50%, 70%, 70%, 95%, 95%, 100%, and 100% for 10 min at each step of the process. Epon-Araldite resin was used to infiltrate the samples, initially in a 3:1 ratio of 100% acetone to resin for 3 h. This step was followed by transferring the samples to a 1:3 ratio of 100% acetone and resin overnight. The samples were then placed in 100% Epon-Araldite resin for 6 h, with the solution being refreshed once during that time. The embedded samples were then cured for 48 h at 60°C. Thin sections were cut using an Ultracut E Ultramicrotome (Reicher-Jung) with a diamond knife (100-nm thickness) and placed on formvar/carbon support film copper grids (Cedarlane, FCF205-CU-25). Staining was done using 2% aqueous uranyl acetate for 10 min, followed by two 5-min rinses with distilled water, 4 min in lead citrate counterstain, and then a final quick rinse with distilled water. The samples were viewed with a JEM 1230 Transmission Electron Microscope (JEOL) at 80 kV, and images were captured using a Hamamatsu ORCA-HR digital camera.




Statistical Analysis and Data Representation

Data analysis and graphical representations used GraphPad Prism 5 software (GraphPad Software Inc.). Data are represented as mean ± standard error. Maximum intensity projections of confocal z-stacks were made using NIS Elements AR 3.1 software. Figures were prepared using Adobe Illustrator and Adobe Photoshop, and videos were assembled with Premiere Pro (CC; Adobe Systems Inc.). When necessary to improve clarity, adjustments to brightness, contrast, and exposure were made consistently with all replicates.





Results



The Involvement of Autophagy in Lace Plant Developmental PCD

To assess whether autophagy occurs during lace plant PCD, immunostaining of NPCD and LPCD cells in fixed window stage leaves was carried out with ATG8 and DyLight 488 antibodies and a negative control with the α-ATG8 preimmune serum (Figure 3A). Both healthy (NPCD) and dying (LPCD) lace plant cells contained ATG8-positive puncta; however, there was a significant increase in puncta in LPCD cells (Figure 3B). Immunoblotting for ATG8 was also carried out using protein extracts of window stage leaves to verify ATG8 antibody binding in lace plant samples (Figure 3C). The lysotropic dye acridine orange was also used to compare autophagy in living NPCD and LPCD cells of window stage leaves (Figure 4; Supplementary File 1). There were fluorescent puncta in both NPCD and LPCD cells (white arrows, Figure 4). However, there were considerably more puncta in LPCD cells that had more red than green fluorescence. Vacuolar aggregates in LPCD cells were also positive for acridine orange staining (black arrow, Figure 4). Monodansylcadaverine and acridine orange dual staining was also performed in NPCD cells and revealed a similar staining pattern (Supplementary File 2).
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Figure 3 | (A) Nonprogrammed cell death (NPCD) and late-PCD (PCD) cells following immunostaining with α-ATG8 and DyLight 488. Fluorescent images represent maximum intensity projections and corresponding differential interference contrast (DIC) images are from a representative optical section. (B) Relative number of ATG8-positive puncta per cell for NPCD and LPCD cells (normalized to NPCD). n = 4 leaves from individual plants, Student t test, *P < 0.05, error bar represents standard error. (C) Ponceau-stained membrane and corresponding immunoprobing for ATG8 in window stage leaves (n = 3) from individual plants. Scale bars: 10 µm.
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Figure 4 | Acridine orange staining in window stage leaves. Nonprogrammed cell death (NPCD) and late-programmed cell death (LPCD) stage cells were stained with 30 µM acridine orange. Fluorescent puncta were found in both cell types (white arrows), and large vacuolar aggregates were seen in LPCD cells (black arrow). Scale bar: 20 µm.






Autophagy Modulation and Live Cell Imaging

Live cell imaging was used to determine the effects of autophagy modulation on NPCD and LPCD cells of lace plant window stage leaves (Figure 5; see also Supplementary Files 3 and 4). The negative control group represents leaves taken directly from culture, whereas all other treatment groups had a 16-h starvation period prior to a 3-h exposure to an autophagy modulator. Qualitative assessment of the micrographs and the corresponding Supplementary Videos 3 and 4 suggest that autophagy modulation with 1 µM AZD, 5 µM rapamycin, and 1 µM concanamycin A led to the formation of large vacuolar aggregates (VA, Figure 5) and numerous small, spherical autophagosome-like vesicles (A, Figure 5) that were most distinguishable with time-lapse imaging (Supplementary Files 3 and 4). Wortmannin treatment also resulted in the formation of large vesicles in NPCD cells that appeared to contain organelles (Ve, NPCD, Figure 5; Supplementary File 3).
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Figure 5 | Live cell imaging of non-programmed cell death (NPCD) and late-PCD (LPCD) cells in window stage leaves exposed to various conditions. The negative control was a sample taken directly from plants growing in the culture media. All other treatment groups were subjected to a 16-h starvation period in distilled water prior to 3-h exposure to one of the following: 0.05% DMSO (mock control), 1 µM AZD 8055 (AZD), 5 µM rapamycin, 1 µM concanamycin A (Conc A), or 5 µM wortmannin. VA = vacuolar aggregates, A = autophagosome-like vesicle, inset displays large, organelle-containing vesicles (Ve). n = 3 leaves from individual plants. Scale bar: 20 µm. For additional information see Supplementary Files 3 and 4.






Ultrastructural Analysis

Window stage leaves exposed to autophagy modulators were also examined using TEM (Figure 6). In the mock control treatment group, some autophagosome-like structures were observed in NPCD and LPCD stage cells (A, Figure 6), along with numerous single-membrane vesicles that varied in size and shape (Ve, Figure  6). Late-PCD stage cells had vacuolar aggregates (VA), whereas NPCD cells had little to no material in the vacuole (Figure 6). Compared to the mock control treatment group, 5 µM rapamycin-treated cells had the highest number of visible small, single-membrane vesicles (Ve) and larger vacuolar aggregates (VA, Figure 6). Similarly, 1 µM concanamycin had noticeably larger vacuolar aggregates compared to the mock control treatment group (VA, Figure 6) and had many single-membrane vesicles (Ve, Figure 6).
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Figure 6 | Non-programmed cell death (NPCD) and late-PCD (PCD) cells treated with 0.05% DMSO (mock control), 5 µM rapamycin, or 1 µM concanamycin A. Note that concanamycin A–treated cells contained large vacuolar aggregates. A = autophagosome-like vesicle; M = mitochondria VA = vacuolar aggregate; Ve = single membrane vesicle. Scale bars: (Low Mag.) = 20 µm; (High Mag.) = 1 µm.






Lace Plant Novel Cell Death Assay

To assess the effect of autophagy on cell death rate during lace plant development, a novel live cell imaging assay was developed (Figure 7; see also Supplementary File 5). Window stage areoles with one to three dead cells in the epidermal layer (asterisks, Figure 7A, and dashed box, Figure 7C) were selected to ensure that PCD was synchronized in the samples. Continuous videos were captured for the control, 5 µM rapamycin, 1 µM concanamycin A, and 5 µM wortmannin treatment groups (Figure 7A). At the end of experiments, DIC micrographs were taken (Final, Figure 7A) prior to Evans blue staining (Final + Evans blue; Figures 7A, D), which was done to facilitate scoring of dead cells in the epidermal layer. The rate of cell death (% of LPCD cells per hour) was determined for each treatment group (Figure 7B). Leaves of the mock control treatment group had a mean cell death rate of 6.59 ± 0.48 (% LPCD cells per hour). The 5 µM rapamycin treatment significantly reduced the rate of cell death to 2.56 ± 0.70 (% LPCD cells per hour). Conversely, the 1 µM concanamycin A and 5 µM wortmannin treatments significantly increased the rate of cell death rates in relation to the control to 13.10 ± 1.80 and 16.42 ± 1.39 (% LPCD cells per hour), respectively.
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Figure 7 | Cell death assay. (A) Initial and final micrographs of window stage leaves. Evans blue staining was performed at the end of the experiments to facilitate the final scoring of cell death in epidermal cells (asterisks). Treatments included 0.05% DMSO (mock control), 5 µM rapamycin, 1 µM concanamycin A, or 5 µM wortmannin. T = time, rounded to the nearest h. (B) The rate of cell death was calculated as the % of late programmed cell death (LPCD) cells that died per hour. (C) High magnification view of unstained dead epidermal cell (dashed box) in a window stage leaf. Evans blue staining (D) was used to facilitate quantification of dead cells in the epidermis (white arrow) at the end of experiments. Black arrow = living cell with intact plasma membrane. One-way analysis of variance, Dunnett multiple-comparisons test, n ≥ 6 leaves from individual plants; ***P < 0.001; **P < 0.01; *P < 0.05). Error bars represent standard error. Scale bars: A = 150 µm; C and D = 5 µm. (For more details, see Supplementary File 5.)






Autophagy Modulation and the Formation of Perforations

Lace plants grown in axenic cultures were treated with autophagy modulators including rapamycin and wortmannin to determine their effects on the formation of perforations (Figure 8). Mock control treatment group plants (Figure 8A) produced leaves with an average length of 8.37 ± 0.23 cm (Figure 8D) and developed 75 ± 6.66 perforations (Figure 8E). The length of leaves of rapamycin-treated plants (Figure 8B) were not significantly different (9 ± 0.70 cm), as well as the number of perforations formed (78 ± 10.58). Wortmannin-treated plants did not differ from the mock control treatment group in terms of perforations (73.43 ± 6.70) per leaf and leaf length (8.85 ± 0.84 cm). In vivo experiments were also carried out with 1 µM AZD, but similar to autophagy enhancement with rapamycin, there was no observable response in terms of formation of perforations and leaf lengths (data not shown).
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Figure 8 | Autophagy modulation in vivo. Representative leaves for the DMSO control (A), 5 µM rapamycin (B), and 5 µM wortmannin (C) treatment groups. Leaf 0 represents the last to develop prior to treatment application, and leaf 1 is the first to develop afterward. (D) Mean leaf lengths of mature leaves posttreatment. (E) The number of perforations in mature leaves following treatment. One-way analysis of variance, Dunnett multiple-comparisons test, n ≥ 5 plants, ns = non-significant, P > 0.05). Error bars represent standard error. Scale bars: 0.5 cm.







Discussion

Autophagy is a critical life process that allows for the degradation and repurposing of cytoplasmic constituents (Feng et al., 2014). In eukaryotes, autophagy plays a central role in development and is implicated in numerous human diseases including, but not limited to, cancer, diabetes, and neurodegeneration (Tsujimoto and Shimizu, 2005; Choi et al., 2013; Jiang and Mizushima, 2014). According to Mariño et al. (2014), there is a considerable interplay between the autophagy and PCD signaling pathways, and the modulation of autophagy can have antagonistic effects depending on the experimental conditions (Minina et al., 2014). In plants, autophagy can be induced by exposure to various abiotic stresses such as starvation, exposure to saline conditions, drought, and hydrogen peroxide (Liu and Bassham, 2012). Autophagy has also been implicated in PCD following the invasion of pathogens during the hypersensitive response, as well as developmental processes ranging from embryogenesis to senescence (Liu and Bassham, 2012; Minina et al., 2013; Hofius et al., 2018). Because of the involvement of autophagy in various plant PCD systems, we investigated the extent of its involvement during lace plant leaf development.



Autophagy and Lace Plant PCD

ATG8 and acridine orange positive puncta were observed in both healthy NPCD cells and dying cells, which indicates that autophagy occurs as part of normal homeostasis and during cellular degradation, respectively. A recent study showed that dying lace plant cells accumulate high levels of reactive oxygen species (ROS; Dauphinee et al., 2017). Autophagy is induced from various forms of stress including ROS, which may account for LPCD cells containing more ATG8-positive and acridine orange puncta compared to healthy NPCD cells. Our TEM observations of the lace plant PCD gradient confirmed the presence of double-membrane–bound autophagosome-like structures in NPCD and PCD cells (A, Figure 6). Additionally, numerous single-membrane vesicles (Ve, Figure 6) of varying shapes and sizes were found, having a similar appearance to the provacuoles formed during cellular degradation in the embryos of Norway spruce (Picea abies; Filonova et al., 2000; Minina et al., 2013) or autolysosomes in BY-2 cells (Takatsuka et al., 2017). The red fluorescence in LPCD cells stained with acridine orange suggests that the puncta are acidic vesicles and may serve a similar function to autolysosomes. Like acridine orange, MDC accumulates in acidic compartments (Klionsky et al., 2016), and previous work in the lace plant showed that NPCD cells contain ATG8 and MDC-positive puncta (Mishra et al., 2017). A general increase in the size of the vacuoles was observed as degradation of the cytoplasm advanced throughout PCD (Figures 2 and 6), which is commonly observed during developmental PCD in plants (Liu and Bassham, 2012). Vacuolar aggregates in lace plant cells that comprised electron-dense, degraded organelle material were also seen to increase in size as PCD progressed; this was consistent with preliminary lace plant TEM observations (Wertman et al., 2012).




Modulation of Autophagy in Lace Plants

Live cell and TEM observations showed that commercially available autophagy modulators are effective in lace plant cells. The effects of autophagy modulation were most pronounced in NPCD cells, where autophagosome-like vesicles were moving quickly and clearly visible using time-lapse live cell imaging (Figure 5; Supplementary File 3). Interestingly, wortmannin-treated window stage NPCD cells contained larger, slow-moving vesicles that appeared to have organelles within them. Similar vesicles were observed following cell death induction from high pH conditions (Dauphinee et al., 2014), suggesting these organelle-containing vesicles may form under stressful conditions in lace plant cells. The novel cell death assay presented here also highlights the advantages of using the lace plant model to study autophagy (Figure 7; Supplementary File 5). Our cell death assay results indicate that enhancement of autophagy led to prolonged lifespan in LPCD cells, and conversely, the inhibition of autophagy led to a greater rate of cell death. Although the autophagy-modulating compounds had effects at the cellular level, there was no observed effect in vivo on lace plant leaf development even at higher concentrations (data not shown). Therefore, autophagy modulation itself is not enough to significantly influence the formation of perforations or lace plant leaf development under optimal growth conditions. However, future experiments should be done to determine how modulation may affect lace plant development under stressful conditions. In terms of ultrastructural observations following autophagy modulation, the 5 µM rapamycin treatment generated a visible increase in vesicles that appeared to contain more electron-dense material compared to the control. Concanamycin A–treated specimens also had an abundance of vesicles and had the largest vacuolar aggregates, which was evident via TEM. Autophagic bodies found within the vacuoles of Arabidopsis roots (Merkulova et al., 2014) have a similar appearance at the light microscopy level to the vacuolar aggregates detailed here in the lace plant.




Conclusions and Future Work

Lace plant leaves provide an excellent system to study the role of autophagy on cell death or survival since both types of cells (NPCD and PCD) are simultaneously present within an areole of a window stage leaf. Although autophagy modulation led to delayed or enhanced cell death rates toward the later stages of PCD, our results indicate that autophagy is predominantly a survival mechanism in the lace plant, and we did not observe clear evidence for its direct involvement in the induction of developmental PCD under normal circumstances. The lace plant presents a tractable model for studying the core autophagy machinery in planta; however, more advanced tools are necessary to better understand this biochemical pathway. Future aims include genetic modification to create GFP–ATG8 lines and the establishment of autophagy-deficient mutants, which would be invaluable tools to understand autophagy in the emerging lace plant model system.
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Supplemental File 1 | Acridine orange staining in window stage leaves. Non-programmed cell death (NPCD) and late-programmed cell death (LPCD) stage cells were stained with acridine orange and observed using confocal microscopy. Acridine orange was excited at 488 nm and detected at 525/25 nm (green) and 595/50 nm (magenta). Actual acquisition time: 5 min. Scale bar: 15 µm. Video 1.MP4.

Supplemental File 2 | Acridine orange and monodansylcadaverine dual staining in window stage leaves. Non-programmed cell death (NPCD) were stained and observed using confocal microscopy. Fluorescent laser scanning confocal micrographs represent maximum intensity projections of z-stack acquisitions. Corresponding differential interference contrast (DIC) is taken from a single representative focal plane within the z-stack. Excitation with 405 and 488 nm light was used for MDC and acridine orange stains, respectively. Fluorescence emission was detected at 450/35 nm (cyan), 525/25 nm (green), and 595/50 nm (magenta). Scale bar: 20 µm. Image 1. TIF.

Supplemental File 3 | Live cell imaging time-lapse videos of non-programmed cell death (NPCD) window stage cells. Treatments include a negative control, mock control treatment group (DMSO), 1 µM AZD 8055, 5 µM rapamycin, 1 µM concanamycin A or 5 µM wortmannin. Negative control leaves were scanned immediately after removed from culture and all other groups had a 16-h starvation period in distilled water prior to treatment application. Click on individual videos to play/pause. Actual acquisition time: 5 min. Scale bar: 20 µm. For additional information see Figure 4. Presentation 1.PPTX (video files).

Supplemental File 4 | Live cell imaging time-lapse videos of late-programmed cell death (LPCD) window stage cells. Treatments include a negative control, mock control treatment group (DMSO), 1 µM AZD 8055, 5 µM rapamycin, 1 µM concanamycin A or 5 µM wortmannin. Negative control leaves were scanned immediately after removed from culture and all other groups had a 16-h starvation period in distilled water prior to treatment application. Click on individual videos to play/pause. Actual acquisition time: 5 min. Scale bar: 20 µm. For additional information see Figure 4. Presentation 2.PPTX (video files).

Supplemental File 5 | Cell death assay. Mock control treatment group (DMSO), 5 µM rapamycin, 1 µM concanamycin and 5 µM wortmannin-treated window stage leaves. Actual acquisition time: 4h (Concanamycin A, Wortmannin) – 6h (Control, Rapamycin). Scale bar:100 µm. Video 2.MP4.
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Conventional methods for screening for stress-tolerant cereal varieties rely on expensive, labour-intensive field testing and molecular biology techniques. Here, we use the root hair assay (RHA) as a rapid screening tool to identify stress-tolerant varieties at the early seedling stage. Wheat and barley seedlings had stress applied, and the response quantified in terms of programmed cell death (PCD), viability and necrosis. Heat shock experiments of seven barley varieties showed that winter and spring barley varieties could be partitioned into their two distinct seasonal groups based on their PCD susceptibility, allowing quick data-driven evaluation of their thermotolerance at an early seedling stage. In addition, evaluating the response of eight wheat varieties to heat and salt stress allowed identification of their PCD inflection points (35°C and 150 mM NaCl), where the largest differences in PCD levels arise. Using the PCD inflection points as a reference, we compared different stress effects and found that heat-susceptible wheat varieties displayed similar vulnerabilities to salt stress. Stress-induced PCD levels also facilitated the assessment of the basal, induced and cross-stress tolerance of wheat varieties using single, combined and multiple individual stress exposures by applying concurrent heat and salt stress in a time-course experiment. Two stress-susceptible varieties were found to have low constitutive resistance as illustrated by their high PCD levels in response to single and combined stress exposure. However, both varieties had a fast, adaptive response as PCD levels declined at the other time-points, showing that even with low constitutive resistance, the initial stress cue primes cross-stress tolerance adaptations for enhanced resistance even to a second, different stress type. Here, we demonstrate the RHA’s suitability for high-throughput analysis (~4 days from germination to data collection) of multiple cereal varieties and stress treatments. We also showed the versatility of using stress-induced PCD levels to investigate the role of constitutive and adaptive resistance by exploring the temporal progression of cross-stress tolerance. Our results show that by identifying suboptimal PCD levels in vivo in a laboratory setting, we can preliminarily identify stress-susceptible cereal varieties and this information can guide further, more efficiently targeted, field-scale experimental testing.

Keywords: programmed cell death, plant stress tolerance, root hair assay, cereals, basal tolerance, induced tolerance, stress phenotypes



Introduction

The global population is estimated to reach 9.7 billion by 2050 (United Nations, 2017). Consequently, agriculture systems must be rooted solidly in practices that sustain and enhance our natural environments but must also evolve to meet rising food demands. Until recently, a relatively predictable climate has allowed commercial farmers to prioritise high-yielding crops over stress tolerant varieties. However, the potential gains of high-yielding varieties are redundant if plants are liable to succumb to stress as novel climate abnormalities cause crops to have more frequent encounters with unique abiotic and biotic stress combinations (Mittler, 2006). As a consequence of modified plant physiology and a weakened defence system, crop yield is negatively impacted as plants become more susceptible to pathogens and have lower competitive ability against weeds (Pandey et al., 2017). There is a growing consensus that we need to broaden the focus from production of high-yielding crops, to developing more stress-tolerant varieties as yield improvements must not come at the expense of environment and ecosystem damage (Coleman-Derr and Tringe, 2014; Meena et al., 2017).

Over the years, researchers have developed a diverse range of molecular biology techniques to investigate the different stress-response phases that underpin plant stress tolerance, such as transcriptomics (mRNA transcriptional and post-transcriptional analysis, e.g. micro-RNA and small interfering RNAs) (Chinnusamy et al., 2010), proteomics (2-dimensional liquid chromatography, polyacrylamide gel electrophoresis, difference gel electrophoresis) (Ahmad et al., 2016), metabolomics (gas/liquid chromatography-mass spectrometry, capillary electrophoresis and nuclear magnetic resonance spectroscopy) (Obata and Fernie, 2012), and phenomics (high-throughput phenotyping) (Singh et al., 2018). These high-throughput methods integrate large amounts of information to generate a high-resolution picture of the plant stress response but are often labour-intensive processes that involve significant technical expertise. In contrast, biochemical and physiological techniques are cheaper, quicker and offer useful stress biomarkers. One such biochemical marker is investigation of cellular oxidative damage. Used as a common measurement of plant stress tolerance, excessive reactive oxygen species (ROS) damage subcellular components and trigger programmed cell death (PCD) (Petrov et al., 2015). Common methods for quantifying oxidative damage include total antioxidant capacity, lipid peroxidation and measurement of non-enzymatic and enzymatic antioxidant levels (Elavarthi and Martin, 2010; Jambunathan, 2010). Other biomarkers include fluctuations in cell osmolyte levels which regulate cell volume and maintain osmotic balance during stress onset (Verslues, 2010), while ion quantification is used to screen plants for salt tolerance as the ability to partition and cycle ions through the different tissues is vital for surviving salt stress (Munns et al., 2010).

In the present work we show how PCD can be used as a quick effective tool to identify stress-tolerant cereal varieties. PCD is a normal facet of plant growth and development activated by developmental and environmental factors, but is also a protective mechanism during abiotic and biotic stress onset (Petrov et al., 2015). PCD describes a highly organised sequence of events that leads to the controlled disassembly of the cell and is characterised by the distinctive Ca2+-dependent retraction of the cytoplasm (Kacprzyk et al., 2017). Conversely, necrosis is associated with uncontrolled Ca2+-independent cell death that occurs when cells cannot withstand overwhelming cellular stress (Kacprzyk et al., 2017). Necrotic death is characterised by a loss of plasma membrane integrity, resulting in impaired osmoregulation and the cellular influx of water and ions, causing the cell to swell and rupture, releasing their cellular contents (Lockshin and Zakeri, 2004). PCD plays an important role in the plant response to a variety of environmental stresses as stress-induced PCD activation signifies that damaged cells are unable to cope with the prolonged redox imbalance (Petrov et al., 2015). PCD is activated as the cells’ last act of preservation because of stress-induced oxidative damage to organelles and macromolecules (Wituszynska and Karpinski, 2013). Unlike necrotic death, selective PCD activation improves the overall chances of plant survival as it maintains tissue and organ integrity by eliminating damaged cells that accumulate during stress (Wituszynska and Karpinski, 2013). By eliminating cells in a controlled manner, the remaining plant cells can recycle the metabolic precursors from dying cells to increase the likelihood of cell survival (Hoang et al., 2016).

Stress-induced PCD has broad implications for global agricultural practises as it affects crop yield and productivity (Mittler and Blumwald, 2010). With the advance of rapidly changing climates all over the globe, there is a growing interest in developing methods for attenuating environmental stress-induced PCD to minimise crop yield losses (Kim et al., 2014; Hoang et al., 2016). Consequently, it is important for researchers to have an array of methods available to quantify PCD levels in vivo. Current methods rely on either the direct scoring of PCD based on its distinctive cell morphology, or indirectly by tracking PCD-triggering molecular signals (e.g. ROS, intracellular Ca2+ levels, and cyclic guanosine monophosphate) (Chen et al., 2018; Doccula et al., 2018; Terrón-Camero et al., 2018) and various mitochondrial markers (Xiao et al., 2018). Other indirect methods for quantifying PCD include the measurement of molecular markers generated under oxidative damage (reactive carbonyl species, DNA and lipid damage) (Mano and Biswas, 2018), or PCD executors such as mitogen-activated protein kinase (MAPK) signalling cascades (Wu and Jackson, 2018) and vacuolar processing enzyme (VPE) activity (Hatsugai and Hara-Nishimura, 2018). All of these methods have a wide range of applications for investigation of the different phases of the plant stress response, but it is important to remember that cells integrate multiple PCD-inducing signals across many different subcellular compartments, and not just a lone signal as measured by the aforementioned methods (Petrov et al., 2015). This was illustrated in work by Kacprzyk et al. (2017) who showed that chemical modulators that alter mitochondrial permeability transition, ATP synthesis and Ca2+ signalling also inhibit protoplast retraction in stressed cells, showing that multiple signalling pathways are acting collectively to modulate PCD. Perception of stress cues generates PCD-inducing signals at the endoplasmic reticulum (ER), chloroplast and mitochondria, but each organelle has distinctive mechanisms for processing the signal (Petrov et al., 2015).

The intricate signalling networks modulating PCD emphasises the serious consequences the cellular decision to undergo PCD holds for the survival of the whole organism. Cells regulate PCD by balancing pro- and anti-apoptotic signals, and the decision to live or die depends on which direction the balance shifts. This highlights the biggest difference found between indirect and direct PCD quantification methods. Indirect methods track the progression of molecular markers, signalling networks or metabolic changes that stressed cells undergo, while direct PCD scoring shows the final outcome of the cells decision-making procedure, whether cells stay alive or undergo PCD.

This paper provides evidence that direct in vivo PCD scoring is a useful marker of stress tolerance in cereals as it integrates multiple stress inputs (and combinations thereof) to provide a cohesive picture of the stress response. Studies using direct PCD scoring methods generally involve in vitro plant cell cultures, but they can be labour intensive to establish and because of divergent mitotic patterns, not all plant species will have the right morphologies to form uniform suspension cultures (Cimini et al., 2018). More importantly, it is pertinent to assess the effects of PCD modulators in the whole plant context, as tissue-specific cells will not respond in a synchronised manner as would be seen in homogenous plant cell cultures (Reape et al., 2015). Given these points, using seedlings as an in vivo model system for investigating plant PCD offers a more accurate representation compared to artificially controlled reconstructions using in vitro methods (Kacprzyk et al., 2011; Reape et al., 2015). A novel model system involving root hairs for direct PCD scoring was demonstrated by Hogg et al. (2011) as root hairs are lateral single-celled extensions from root epidermal cells, are present in quantities large enough for sample enumeration, and are easily accessible for pharmacological treatment. The protocol developed was termed the root hair assay (RHA) and was used to establish heat stress response curves in Arabidopsis seedlings, and Hogg et al. (2011) also successfully extrapolated the assay to Medicago truncatula, Zea mays, and Quercus robur seedlings. Furthermore, Kacprzyk et al. (2014) demonstrated RHA use with genetic and pharmacological tools to assess the signalling networks regulating the PCD response in Arabidopsis seedlings.

In this paper, we build on these past works to show that stress-induced PCD levels can be a novel marker for identifying stress tolerance in cereal varieties of Triticum aestivum (wheat) and Hordeum vulgare (barley). Using the RHA as an early screening tool, we developed a protocol for identifying stress tolerant and susceptible cereal varieties by subjecting <2-day-old seedlings to increasing heat and salt stress intensities. By reviewing the dose-dependent response, we identified the ‘inflection point’ for each species and stress treatment. The inflection points indicate the stress dose which exhibited the largest variances in stress-induced PCD levels and once identified, these inflection points were then used to assess the basal, induced and cross-stress tolerance of wheat varieties by exposing plants to single, combined and multiple individual stresses. Single stress exposure involves the application of a single stress-factor, multiple individual stresses are non-overlapping repetitive stresses at different time-points, while combined stress is two or more stresses applied simultaneously that overlap to a certain degree (Pandey et al., 2017).

Basal tolerance was assessed using single and combined stress exposure as both treatments highlight the intrinsic ability of plants to survive stress by its baseline physiological state without prior stress exposure or acclimation (Arbona et al., 2017). Combined stress treatments are highly distinct from single stress-factor treatments as the former generates a unique stress phenotype that is distinct from the latter (Mittler, 2006; Rasmussen et al., 2013; Rivero et al., 2014). Rasmussen et al. (2013) divided the unique stress phenotype into five categories (prioritized, similar, combinatorial, cancelled and independent), but for simplicity’s sake, we refer to the original stress phenotype categories devised by Mittler (2006) who divided the response into synergistic, antagonistic or neutral interactions, of which all five stress modes fall into (Supplementary Figure 1A). Finally, we used multiple individual stresses to study induced and cross-stress tolerance, the phenomenon where the initial stress exposure makes plants more resistant to other stress types (Walter et al., 2013; Rejeb et al., 2014; Pandey et al., 2017). As Supplementary Figure 1B illustrates, the first stress cue can either prime (positive and neutral) or predispose (negative) plants to recurrent stress exposure (Pandey et al., 2017). Priming enables plants to reach a new metabolic steady-state higher than its pre-stress levels by reprogramming the metabolome and making epigenetic changes; primed plants either become resistant to the second stress encounter without additive damage (neutral – maintains same steady state), or have improved tolerance (positive – higher metabolic steady state) (Tausz et al., 2004; Walter et al., 2013; Pandey et al., 2017). Conversely if the cell protective mechanisms are insufficient, predisposition makes plants more vulnerable to repetitive stresses because of lagging stress effects (e.g. excessive oxidative damage) that leads to degradation of the metabolic steady state and higher cell death rates (Tausz et al., 2004; Walter et al., 2013). The variety of responses to different stress exposures shown here demonstrates how stress-induced PCD levels can be used to screen for the formation of unique stress phenotypes, while at the same time, allowing examination of how basal, induced and cross-stress tolerance affects cereal survival.




Materials and Methods



Seedling Preparation

Three spring barley varieties were provided by Seedtech®, while four spring wheat, four winter wheat and four winter barley varieties were supplied by KWS UK®. Table 1 details the list of cereals and their identifier numbers used in these experiments. In temperate climates, spring and winter varieties differ in the season they are sown. Winter varieties require vernalisation in the cold to flower, while spring varieties do not. In barley, the vernalisation response is controlled by two major loci at VRN-H1 and VRN-H2, while spring alleles have deletions in both loci that enables flowering without vernalization (Cockram et al., 2007). A similar scenario occurs in wheat, but five vernalization-responsive genes (Vrn1–5) have been identified (Cattivelli et al., 2002), but the three major vernalization genes responsible for vernalization in both wheat and barley are VRN1, VRN2 and VRN3 (Distelfeld et al., 2009).





Table 1 | Cereal Variety Identifier, Corresponding Species, Season and Provider. 
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T. aestivum (Wheat) Seedling Preparation and Germination

Wheat seeds were soaked in sterile distilled water (SDW) at room temperature for 3 h. In a sterile flow cabinet, water was drained from seeds, a 20% bleach solution (Domestos® disinfectant: sodium hypochlorite 4.5 g per 100g) was added, and the mixture was shaken for 4 min and rinsed 5 times with SDW. Using sterile forceps, 10 surface-sterilised seeds were placed between two layers of sterile 10 mm Whatman™ filter paper (pre-soaked with 3 cm3 SDW) in a Petri dish. Seeds were arranged far apart from one another to prevent roots from tangling after germination to minimise root hair damage. Plates were sealed with Parafilm, wrapped in foil and stratified at 4°C for at least two days to synchronise germination. To germinate seeds, plates were placed in a 21°C growth chamber (light regime: 33 µmol m-2 s-1, 16-h light: 8-h darkness) and used for stress assays after 1 day of growth.




H. vulgare (Barley) Seedling Preparation and Germination

The procedure to prepare barley seedlings for testing was similar to the protocol used for wheat seedlings; however, barley seeds were left to grow for 2 days as initial testing (data not shown) showed inadequate germination levels after 1 day of growth.





Stress Application and Scoring of Cell Modes

Barley and wheat seedlings were transferred into Petri dishes under aseptic conditions with care to prevent mechanical damage which would inflate the background death levels of root hairs. SDW (2 cm3) was pipetted into the germination plates and swirled to dislodge the roots from the filter paper. Seedlings were transferred to Petri dishes (containing 25 cm3 SDW), heated for 10 min in a water bath at specific temperatures (25, 35, 45, 50, or 55°C) and returned to the 21°C growth chamber. Viability and cell death (PCD and necrosis) were scored 14–16 h after stress application to allow PCD morphology to develop fully as per Hogg et al. (2011).

The longest root in 1-day-old wheat seedlings was counted as shorter roots lacked sufficient root hair density for accurate cell mode enumeration. In contrast, 2-day-old barley seedlings have multiple roots (3–5) of approximately equal length. Preliminary RHA testing (data not shown) showed that barley roots on the same seedling have similar viability, PCD, and necrosis levels therefore because of the insignificant variability of roots from the same plant sample, subsequent heat stress curves only involved the enumeration of one root per barley seedling.

To score cell mode, the seedlings were stained with a 0.001% w/v fluorescein diacetate (FDA) solution for 2 min and examined using an Olympus BX61 microscope under a mercury lamp with a fluorescein isothiocyanate (FITC, wavelength 485 nm) filter. Using a combination of viability staining and cell death morphology, root hairs were scored as viable if they were fluorescent (FDA positive), PCD if they had a retracted cytoplasm and negative FDA stain, and necrotic if they did not possess a retracted cytoplasm and negative FDA stain. Supplementary Figure 2A depicts the different cell mode morphologies found in FDA-stained stressed and unstressed root hairs of Arabidopsis thaliana, the model organism in which the RHA was originally developed. Cereal root hairs display similar morphologies when viable, PCD or necrotic, but are longer and occur more frequently along the main root compared to A. thaliana. Consequently, it is difficult to take clear images of cereal roots depicting the different cell morphologies; hence we use A. thaliana images here to clearly illustrate cell death morphology in individual root hair cells. Supplementary Figure 2B shows cell death morphology in wheat root hairs but at a lower magnification. These are included because on occasion, salt-stressed wheat seedlings displayed mixed markers (retracted cytoplasm and FDA positive) because of plasmolysis (Supplementary Figure 2B). Under these circumstances, root hairs displaying mixed markers were rinsed with SDW and remounted on microscope slides without additional FDA staining. This removes excessive background FDA staining and makes it easier to distinguish between viable (strong fluorescence) and PCD (weak, almost imperceptible fluorescence) root hairs. At least 100 root hairs were scored per seedling across both sides of the primary root to provide an accurate representation of viable, PCD and necrosis levels. Each cell mode result is depicted as the percentage of cell mode over total number of root hairs, where viability% + PCD% + necrosis% = 100%.



Establishing Salt Stress Response Curves in T. aestivum Seedlings

1-day-old wheat seedlings were placed in Petri dishes filled with 25 cm3 NaCl (50, 100, 150, 200 or 250 mM) for 5 min, before being transferred into new Petri dishes containing 25 cm3 SDW. Seedlings were returned to the 21°C growth chamber and scored 14-16 h after stress application.




Evaluating the Single, Combined and Multiple Stress Responses of T. aestivum Seedlings to Heat and Salt Stress

Eight wheat varieties were examined for their response to single, combined and multiple stresses. As a result of identifying the 35°C heat and 150 mM NaCl inflection points, 1-day-old wheat seedlings were subjected to heat (35°C) and/or salt (150 mM NaCl) stress at specific time-intervals. In the first data-set, samples were subjected to 35°C stress for 10 min at the 0-min mark, followed by 150 mM NaCl stress for 5 min at the 30, 60 and 120-min mark, followed by transfer into 25 cm3 SDW. In the second data-set, samples were subjected to 150 mM NaCl stress for 5 min at the 0-min mark, transferred into SDW-containing plates, and followed by 35°C heat stress for 10 min at the 30, 60 and 120-min mark. Figure 1 summarises the process used to examine basal and induced tolerance using single, combined and multiple individual stresses. Controls include single-stress (35°C only, or 150 mM NaCl only) and double-stress (heat and then salt (H+S) or, salt and then heat (S+H) at the 0-min mark).
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Figure 1 | Experimental workflow used to assess basal stress tolerance (single and combined), and induced stress tolerance (multiple individual) in wheat seedlings in response to 35°C heat (H) and/or 150 mM NaCl salt (S) stress. Single-stress involves the application of a single stress-factor (H only, or S only), combined stress involved the overlapping application of 35°C heat followed by salt stress (H+S; 0-min) and vice versa (S+H; 0-min), and multiple individual testing involves the application of the first stress stimuli (0-min), followed by application of the second stress stimuli at 30, 60, and 120-min.








Statistical Analysis

IBM® SPSS® Version 24 (RRID : SCR_002865) was used to analyse results for significant changes (p < 0.05) across stress treatments and cereal (barley and wheat) varieties. Statistical tests used include one-way ANOVA (Tukey or Dunnett Post-hoc Test), bivariate analysis (Pearson’s correlation), and independent-samples t-test.





Results



Thermotolerance of H. vulgare Varieties

Four winter barley (WB) and three spring barley (SB) varieties were tested for their thermotolerance by stressing 1-day-old seedlings for 10 min at temperatures ranging from 25 to 55°C. Based on the changing cell mode ratios across the temperature gradient, three threshold stress-responses were observed: 1) stress-tolerant (25°C) where PCD levels were at their lowest (and necrosis levels were negligible), 2) the viable/PCD ‘inflection point’ (35°C), and 3) the PCD zone (45–55°C) where the majority of root hairs died by PCD. We observed a clear distinction between spring and winter varieties as all three spring varieties had consistently lower PCD levels at low heat stress (25–35°C) compared to their four winter counterparts. The PCD levels of the spring barley varieties remained stable (10–17%) across 25°C and 35°C heat stress, unlike the winter varieties which increased when heat stress was increased from 25°C (35–40%) to 35°C (43–63%). Statistical analysis confirmed these observations: PCD levels only changed significantly (p < 0.05) in WB1, WB2, and WB4 seedlings when heat stress was increased from 25°C to 35°C but remained stable in the remaining varieties (Supplementary Table 1). A similar trend was noted at medium heat stress (45°C) where spring varieties remained more resistant to heat shock, with average PCD levels of 63%. In contrast, PCD levels of all four winter barley varieties were significantly higher (83–87%) at 45°C. At high stress (50–55°C), no difference was observed between winter and spring varieties as viability levels declined to ~0%, with PCD being the predominant cell death mode across all varieties. Figure 2A illustrates the clear thermotolerance differences between seasonal varieties; at low-to-medium heat shock, spring varieties were heat-tolerant, but winter barley varieties were heat-susceptible. Stress-induced PCD was the predominant cell mode across all varieties at 45°C, while necrosis levels were generally unchanged at temperatures up to 50°C, but started to increase at 55°C in WB3 and SB3 (Figure 2B).
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Figure 2 | Effect of (A) low-to-medium or (B) high heat stress on root hair viability and cell death (PCD and necrosis) levels in varieties of winter (WB1-4) and spring (SB1-3) barley. (*) marks PCD results significantly (p < 0.05) different from the 25°C dataset, using a one-way ANOVA Dunnett post-hoc test (Supplementary Table 1). Error bars = standard error of n ≥ 8 replicates.







Stress Tolerance of T. aestivum Varieties



Thermotolerance of T. aestivum Varieties

Four spring wheat (SW) and four winter wheat (WW) varieties were tested for their resilience to transient heat stress (Figure 3) and, again, three stress-response thresholds were identified: stress tolerant (25°C), viable/PCD inflection point (35°C), and the PCD zone (45–55°C). However, unlike the barley varieties, mixed tolerance was seen across both spring and winter varieties of wheat. At low heat stress (25°C), WW1 had the highest PCD levels (53.2%), followed by SW4 (36.8%) and SW3 (23.9%). We observed a comparable trend at 35°C as SW4, WW1, and WW4 had the highest PCD (46–47%) of all the varieties, with limited variance in viability and necrotic levels.
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Figure 3 | Effect of (A) low-to-medium or (B) high heat stress on root hair viability and cell death (PCD and necrosis) levels of four spring wheat (SW1-4) and four winter wheat varieties (WW1-4). (*) marks PCD results significantly (p < 0.05) different from the 25°C dataset, using a one-way ANOVA Dunnett post-hoc test (Supplementary Table 2). Error bars = standard error of n ≥ 12 replicates.





Distinctions between the thermotolerance of wheat varieties were detected as early as 35°C, which was determined as the viable/PCD inflection point; apart from WW2, WW3 and WW4 whose PCD levels rose significantly (p < 0.05) as heat shock increased from 25°C to 35°C, the remaining varieties maintained similar PCD levels (Supplementary Table 2). At higher heat stress (45°C), variations in PCD receded as most wheat varieties had ~80% PCD, although SW1, SW2 and WW4 lines still exhibitied remarkble heat resistance, with stress-induced PCD ranging from 63 to 71%. Beyond this point, viability declined to ~0%, with PCD remaining the primary death mode at 50°C and 55°C. Even at 55°C heat shock, necrotic levels remained remarkably stable across the wheat varieties and temperature gradient, apart from WW1 and WW2 seedlings that had a 2 to 3-fold increase in necrosis, compared to that seen at the 50°C data-point.




Evaluating T. aestivum Varieties for Salt Tolerance

Four spring wheat (SW1-4) and four winter wheat (WW1-4) varieties were tested for their tolerance to transient salt stress (Figure 4). Three stress-response thresholds were also detected: stress-tolerant (50–100 mM NaCl), the viable/PCD inflection point (150 mM NaCl), and the PCD zone (200–250 mM NaCl). At low salt stress (50–100 mM), we could clearly see the distinctions between the salt-tolerant and salt-susceptible varieties: SW1, SW2, WW3, WW4 were identified as the salt-tolerant lines as they had the lowest stress-induced PCD (15–20%) of all the varieties. Discrepancies became even larger when effects were examined at 150 mM NaCl (viability/PCD inflection point); PCD predictably increased across all varieties but SW4, WW1, and WW2 had elevated PCD levels compared to the other varieties tested. WW1 and WW2 had PCD ranging from 37-44%, while SW4 had almost double PCD (62.6%) which equates to a 27.2% increase from its nearest 100 mM data-point (Figure 4A). The remaining five varieties had similar PCD ranging from 21–30%. Beyond this point, medium salt stress (200–250 mM) caused PCD to become the predominant cell mode over viable and necrotic cells. Interestingly, SW1 and SW2 still had the lowest PCD levels at 200 mM NaCl (64–68%), indicative of their salt tolerance, since the average PCD across the other varieties was 80.9%. Nevertheless, this discrepancy disappeared at higher 250 mM NaCl doses as PCD (85-93%) became similar across all eight varieties (Figure 4B). Necrosis levels did not change significantly in the experiment.
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Figure 4 | Effect of (A) low or (B) medium-to-high salt stress on root hair viability and cell death (PCD and necrosis) levels of four spring wheat varieties (SW1-4) and four winter wheat varieties (WW1-4). (*) marks PCD results significantly (p < 0.05) different from the 0 mM NaCl (i.e. SDW control) dataset, using a one-way ANOVA Dunnett post-hoc test (Supplementary Table 3). Error bars = standard error of n ≥ 12 replicates.







Screening T. aestivum Varieties for Dual Stress Tolerance

The discovery of the three distinct stress-response phases across all the heat and salt stress gradients tested in wheat prompted the preparation of a tolerance matrix (Table 2) to determine if varieties displayed dual tolerance to both heat and salt stress. As previously stated, the largest deviations in stress-induced PCD levels arise at the inflection point, making it easier to compare differences in the tolerance strength of the varieties. While we do see fluctuations at the other phases, stress-induced PCD levels tend to cluster too closely to pick out subtle variations between the investigated varieties. For example, PCD is generally low in the stress-tolerant zone, but predominantly high in the PCD zone. Consequently, we focused on performance at the viable/PCD inflection point to identify stress-tolerant or susceptible varieties.






Table 2 | Tolerance matrix examining the tolerance or susceptibility of wheat seedlings to salt or heat stress at different stress-response phases (stress-tolerant, viable/PCD inflection point and PCD zone) highlights SW1 and SW2 as stress tolerant varieties. Bivariate analysis (Pearson) found correlation between PCD levels of heat and salt-stressed seedlings in the stress-tolerant phase (n = 105) and viable/PCD inflection point (n = 115), but not in the PCD zone (n = 121).
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The first stress-tolerant threshold (25°C; 50 mM NaCl) denotes the phase where the cell protective mechanisms are enough to repair oxidative damage therefore cells maintain high viability and low PCD levels. Bivariate analysis was used to measure the strength of association between heat and salt stress-induced PCD levels. We found statistically significant (p < 0.05) correlation between both variables, with a Pearson’s correlation coefficient of 0.223 (n = 105), showing that PCD levels in heat shocked seedlings correlated with their salt-stressed counterparts. As illustrated in Figures 5A, B and Table 2, low salt tolerance was observed in SW3, SW4, WW1, and WW2 seedlings, with PCD ranging from 26–34%, compared to the remaining seedlings exhibiting PCD of 15-20%. Similar varieties were also found to be susceptible to minimal (25°C) heat stress, as elevated PCD levels were found in SW3 (23.9%), SW4 (36.8%) and WW1 (53.2%), and to a certain extent, WW4 (19.2%). PCD in the four remaining varieties was substantially different and averaged 10.8%.
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Figure 5 | Pearson correlation analysis between the tolerance/susceptibility of wheat varieties to salt and heat stress. Figures on the left column represent overlaid heat and salt datasets, while their respective scatterplots are shown on the right column. (A, B) Stress-tolerant phase of 25°C and 50 mM NaCl, (C, D) the viable/PCD inflection point of 35°C and 150 mM NaCl, and (E, F) the PCD zone of 45°C and 200 mM NaCl. Correlation was found between PCD levels of heat and salt-stressed seedlings in the stress-tolerant phase (0.223, p-value = 0.022 and n = 105) and viable/PCD inflection point (0.333, p-value = 0.000 and n = 115), but not in the PCD zone (-0.015, p-value = 0.867 and n = 121).






A similar trend was observed at the viable/PCD inflection point (35°C; 150 mM NaCl) shown in Figures 5C, D and Table 2. Compared to the stress-tolerant thresholds, a stronger correlation was noted here as we detected a highly statistically significant correlation of 0.333 (p < 0.01) between PCD levels of heat and salt-shocked seedlings (n = 115). At 150 mM NaCl, the highest PCD values were seen in SW4 (62.6%), WW1 (44.3%) and WW2 (37.3%), while the PCD levels in the other lines only ranged between 21-30%; the lowest PCD levels at 150 mM NaCl were seen in SW1 and SW2 which had ~22% PCD. Under 35°C heat stress, elevated PCD (~47%) was seen in SW4, WW1 and WW4, whereas the lowest PCD levels were seen in SW1 (17.3%) and SW2 (20.7%). Collectively, these results show that similar wheat varieties displayed dual tolerance (SW1 and SW2) or susceptibility (SW4 and WW1) to independent heat and salt stress.

Finally, no significant correlation (-0.015, where p > 0.05 and n = 121) was found at the PCD zone (45°C; 200 mM NaCl) between heat and salt-stressed seedlings (Figures 5E, F and Table 2). At this stage, both stress intensities were high enough to overcome most of the differences in basal tolerance between wheat varieties; apart from SW1 and SW2 that maintained PCD levels lower than 70% at 200 mM NaCl (Figures 5E, F), the remaining six varieties averaged 80.9%. Similarly, at 45°C, SW1, SW2, and WW4 had the lowest PCD (64-72%), while the other five lines had PCD levels >81%.





Evaluation of T. aestivum Varieties for Basal, Induced and Cross-Stress Tolerance to Heat and Salt Stress

Three types of stress exposure were investigated in this final study: single, combined and multiple individual stresses. Basal tolerance of the seedlings was examined at the viable/PCD inflection point by applying a single (35°C heat or 150 mM NaCl) or combined stress (simultaneous application of heat and salt at the 0-min time-point). The adaptive tolerance was evaluated by administering the first stress trigger (heat or salt) at the 0-min mark, followed by the second stress across three time-points (30, 60 and 120 min). Figure 6 depicts how each individual wheat variety responds to unique stress exposures as a function of their stress-induced PCD levels. Given that basal tolerance reflects the genetically pre-determined ability to withstand stress without prior exposure (Arbona et al., 2017), SW1 and SW2 were identified as varieties with high basal tolerance, while SW4 and WW2 were singled out as varieties with low basal tolerance, based on their performance against single and combined stress treatments (see section: T. aestivum Cross-Stress Tolerance Depends on the Initial Stress Cue). Interestingly, varieties with high basal tolerance (SW1 and SW2) had a slow induced tolerance response, unlike stress-susceptible SW4 and WW1 which adapted faster, as elaborated in the section Individual T. aestivum Varieties Under Combined Stress Exposure Exhibit Varying Stress Responses. By varying the initial stress cue, we observed a few interesting overall trends not immediately apparent from the data presented in Figure 6. For that reason, we merged the average stress-induced PCD levels of all eight varieties across the H+S, and S+H datasets (Figure 7) and the following trends were revealed. First, cross-stress tolerance experiments showed that stress acclimation and priming were the predominant responses when seedlings were either first heat or salt-shocked, respectively. Second, under combined stress, seedlings that were first salt-shocked had similar PCD levels (47.8%) as the single stress-factor control (46.3%), but initially heat-shocked seedlings had statistically higher (p < 0.05) stress-induced PCD (40.8%) compared to the heat stressed only dataset (34.1%). Finally, salt stress had a dominating effect over heat stress, and that initial salt shock had a lagging PCD-suppressing effect.
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Figure 6 | Examining how single, combined and multiple individual stress exposures affects stress-induced PCD in wheat varieties. The initial stress cue (35°C heat or 150 mM NaCl) is applied at the 0-min mark, followed by the second stress application at different time-points (30, 60 and 120-min). (H+S) refers to heat stress as the initial cue, followed by salt stress, while (S+H) refers to salt stress as the first cue, followed by heat stress at the relevant time-points. (*) marks PCD results significantly (p < 0.05) different from the single-stress factor control (H-only or S-only), using a one-way ANOVA Dunnett post-hoc test (Supplementary Table 4). Error bars = standard error of n ≥ 4 replicates.
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Figure 7 | Overall trends noted in stressed wheat seedlings by varying the initial stress cue. (*) marks PCD results significantly (p < 0.05) different from the single-stress factor control (H-only or S-only), using a one-way ANOVA Dunnett post-hoc test (Supplementary Table 5). Values represent the average PCD levels across the eight varieties, where error bars = standard error of n ≥ 89 replicates.











T. aestivum Cross-Stress Tolerance Depends on the Initial Stress Cue

Cross-stress tolerance was evaluated in terms of priming (lower PCD levels), acclimation (neutral PCD levels) and predisposition (higher PCD levels) to the second applied stress type, compared to their respective single stress-factor datasets (Figure 8). When heat was applied at the first stimuli and followed by subsequent NaCl shock, only WW1 (p < 0.05) were grouped under the primed category, while the remaining varieties fell under the acclimation category. However, wheat varieties responded differently when they were first subjected to NaCl shock, followed by later heat stress. Despite maintaining identical stress doses, the varieties were re-shuffled into different categories: primed (SW2, SW4, WW1, and WW2) and acclimation (SW1, SW3, WW3, and WW4). Primed seedlings had statistically lower (p < 0.05) PCD levels compared to their respective S-only controls. Predisposition was not observed across both datasets, regardless of the initial stress cue. Thus, stress acclimation was the primary response (87.5%) when heat-shocked wheat varieties were assessed for their cross-stress tolerance to subsequent salt stress. Conversely, priming shared equal dominance (50%) with the acclimation mode when varieties were initially salt-shocked, even though identical stress doses were maintained.
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Figure 8 | Induced tolerance changes across individual wheat varieties and different initial stress cues. (*) marks PCD results significantly (p < 0.05) different from the single-stress factor control (H-only or S-only), using independent t-tests (Supplementary Table 6). Induced tolerance values represent the merged PCD levels across 30, 60 and 120-min datasets. Error bars = standard error of n ≥ 4 replicates.





The tendency for specific stress responses based on the initial stress cue (e.g. stress acclimation in H+S; priming in S+H) is illustrated in Figure 7, which depicts the average PCD values of all the varieties across both H+S and S+H datasets. When heat shock was the initial stress-cue, similar PCD levels (33-34%) were noted between the single heat stress-factor and the multiple stress (30, 60 and 120-min) dataset. This shows that additional salt stress did not negatively affect previously heat-shocked seedlings (p > 0.05), i.e. seedlings were stress-acclimatised against recurrent exposure. However, a different stress response pattern emerged when salt stress was the initial stress cue; exposure to NaCl successfully primed seedlings against subsequent heat damage as we recorded statistically lower (p < 0.05) PCD levels at the 60 and 120-min datasets compared to the single NaCl stress-factor dataset. Our results highlights the intricacy of supplying stresses in unique combinations as initial exposure to different stress cues causes divergent responses (Table 3A), despite exposure to identical stress dosages.





Table 3 | Stress matrix summarizing the effect of (A) cross-stress tolerance and (B) the combined stress in response to heat and salt shock in wheat varieties. Symbols (+) denote a reduction in stress-induced PCD levels, (= ) no substantial PCD changes and (-) a net rise in PCD levels from their respective single stress-factor controls.
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Individual T. aestivum Varieties Under Combined Stress Exposure Exhibit Varying Stress Responses

Basal tolerance to combined stress was assessed by examining the interactions between heat and salt stress in terms of synergistic (lower PCD levels), antagonistic (higher PCD levels), or neutral (no net changes in PCD levels) compared to their respective single stress-factor datasets. We organised the unique stress phenotypes displayed by the individual varieties into the form of a stress matrix (Table 3B), where most of the stress combination results (75%) fell under the neutral category. Under combined H+S stress, only SW3 and WW4 showed antagonistic interaction, i.e. statistically higher (p < 0.05) PCD levels from the H-only control. In contrast, different varieties such as WW1 (synergistic) and WW3 (antagonistic) responded towards S+H treatments. It was intriguing to note that varieties previously singled out as heat and salt tolerant (SW1 and SW2) by their performance at the viability/PCD inflection point (Table 2) displayed similar basal tolerance under combined stress exposure as illustrated in Figure 9. The inverse situation also held true as individual heat and salt-susceptible varieties (SW4 and WW1) also demonstrated a higher susceptibility to combined stress exposure. Figure 9 depicts the role of basal tolerance in the correlation between single stress-factor and combined stress exposure; for example, in the S+H dataset, salt-tolerant varieties (SW1 and SW2) had the lowest PCD levels (36-38%), while the salt-susceptible line SW4 had the highest PCD levels (65%). The remaining varieties displayed varying degrees of tolerance: moderately tolerant (WW3 and WW4: 41-42%) and semi-susceptible (SW3, WW1, WW2: 50-54%). A similar scenario was observed in the H+S dataset; thermotolerant SW1 and SW2 varieties had the lowest PCD (24-26%), while the highest PCD levels were seen in SW3, SW4, and WW4 (50-53%). The remaining varieties (WW1, WW2, and WW3) showed varying degrees of tolerance, with PCD ranging from 35 to 43%.
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Figure 9 | Examining how basal tolerance varies across wheat varieties and different initial stress cues. (*) marks PCD results significantly (p < 0.05) different from the single-stress factor control (H-only or S-only), using independent t-tests (Supplementary Table 7). Combined stress PCD levels reflect the data recorded after simultaneous stress exposure (H+S or S+H) at the 0-min mark. Error bars = standard error of n ≥ 4 replicates.








Stress-Tolerant Varieties Responded Slower to Priming Compared to Stress-Susceptible Varieties

Stress-tolerant varieties were predicted to mount a faster counteracting response than stress-susceptible varieties, but this was not evident here. SW1 and SW2 retained similar PCD levels in the 30 min H+S dataset compared to their respective single (H only) stress-factor datasets (Figure 10). We only observed cross-stress tolerance to salt stress at the later stages as PCD levels only decreased at the 60-min (SW2) and 120-min (SW1) time-points. In contrast, stress-susceptible SW4 reacted faster as PCD levels declined by 21% (p < 0.05) at the 30-min H+S dataset compared to its single heat stress-factor dataset. A similar pattern, although to a lesser extent, appeared in heat primed WW1 seedlings whose PCD levels declined by 12% (p < 0.05) at the 30-min dataset compared to the H-only control. In view of the slower adaptive response in stress-tolerant varieties, heat priming enabled the stress susceptible SW4 line to maintain similar PCD levels (28%) in line with the tolerant SW2 variety, despite additional salt stress exposure at the 30-min time-point. Considering how the plant stress response is a combination of both basal and induced tolerance, our results suggests that a rapid induced response can partially make up for low basal tolerance, given successful priming and sufficient time-lag between repeated stresses.
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Figure 10 | Examining induced tolerance changes across eight individual wheat varieties after different initial stress cues. The initial stress cue (35°C heat or 150 mM NaCl) cue is applied at the 0-min mark, followed by the second stress application at different time-points (30, 60 and 120-min). (H+S) refers to heat stress as the initial cue, followed by salt stress, while (S+H) refers to salt stress as the first cue, followed by heat stress at the relevant time-points. (*) marks PCD results significantly (p < 0.05) different from the single-stress factor control (H-only or S-only), using a one-way ANOVA Dunnett post-hoc test (Supplementary Table 4). Error bars = standard error of n ≥4 replicates.






We noted a similar temporal pattern when salt stress was the initial cue; significant cross-stress tolerance (p < 0.05) to heat stress only took place at the later stages (60-min) for both stress-tolerant SW1 and SW2 varieties. Like the heat priming treatment, salt priming rapidly suppressed PCD levels in varieties with a low basal tolerance (SW4 and WW1); both lines had statistically lower PCD levels (p < 0.05) at the 30-min mark compared to their respective S-only controls. Despite their slower adaptive response, SW1 and SW2 varieties still retained the lowest PCD levels out of all the varieties when the cross-stress tolerant effect finally took place. Regardless of the initial stress cue, PCD levels of the 60-min dataset for SW1 and SW2 initially primed with heat (15-24%) and salt (16-17%), were substantively lower than the average PCD values for the remaining varieties across heat (36.8%) and salt stress (37.5%) priming treatments. On balance, our results show that stress-susceptible varieties responded quicker than stress-tolerant varieties as illustrated in Figure 10.




Statistical Analysis of the Effect of Using Different Initial Stress Cues on Subsequent PCD Levels

Our results showed that applying salt stress as the initial cue followed by heat stress, exerted a stronger cytotoxic effect on PCD levels (p-value = 0.02) compared to the inverse scenario when heat was the first stress cue, despite maintaining identical stress dosages (Table 4). Only a small mean difference of 4.3% was observed between the overall (S+H) and (H+S) datasets. However, this only represents the average values across the eight varieties. When controlling for the individual varieties, we saw larger drifts between the H+S and S+H datasets. For example, statistically higher (p < 0.05) PCD levels in S+H datasets, compared to H+S datasets were seen in SW1 (11.4%), SW4 (8.5%) and WW1 (5.9%), (Supplementary Table 8). It is also worth noting that the stronger PCD-inducing signal in salt-shocked seedlings (S+H) largely disappeared at later time-points, 60 and 120-min. When controlling for PCD levels across the different stress-treatment time-points, the S+H datasets had higher PCD levels than their H+S counterparts at 0-min (S+H: 47.8%; H+S: 40.8%) and 30-min (S+H: 40.6%, H+S: 34.1%), but were similar at the later stages at 60-min (33-34%) and 120-min (33-35%). Hence, the longer the lag between stress applications, the better the priming effect as PCD levels decreased concurrently. One-way ANOVA analysis confirmed this as both the later datasets (60 and 120-min) were significantly lower (p < 0.05) than the single salt stress-factor dataset (Figure 7). Our results show that given sufficient time, the salt priming effect resulted in similar PCD-suppression rates with seedlings first subjected to heat shock. Figure 7 illustrates the overall lagging PCD-suppressing effect of the initial salt shock cue, while Figure 6 shows the how this general behaviour differs from variety to variety.






Table 4 | Independent samples t-test examining the effects of applying different stress cues as the initial cue on PCD levels. Inputted data consisted of PCD levels scored across 0, 30, 60 and 120-min.
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Discussion

In this paper, we present three case studies to illustrate how stress-induced PCD levels can be used to investigate cereal stress tolerance. In the first instance, we directly scored in vivo PCD levels in heat-stressed barley and wheat seedlings. We observed mixed thermotolerance across the seasonal wheat varieties but noted a clear distinction between heat resistant spring and heat susceptible winter barley varieties. Without further investigations, it is difficult to determine why these differences exist, as thermotolerance is a spatially and temporally regulated polygenic trait that differs across development stages and plant genotype (Rejeb et al., 2014). However, evidence suggest that heat shock protein (HSP) diversity can be a marker for thermotolerance as Marmiroli et al. (1994) found that low-MW HSP expression patterns differ greatly across five heat-stressed barley varieties of varying thermotolerance. Plant HSPs are molecular chaperones that protect proteins under denaturing conditions and are divided into five families, Hsp100, Hsp90, Hsp70, Hsp60 and small Hsps (sHsp), that occasionally have overlapping functions (Wang et al., 2004). For example, Hsp70 and Hsp90 are engaged in the transcriptional activation of other HSPs, chaperone and stress-response proteins via heat-shock factors (HSFs), while sHsp and Hsp70 maintain protein conformation to prevent aggregation (Wang et al., 2004). Genetic HSP diversity might account for the intraspecies variances we noted between the seasonal barley varieties as Marmiroli et al. (1998) found a high degree of polymorphisms at the Hvhsp17 gene locus that encoded for a low-MW HSP across winter and spring barley varieties. Restriction fragment length polymorphism analysis of two HSP genes (TaHSP16.9 and Hvhsp17) in 27 barley varieties revealed that spring and winter barley varieties could be successfully partitioned into two dendrogram clusters, showing that polymorphisms in the HSP genes accurately predicted winter and spring barley varieties (Marmiroli et al., 1998).

Apart from predicting the divergent thermotolerance between spring and winter barley varieties, HSP molecular diversity might also account for the mixed tolerance of the seasonal wheat varieties we noticed here. Barley plants are diploid organisms, but wheat plants can either have diploid, tetraploid or hexaploid genomes; polyploid cereals have a higher HSP diversity than diploid cereals because of the additive effect of the subgenomes (Maestri et al., 2002). Perhaps this accounts for why mixed tolerance was seen across spring and winter wheat varieties, but not in barley as polyploidy affects HSP diversity and other stress-response genes, culminating in significantly divergent stress phenotypes from their original diploid parents (Arbona et al., 2017).

In the next case study, we examined how stress-induced PCD levels changed across eight salt-stressed wheat varieties. Like earlier heat stress experiments, we noted mixed salt tolerance, which was notably apparent when seedlings were subjected to salt stress at the viable/PCD inflection point. We confirmed the association between heat and salt stress-induced PCD levels with bivariate analysis, showing a statistically significant correlation of 0.333 (p < 0.01) between both variables. At this stress dosage, SW1 and SW2 were identified as salt tolerant varieties, SW3, WW3 and WW4 as moderately salt-tolerant, and SW4, WW1 and WW2 as salt susceptible lines. By comparing stress-induced PCD levels at the viable/PCD inflection point, we found striking parallels between heat and salt stress experiments as wheat varieties displayed similar tolerance to heat and salt shock - two seemingly distinct stresses. For example, thermotolerant varieties (SW1 and SW2) retained their robustness to low-to-medium salt stress, while heat susceptible SW4 and WW1 lines were similarly vulnerable to salt stress.

Stress exposure elicits primary and secondary damage (Munns, 2010) and we hypothesise that similar secondary-induced damages was the underlying reason behind the similar tolerance exhibited against heat and salt stress. Plants have evolved stress-specific pathways to deal with initial primary damage, while general ‘housekeeping pathways’ minimise the overlapping secondary damage effects (Munns, 2010). Examples of primary responses include HSP accumulation to counteract the elevated risk of protein misfolding (Wang et al., 2004) while salt-stressed plants upregulate ion transporters for Na+ exclusion or sequestration (Wang et al., 2003; Kosová et al., 2015; Kosová et al., 2018). Despite these divergent responses, plants under heat or salt stress will manifest similar secondary damage symptoms in the form of elevated ROS, inhibition of key metabolic enzymes, and macromolecule denaturation (proteins, cell membranes and cytoskeleton) (Rivero et al., 2014). Hence, plants adopt similar downstream protective mechanisms against heat and salt stress because of overlapping secondary damage; examples of shared responses include cell volume regulation (osmolyte and hydrophilic protein accumulation) and upregulation of ROS and methylglyoxal-detoxifying pathways (Hoque et al., 2012; Rivero et al., 2014; Hossain et al., 2016). It is also interesting to note that sHsps are also upregulated during heat, salt and drought stress (Wang et al., 2004; Hossain et al., 2016); sHsps protects the mitochondrial Complex I electron transport chain from oxidative damage in salt-stressed Z. mays plants (Hamilton and Heckathorn, 2001), and inhibits PCD by regulating the intracellular redox state in mammalian cells (Arrigo, 1998). Collectively, the evidence suggests that similar tolerance to heat and salt stress by wheat varieties is likely due to higher expression of these conserved response pathways. Our results highlight the flexibility of using stress-induced PCD levels as a general maker for stress tolerance. Like heat tolerance, it is difficult to pinpoint salt tolerance to a single gene as both are polygenic traits controlled by multiple genes and signalling pathways (Zuther et al., 2007; Rejeb et al., 2014). Quantification of PCD levels avoid these problems as it integrates all these interacting networks to yield a useful single end-point measurement of the stress treatment effects. By identifying varieties with stress tolerant traits of interest, further testing using transcriptomics, proteomics and metabolomics can be performed to determine why different lines possess varying degrees of tolerance.

In the final case study, we used stress-induced PCD levels to assess basal, induced and cross-stress tolerance in heat and salt-stressed wheat seedlings. Basal tolerance refers to the innate plant capacity to withstand stress encounters without relying on priming or previous stress exposures, while induced tolerance reflects the adaptive capacity to mount a counteracting response to the initial stress stimuli (Arbona et al., 2017). Unlike genetically pre-determined basal tolerance, induced tolerance can be manipulated by non-lethal stress exposure or priming with chemical modulators for improved stress tolerance (Arbona et al., 2017). Non-lethal stress exposure can lead to improved resistance against additional stress factors, even that of different origins, (i.e. cross-stress tolerance), as the stress imprint can lead to a faster response to recurrent stress-factors compared to plants without a stress memory (Walter et al., 2013). But if the initial stress-factor undermines the plant defence or irreversibly disrupts cellular homeostasis, repeated stress exposure leads to an even greater harm (Walter et al., 2013). Therefore, depending on the adaptability of the induced tolerance response, the second stress application can either have a net positive, negative, or neutral effect on the plant stress response (Supplementary Figure 1B).

As illustrated in Figure 1, we assessed basal tolerance by subjecting seedlings to single and combined stress exposures, while induced and cross-stress tolerance were examined by applying recurrent stress cues of different origins. We subjected seedlings to different stress combinations because while individual stress exposures have been intensely researched over the years, plants continually experience unique stress combinations under field conditions (Mittler, 2006). For example, farmlands in the semi-arid regions of the world tend to face a combination of salt, heat and drought stress (Rivero et al., 2014). Evidence indicates that plants under combined stress display a unique ‘stress phenotype’ that has little overlap with the phenotype exhibited under individual stresses. Hence, there are growing calls to study how plants respond under conditions that mimic field conditions, as the novel stress response under two different combined stresses cannot be merely extrapolated from studies where stresses were applied individually (Rasmussen et al., 2013; Rivero et al., 2014). This was demonstrated in a landmark study by Rasmussen et al. (2013) who discovered that 61% of the transcripts from double-combined stress exposure could not be anticipated from their individual stress treatments alone.

The survival of plants against stress depends on basal and adaptive tolerance and we noted a few interesting observations when screening seedlings for these attributes. First, varieties (SW1 and SW2) previously singled out as tolerant to single heat and salt stress exposure also exhibited similar resistance to combined and multiple individual stresses. In the case of SW1 and SW2, basal tolerance likely played a bigger initial role as both varieties had the lowest stress-induced PCD levels upon combined stress exposure, which did not significantly change from their respective single (heat or salt) stress-factor control. Thus, the single and combined stress-factor datasets strongly suggest that SW1 and SW2 have inherently high basal tolerance compared to the other varieties.

Cross-stress tolerance is the phenomenon where the initial stress exposure makes plants more resistant to other stress types, and SW1 and SW2 had an unexpectedly slower cross-tolerance response than their stress-susceptible counterparts. Both lines were initially hypothesised to have a rapidly induced tolerance response as Kawasaki et al. (2001) previously showed that salt-tolerant rice (Pokkali) responded faster to salt stress than the salt-sensitive (IR29) line. Transcription upregulation in Pokkali started a mere 15 min after the shock, while IR29 had a four-fold delayed response, suggesting that its slow ability to process stress cues was the underlying reason for its ineffective salt stress response (Kawasaki et al., 2001). However, we did not observe any significant changes in overall PCD levels in SW1 and SW2 when the secondary stress cue was applied at 30-min. Instead, the beneficial PCD-suppressing effects were only noted when the stress cue was applied at the later stages. This stands in contrast to stress-susceptible varieties with low basal tolerance, like SW4 and WW1, that adapted faster to recurrent stresses. Both lines had substantially lower PCD levels, even when the second stress cue was applied at the 30-min time-point, showing that the first non-lethal stress successfully primed SW4 and WW1 against additive damage from recurrent stress exposure. Collectively, our results show that stress-susceptible varieties responded faster than stress-tolerant varieties and evidence suggest that signalling components play a prominent role in this process as they control the reprogramming of cellular molecular machinery (Rejeb et al., 2014). For example, the transcriptional regulator MBF1c modulates basal thermotolerance but not induced tolerance (Ahammed et al., 2016), ABA-deficient Arabidopsis mutants had substantial losses of basal and acquired thermotolerance (Larkindale et al., 2005), while salicylic acid-dependent signalling increases basal thermotolerance but not induced tolerance (Clarke et al., 2004). Other studies have also shown that the signalling molecules ROS and methylglyoxal successfully imprinted cross-stress tolerance against drought and salt stress in Brassica campestris L. (Hossain et al., 2013; Hossain et al., 2016), while mechanical wounding increased salt tolerance in tomato plants because of cross-talk between the signalling pathways involving calmodulin-like activities, the signalling peptide systemin, and jasmonic acid biosynthesis (Capiati et al., 2006). Further work will be needed to deduce the role of these signalling molecules in the identified varieties of interest, but our results show that stress-induced PCD levels can be a useful marker of ecological stress memory. The identified stress-susceptible varieties had faster induced tolerance; despite the short time-lag between the two stress applications, both lines had not returned to their earlier homeostatic state and mounted a faster counteracting response and were consequently more tolerant against repeated stress - even that of a different origin (Walter et al., 2013).

It is also worth noting that the favoured modes of stress-response employed by stress-tolerant SW1 and SW2 (high basal tolerance, but slow induced response) and stress-susceptible SW4 and WW1 (low basal tolerance, but fast induced response) is remarkably similar to the strategies employed by two species of poplar tree: salt tolerant Populus euphratica and salt susceptible Populus × canescens (Janz et al., 2010). The elevated basal tolerance of P. euphratica was reflected in the high constitutive expression of salt sensitive genes but had comparatively low transcriptional responsiveness compared to P. x canescens. Salt-tolerant P. euphratica was slower to react to external changes in salt levels and did not rely on a global defence strategy unlike its salt-susceptible counterpart. Instead, P. euphratica were already pre-adapted to osmotic stress by the constitutive activation of cell protective mechanisms involved in ROS detoxification, osmolyte biosynthesis, Na+ and K+ ion carriers, and metabolite transporters. However, permanent activation of these pathways imposed a high metabolic burden and Janz et al. (2010) suggested this stress-anticipatory preparedness comes at the expense of diminished flexibility and a slower transcriptome response against fluctuating salt levels. Perhaps a comparable scenario is at play for SW1 and SW2 given that despite their slower induced tolerance, both varieties had the lowest overall PCD levels because of their inherently high basal tolerance.

Last, we observed an interesting phenomenon when different initial stress cues were used during combined and multiple individual stress experiments. Plants display a unique stress phenotype under combined stress that has little overlap with individual stress treatments (Mittler, 2006; Rasmussen et al., 2013; Rivero et al., 2014). Sometimes, combined stress can result in better plant robustness, e.g. mechanical injury increased salt tolerance of tomato plants (Capiati et al., 2006) or elevated vulnerability to the second stress, e.g. heavy metal exposure aggravated the effects of drought stress (Barceló and Poschenrieder, 1990). Based on the stress phenotype categories devised by Mittler (2006), we observed the dominance of salt stress over heat stress under combined stress exposure. Even though identical stress doses were maintained, salt stress application followed by subsequent heat stress, exerted a stronger cytotoxic effect on PCD levels compared to the reverse scenario. Our results align with past Arabidopsis transcriptomic data showing that plants under combined stress prioritizes the salt-stress response over heat; Rasmussen et al. (2013) found that heat and salt-stressed plants had the highest level of prioritized transcripts (12.1%) out of six stress combinations. The greater response of salt transcripts compared to heat transcripts showed that the salt response dominated the heat stress response (Rasmussen et al., 2013). Taken together, our results with stress-induced PCD levels also accurately depicted the dominance of salt stress over heat stress, as shown in past transcriptomic data (Rasmussen et al., 2013). Nevertheless, we wish to reiterate that this finding simply reflects the overall trends as the individual stress response can vary between the varieties, as shown in the stress matrix (Table 3). Most varieties responded neutrally to combined heat and salt stress, although there were a few outliers for antagonistic (SW3, WW3, and WW4) and synergistic (WW1) interactions. Our results concur with past observations that plants display a unique stress phenotype when subjected to overlapping stress that is not necessarily additive, and that combined stress should be regarded as a new state of abiotic stress that requires a novel adaptive stress response (Mittler, 2006; Rasmussen et al., 2013; Rivero et al., 2014). Finally, we would like to extend an important caveat to the original hypothesis, as our results show that stress phenotypes can vary even within different varieties of the same species, and that caution should be exercised when extrapolating findings across different research groups. This intra-species diversity can be advantageous as the RHA enables agronomists to identify stress-tolerant varieties early in the screening process, without relying on exhaustive large-scale field trials or costly analytical chemistry and molecular biology techniques.




Conclusion

This paper demonstrates the use of root hairs as a model system for studying plant stress tolerance as direct scoring of stress-induced PCD levels integrates multiple stress-response pathways for a simple outcome, i.e. do plant cells stay alive or undergo PCD. A graphical summary of the findings obtained by the study is shown in Supplementary Figure 3. The RHA was originally developed in Arabidopsis and, in this study, the method was successfully applied on cereals to evaluate the heat and/or salt tolerance of barley and wheat varieties. By examining heat stress-induced PCD levels, a clear distinction between thermotolerant spring and thermo-susceptible winter barley varieties was determined. In addition, eight wheat varieties were examined for their tolerance to heat and salt stress; a comparison of their individual viability/PCD inflection points identified stress tolerant (SW1 and SW2) and stress susceptible (SW4 and WW1) varieties. Following this finding, stress-induced PCD levels were used to assess the basal, induced and cross-stress tolerance of the eight wheat varieties to heat and salt stress using single, multiple individual and combined stress exposures, respectively. Interesting parallels could be drawn from the earlier single-stress experiments as the same varieties demonstrated similar cross-stress tolerance (SW1 and SW2) and susceptibility (SW4 and WW1) to heat and salt stress.

Our results also show that stress-tolerant varieties (SW1 and SW2) had high basal tolerance, but a slower induced response compared to stress-susceptible varieties (SW4 and WW1). In addition, the dominant, more damaging effect of salt over heat stress was demonstrated; application of salt stress as the first stress cue induced a stronger cytotoxic effect than heat stress even though identical stress doses were maintained. The strength of the RHA lies in its simplicity and scalability as it can be easily adapted across various plant species and stress protocols in a simple ‘plug-and-play’ fashion. Last, we show that stress-induced PCD levels can be used for identifying cereal varieties with notable stress-tolerance traits for downstream work and for investigaing unique stress-phenotypes exhibited under combined stress, all in a fast and economical manner.
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Understanding plant adaptation mechanisms to prolonged water immersion provides options for genetic modification of existing crops to create cultivars more tolerant of periodic flooding. An important advancement in understanding flooding adaptation would be to elucidate mechanisms, such as aerenchyma air-space formation induced by hypoxic conditions, consistent with prolonged immersion. Lysigenous aerenchyma formation occurs through programmed cell death (PCD), which may entail the chemical modification of polysaccharides in root tissue cell walls. We investigated if a relationship exists between modification of pectic polysaccharides through de-methyl esterification (DME) and the formation of root aerenchyma in select Fabaceae species. To test this hypothesis, we first characterized the progression of aerenchyma formation within the vascular stele of three different legumes—Pisum sativum, Cicer arietinum, and Phaseolus coccineus—through traditional light microscopy histological staining and scanning electron microscopy. We assessed alterations in stele morphology, cavity dimensions, and cell wall chemistry. Then we conducted an immunolabeling protocol to detect specific degrees of DME among species during a 48-hour flooding time series. Additionally, we performed an enzymatic pretreatment to remove select cell wall polymers prior to immunolabeling for DME pectins. We were able to determine that all species possessed similar aerenchyma formation mechanisms that begin with degradation of root vascular stele metaxylem cells. Immunolabeling results demonstrated DME occurs prior to aerenchyma formation and prepares vascular tissues for the beginning of cavity formation in flooded roots. Furthermore, enzymatic pretreatment demonstrated that removal of cellulose and select hemicellulosic carbohydrates unmasks additional antigen binding sites for DME pectin antibodies. These results suggest that additional carbohydrate modification may be required to permit DME and subsequent enzyme activity to form aerenchyma. By providing a greater understanding of cell wall pectin remodeling among legume species, we encourage further investigation into the mechanism of carbohydrate modifications during aerenchyma formation and possible avenues for flood-tolerance improvement of legume crops.
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Introduction

Flooding is among the most common and costly natural disasters inflicted upon agricultural lands (Doocy et al., 2013). Between 2005 and 2015, global economic losses of over $19 billion were incurred due to destruction of crops and erosion of arable land from flooding (Conforti et al., 2018). Increased coastal flooding and changes of annual precipitation are predicted to cause significant economic losses within the next century (Hirabayashi et al., 2013). To aid in mitigating the future economic impact of flooding damage on plants, significant research has been conducted in the field of crop improvement with regards to understanding plant adaptations to water immersion (Grover et al., 2000; Evans, 2004; Bailey-Serres et al., 2012; Valliyodan et al., 2016; Mustroph, 2018).

One adaptive mechanism plants utilize against flooding is the creation of aerenchyma (Drew et al., 1980; Jackson and Armstrong, 1999). Aerenchyma tissues are characterized by the formation of large, air-filled channels or cavities in the stems, leaves or roots in plant cortical or vascular tissues (Yamauchi et al., 2013; Takahashi et al., 2016). These cavities allow plants to tolerate hypoxic conditions induced through prolonged water immersion by maintaining oxygen levels sufficient for cellular respiration and reducing the number of cells utilizing oxygen (Evans, 2004; Postma and Lynch, 2011; Yamauchi et al., 2013). Additionally, oxygen from aerenchyma diffuses through the plant apoplast into the surrounding soil, which increases soil oxygen content and protects tissues from infection by bacteria and fungi favored by anaerobic conditions (Jackson and Armstrong, 1999; Cronk and Fennessy, 2009; Takahashi et al., 2016).

Aerenchyma is often classified as either primary aerenchyma, forming within cortical tissues, or secondary aerenchyma, forming from cell divisions of meristematic phellogen layers (Shimamura et al., 2010). Primary aerenchyma can be either schizogenous, forming through separation of middle lamella between cells, or lysigenous, utilizing programmed cell death (PCD) of specific cells and tissues to form new cavities (Gunawardena et al., 2001a; Evans, 2004; Ishizaki, 2015). Lysigenous aerenchyma may also be formed in non-cortical tissues, such as the stele of legume roots such as Pisum sativum (pea) (Rost et al., 1991; Gladish and Niki, 2000; Sarkar and Gladish, 2012; Pegg et al., 2018) and Phaseolus coccineus (scarlet runner bean) roots under conditions of flooding stress (Takahashi et al., 2016).

Lysigenous aerenchyma formation is known to involve PCD that utilizes modification and subsequent deconstruction of plant cell walls to create aerenchyma cavities (Gunawardena et al., 2001a; Sarkar and Gladish, 2012). The plant cell wall itself is a dynamic structure consisting of interlinking matrices of xyloglucan and cellulose microfibrils inside a network of hydrated pectic polysaccharides (i.e. pectins) (Carpita, 1996). Modification of cell wall pectic polysaccharides is of significance in many plant physiological processes, such as fruit ripening (Hyodo et al., 2013; Paniagua et al., 2014), leaf abscission (Lashbrook and Cai, 2008), pollen tube growth (Bosch and Hepler, 2005) and lateral root emergence (Vilches-Barro and Maizel, 2015).

The process of de-methyl esterification (DME) modifies the pectin backbone structure (i.e. homogalacturonan) within plant cell walls by removing methyl ester groups from α-(1–4)-linked D-galacturonic acid chains. (Wolf et al., 2009; Daher and Braybrook, 2015). As a result, negatively charged carboxyl groups are created that participate in cross-linking reactions with calcium cations (Supplemental Figure 1). These cross-linking interactions form an “egg box” structure of paired homogalacturonan chains that allows susceptibility to hydrolytic enzymatic degradation of the pectin backbone from polygalacturonase (Supplemental Figure 2) and pectate lyase activity that destabilizes the cell wall matrix (Ochoa-Villarreal et al., 2012; Pérez-Pérez et al., 2019).

DME activity has been previously identified during cortical aerenchyma development in several crop species such as Zea mays (maize) (Gunawardena et al., 2001a), Oryza sativa (rice) (Qu et al., 2016) and Saccharum sp. (sugarcane) (Leite et al., 2017). Aerenchyma development is suspected to rely on DME to initiate degradation of the cell wall matrix by forming homogalacturonan residues susceptible to enzymatic hydrolytic cleavage (Gunawardena et al., 2001b; Pegg et al., 2018). However, an investigation into the chemical structure of the DME residues near aerenchyma cavities has been performed on relatively few plants species (Sarkar et al., 2008; Leite et al., 2017; Pegg et al., 2018).

In this project, we addressed the potential role of pectin modification during root aerenchyma formation in three members of the legume family (Fabaceae): P. sativum, Cicer arietinum, and P. coccineus. Our results indicated that pectin DME occurs in select cell regions prior to or during the formation of lysigenous aerenchyma in these legume species and that variation in the degree of pectin methyl-esterification (ME) is significant to cavity formation. Additionally, evidence exists for the removal of associated cell wall polymers such as cellulose and xylan as a potential requirement for DME activity to occur during aerenchyma formation.



Materials and Methods


Seedling Growth and Flooding Treatment

Seedlings were grown according to method of Gladish and Niki (2000). For each species 20 seeds (P. sativum and C. arietinum), or 10 seeds (P. coccineus), were sown, per beaker, into 2 l beakers filled with 1800 ml of sterile, super-coarse vermiculite (Perlite Vermiculite Packaging Industries, Inc., USA), moistened with 650 ml of deionized water, and covered with aluminum foil. Beakers were placed into 25°C growth chambers for 5 d in complete darkness to initiate root growth. Three replicates for each flooding treatment (12, 24, and 48 h water immersion) and each control (0, 12, 24, 48 h without flooding) were created using a separate 2 l beaker for each replicate.

To perform flooding treatments, three sets of beakers (12, 24, and 48 h water immersion) were removed from growth chambers, placed under a laminar flow hood, and filled with sterile deionized water to the surface level of the vermiculite substrate. An additional three sets of beakers (12, 24, and 48 h non-flooded) corresponding to the same timepoint as the flooding treatments were also removed from growth chambers but were not flooded to serve as control samples. Three non-flooded beakers representing the 0-hour timepoint were harvested at that time. Remaining beakers were returned to 25°C growth chambers and removed at either 12 h, 24, or 48 h after flooding to be harvested for sectioning.



Sectioning, Fixation and Embedding

Five to ten root segments were harvested from each species per flooding treatment or non-flooding control. Segments were cut with carbon steel razor blades (Electron Microscopy Services, USA) from either 1.5–5 cm (P. sativum and P. coccineus) or 3–7 cm (C. arietinum) away from root tips. Segments were fixed in 1% paraformaldehyde and 2% glutaraldehyde solution in deionized water for 24 h at 5°C. Segments were then washed 3× with deionized water (15 min per wash), embedded in 3.5% agarose (Sigma-Aldrich, CAS 9012-36-6, USA) at 40°C, solidified, mounted on stubs of epoxy resin, and sectioned at 100 µm thickness on a Vibratome Series 1000 Sectioning System (Ted Pella, Inc., Redding, CA, USA). Sections from each root were stored separately in three separate pools (per treatment, per species) in 0.1M tris-buffered saline solution (pH 7.4) with 0.1% sodium azide at 5°C.



Histological Staining and Area Measurement

Randomly selected root sections from each species pool were stained with 0.1% toluidine blue O stain (Electron Microscopy Sciences, RT26074-05, Hatfield, PA, USA) for 20 s, then washed three times with deionized water. Sections were placed in deionized water on standard 1 mm glass slides, flanked by two 22 × 22 mm, No. 1 coverslips serving as spacers, and covered with a 24 × 60 mm, No. 1.5 coverslip. A minimum of three sections (one section per individual root) from each species were observed per time point using bright field illumination on a Nikon Eclipse E200 upright binocular light microscope (Nikon, USA) with a 20× dry objective. Each section was photographed with a 12.2-megapixel CMOS digital camera (Samsung Galaxy S8 SM-G950U, Samsung, USA). Average area for aerenchyma cavities (n = 3) in each legume species was calculated for 12, 24 and 48 h flooding timepoints by measuring the 2D surface area of sections at each timepoint with ImageJ software (National Institutes of Health, USA). Data was plotted as a bar chart displaying average values with standard error bars using Microsoft Excel (Microsoft, USA).



Scanning Electron Microscopy

Randomly selected root sections from each species pool were placed in 1% osmium tetroxide in deionized water for 24 h. Sections were washed 3× with deionized water (15 min per wash), following by an ethanol dehydration series. Samples in 100% ethanol were CO2 critical point drying, and then gold sputter-coated for 90 s to obtain a coating of 20 nm thickness. Samples were viewed on a Zeiss Supra 35 VP FEG SEM at 10 keV and 7.4 mm working distance.



Immunolocalization

Ten randomly selected sections from each species pool, for control (five sections) and experimental treatments (five sections), were placed into sterile 24-well cell culture plates and blocked with 7% normal goat serum (Thermo Fisher Scientific, USA) for 24 h at 5°C. Samples were washed 3× (15 min per wash) with 10 mM Tris-buffered saline (pH 7.4) containing 0.1% TWEEN-20 (TBST) then incubated with 1/20 dilutions of LM19 (PlantProbes, University of Leeds, UK), JIM7 or JIM5 (CCRC, University of Georgia, USA) monoclonal antibodies for 24 h at 5°C (Supplemental Table 1). After incubation, samples were washed three times with TBST buffer and treated with 1/500 dilution of IgG goat anti-rat secondary antibody conjugated to Alexa Fluor™ 647 fluorescent dye (Thermo Fisher Scientific, USA) for 24 h at 5°C while wrapped with Parafilm M sealing film and covered in aluminum foil. Samples were washed a final time with three changes of TBST buffer and mounted in 100% glycerol (Sigma-Aldrich, CAS 56-81-5, USA) on standard 1 mm glass slides. Slides were covered with 24 x 60 mm, No.1 coverslips with two 22 × 22 mm, No. 1 coverslips applied underneath to serve as spacers. Samples were stored at 5°C in darkness when not in use.



Enzyme Treatment

Randomly selected roots sections from each species pool for the 48-hour flooding treatment timepoint were incubated according to vendor instructions in the following enzyme solutions at 50°C for 2 h: 4% Cellulase, 1% xylanase, 3% pectinase, and 4% Viscoenzyme L (Sigma-Aldrich, USA) in 0.05 M citrate buffer (pH 5.0). Positive control treatment entailed incubation of samples in 0.1 M sodium carbonate (pH 11.4) at 50°C for 2 h to fully de-methyl-esterify homogalacturonan on exposed surfaces of the sample and ensure binding by LM19 antibody. Negative control treatment entailed incubation of samples in 0.05 M citrate buffer (pH 5.0) at 50°C for 2 h to replicate standard LM19 binding pattern observed without enzyme pretreatments. Samples were then washed three times with TBST buffer, treated with LM19 primary monoclonal antibody, and incubated with secondary antibody conjugated to Alexa Fluor® 647 (Thermo Fisher Scientific, USA) prior to mounting in 100% glycerol on 1 mm glass slides covered with 24 × 60 mm No.1 coverslips.



Fluorescence Microscopy

Autofluorescence and immunostained tissue sections were observed on an Olympus FV500 Laser Scanning Confocal system (Olympus Corporation, USA) using 20×/0.70 NA and 40×/0.75 NA dry objectives. Excitation of aldehyde-induced autofluorescence and Alexa Fluor® 647 dye was achieved with 405 nm and 633 nm laser diodes, respectively. Images were recorded using a Photometric HQ cooled CCD camera.




Results


Distinct Morphological Characteristics Accompany Aerenchyma Development in Select Fabaceae Species

In this study, we used histological staining and scanning electron microscopy (SEM) to examine the morphogenesis of aerenchymatous cavities in Fabaceae. Toluidine blue staining and SEM of three species, P. sativum, C. arietinum (chickpea), and P. coccineus, during a 48-hour flooding time course revealed similarities and differences in cell wall chemistry and morphological dimensions (Figures 1 and 2, Supplemental Table 2) experienced by the root vascular stele.




Figure 1 | Toluidine Blue Staining of three Fabaceae root species during a 48-hour flooding time course: (A–C) Pisum sativum (pea), (D–F) Phaseolus coccineus (scarlet runner bean, SRB), (G–I) Cicer arietinum (chickpea). (J) Average area measurement of aerenchyma cavities across legume species and flooding timepoints with standard error bars (n = 3). Aerenchyma cavities indicted with white stars and wedges. Xylem and phloem indicated with yellow wedges/brackets and red wedges, respectively. C = cortex. Tylose-like cells (TLCs) indicated with green wedges. Degraded cell wall components (dark blue accumulations) indicated with orange arrows. Scale Bars = 100 µm.






Figure 2 | Scanning electron micrographs of aerenchyma formation in the Fabaceae species. (A–D) Pisum sativum, (E–H) Phaseolus coccineus, and (I–L) Cicer arietinum root cross sections displaying cavity formation in vascular tissue over a 48-hour flooding time course. Xylem indicated by yellow brackets. Tylose-Like Cells (TLCs) indicated with green wedges and brackets. Co = cortex. Scale bars = 100 µm.



P. sativum aerenchyma formation was consistently observed at 12 h after flooding stress was induced (Figures 1A and 2B). Cavity formation began near the metaxylem of one xylem pole within the stele and expanded to form a transversely circular aerenchymatous space that occupied the center of the stele (Figure 2B). Release of large bubbles during cross sectioning of P. sativum suggests these cavities were filled with air. Consistent with previous reports (Lu et al., 1991; Niki et al., 1998) aerenchyma became partly occluded with new tissue expanding from the margin of the vascular cavity within 24-48 h of flooding (Figures 1B, C, J and 2C, D). We described these tissues as being composed of large, nucleated “bubble-like” cells that we name “tylose-like cells” (TLCs) due to their cosmetic resemblance to tyloses found in xylem vessels of various hardwoods (Esau, 1965; Carlquist, 2013; Leśniewska et al., 2017). Interestingly, toluidine blue stained tissue near the margins of the aerenchyma and the TLCs a bright magenta color that was not found elsewhere in the root cross section (Figures 1B, C).

P. coccineus aerenchyma formation followed a similar pattern as P. sativum with initiation adjacent to metaxylem (Figures 1D and 2F) and creation of a transversely ovoid or circular cavity that occupied the center of the stele (Figures 1F and 2G, H). Release of large bubbles from the aerenchyma during cross sectioning suggests these cavities were filled with air, similar to observations made in P. sativum. Unlike Pisum, Phaseolus aerenchyma formation did not entail creation of TLCs at any point within a 48-hour flooding treatment (Figures 1F, J and 2H). Occasionally, Phaseolus sections showed large, circular remains of degraded cell tissue deep within aerenchyma (Figure 1H). Similar to P. sativum, application of toluidine blue resulted in cells bordering the aerenchyma staining a bright magenta color (Figures 1D–F).

C. arietinum aerenchyma formation was quite distinct from either P. sativum or P. coccineus. Large, transversely oblong cavities were observed as early as 12 h after flooding (Figure 1, Supplemental Table 2), with a unidirectional expansion of aerenchyma over time, which began near the stele xylem poles and extended into the root cortex (Figures 1G and 2J), though notable examples were observed of aerenchyma formation remaining confined within the stele (Supplemental Figure 3). Formation of a cavity appeared to separate and split portions of the xylem poles (Supplemental Figures 4B–D) that were previously intact (Supplmental Figure 4A). Closer examination of TLCs formed during periods of flooding stress revealed occasional accumulations of collapsed cells surrounded by TLC walls (Figure 3B) and characteristic signs of enzymatic activity, as indicated by “pooling” of degraded cellular components (Figure 3D). Degradation of these cells appeared to occur concurrently with TLC formation within the stele (Figures 1H, I and 2K, L). Endodermis and pericycle layers appeared to be more resistant to degradation compared to other cortical and vascular tissues, which resulted in an “hourglass-shaped” aerenchyma cavity observed in some cross sections (Figures 1H and 2K, L). Air most likely fills the aerenchyma due to bubble release during sectioning, similar to observations made earlier in the experiment for P. sativum and P. coccineus. By 48 h after initial exposure to flooding aerenchyma had been mostly filled with TLCs (Figures 1I and 2L), resulting in severely diminished cavity size (Figure 1J), in a fashion similar to P. sativum. In addition, near the margins of aerenchyma within the cortex of C. arietinum roots toluidine blue stained cells a bright magenta (Figures 1G–I), similar to observations made in TLCs of P. sativum (Figures 1B, C) and borders of aerenchyma in P. coccineus (Figures 1D–F), which suggests a similar chemical modification has occurred in these cell walls.




Figure 3 | Scanning electron microscopy images of 48 hr-flooded Cicer arietinum (chickpea) root sections during aerenchyma formation. (A) Vascular stele (yellow bracket) with region of active cavity formation (yellow wedges), 100×. (B) Collapse and compression of cell walls near the edge of the vascular stele (yellow bracket) as seen in the magnified area highlighted in red from (A), 1,500×. (C) Degradation of cell walls indicated by “pock-mocked” appearance (green wedges) and increased abundance of suspected storage plastids (magenta stars). (D) Accumulation of cell wall components in apoplast space (orange wedges) at 2,000× magnification. Scale bars at (A) 100 µm and (B–D) 10 µm.





Immunolabeling of Fabaceae Root Radial Sections Indicates Specific Degrees of Pectin De-Methyl Esterification Adjacent to Aerenchyma

To evaluate the significance of cell wall pectin modification during aerenchyma formation, we labeled each Fabaceae species with three monoclonal antibodies targeting homogalacturonan pectin residues with differing degrees of de-methyl esterification (DME): LM19 (DME homogalacturonan), JIM5 (partially DME homogalacturonan), and JIM7 (fully methylated homogalacturonan). Immunolabeling of P. sativum flooding-time course series sections showed binding by LM19, JIM5 and JIM7 antibodies within central parenchyma, metaxylem, cortical apoplast and cells near phloem sieve tube elements (Figure 4). During aerenchyma formation, 12 and 24 h after flooding, binding by LM19 and JIM5 antibodies was detected within the cell walls and middle lamella of four to six cell layers adjacent to forming aerenchyma cavities (Figures 4F, G, J, K). Binding of JIM7 appeared to indicate a similar localization pattern within cells adjacent to aerenchyma but was more restricted and localized to three cell layers or less adjacent to the aerenchyma cavity (Figures 4B, C). All three antibodies labeled TLCs produced by roots flooded for 48 h, suggesting the presence of multiple DME and methyl esterified homogalacturonan epitopes (Figures 4D, H, L). Interestingly, the availability of the epitopes may be different based on chemical composition due to the observed “spottiness” of the JIM7 antibody binding pattern (Figure 4D) compared to JIM5 (Figure 4H) and JIM7 (Figure 4L).




Figure 4 | Localization patterns of ME and DME homogalacturonan in Pisum sativum during aerenchyma formation. Micrographs demonstrating monoclonal antibody labeling of (A–D) JIM7, (E–H) JIM5, and (I–L) LM19 on cortex, endodermis (red wedge), pericycle (yellow wedge), xylem (blue star), phloem sieve tube elements (yellow star), and pith (red star) of root cross sections. Areas with prominent antibody labeling indicated with white brackets. Aerenchyma cavities indicated with white edges. Tylose-Like Cells indicated with white stars. Co, cortex, LRP, lateral root primordia. Scale bars = 100 µm.



In P. coccineus, LM19, JIM5 and JIM7 antibodies displayed specific localization patterns within central parenchyma, cortical tissue apoplast, and cell walls of peripheral regions bordering the sieve tube elements (Figures 5 and 7G–I). By 12 h of flooding, all antibodies showed localization within cell walls and middle lamellas of central parenchyma cells within three to four cell layers of the aerenchyma, which suggests that de-methyl-esterification had probably begun. At 24–48 h after flooding, LM19 and JIM5 labeling was localized to most of the cell walls and middle lamellas of the root central parenchyma due to the increasing size of the aerenchyma cavity (Figures 5G, H, K, L). Similar to results seen in P. sativum (Figure 4), the binding pattern of JIM7 was noticeably less consistent and uniform compared to JIM5 and LM19 despite having shared localization patterns (Figures 5A–D).




Figure 5 | Localization patterns of ME and DME homogalacturonan in Phaseolus coccineus during aerenchyma formation. Micrographs demonstrating monoclonal antibody labeling of (A–D) JIM7, (E–H) JIM5, and (I–L) LM19 on cortex, endodermis (red wedge), pericycle (yellow edge), xylem (blue star), phloem sieve tube elements (yellow star), and pith (red star) of root cross sections. Cell layers prominently labeled with antibodies are indicated with white wedges. Aerenchyma cavities indicated with white stars. Co, cortex. Scale bars = 100 µm.



Immunolabeling patterns for C. arietinum (Figure 6) were quite distinct from either Pisum sativum or P. coccineus (Figures 4 and 5). General localization patterns for LM19, JIM5 and JIM7 indicated the presence of all three antibody epitope structures in cortical apoplast, pericycle layer, xylem and cells bordering sieve tube elements of Cicer (Figure 6). Interestingly, LM19 and JIM7 antibody labeling was also prevalent on 0.5–1.0 µm membrane-bound bodies (MBB) found within cells of the pericycle, endodermis and inner cortical cell layers (Figures 6A–D, I–L), while it was mostly absent from similar tissues when labeled with JIM5 (Figures 6E–H). During aerenchyma formation, antibody labeling was limited to cell walls immediately adjacent to the cavity (Supplemental Figures 3A–C), newly formed TLCs (Figures 6B–D, F–H, J–L), or cell MBBs in the case of LM19 and JIM7 (Figures 6B–D, J–L and 7D, F). Less consistent antibody binding patterns for LM19 and JIM7, compared to JIM5, was observed in cells adjacent to aerenchyma extending into the root cortex and TLCs developing within that region (Figures 6B, C, J, K and 7A, C), which suggests an absence of fully DME and ME homogalacturonan. By comparison, JIM5 binding was prominent in cortical cells adjacent to aerenchyma, which implies the presence of partially DME homogalacturonan in these same cortical areas (Figures 6F–H and 7B). However, JIM5 poor binding in the MBB of the inner cortex and stele, which contrasted with the consistent labeling observed from LM19 and JIM7 (Figures 7D–F).




Figure 6 | Localization patterns of ME and DME homogalacturonan in Cicer arietinum during aerenchyma formation. Micrographs demonstrating monoclonal antibody labeling of (A–D) JIM7, (E–H) JIM5, and (I–L) LM19 on cortex, endodermis (red wedge), pericycle (yellow edge), xylem (blue star), phloem sieve tube elements (yellow star), and pith (red star) of root cross sections. Speckling pattern (magenta brackets) indicate cells containing membrane-bound bodies (MBBs). Aerenchyma cavities indicated with white stars. Areas with poor or non-existent antibody labeling indicated with white brackets. Tylose-Like Cells (TLCs) indicated with white wedges. Co, cortex, LRP, lateral root primordia. Scale bars = 100 µm.






Figure 7 | Immunolabeling of three Fabaceae species with monoclonal antibodies targeting pectin residues with varying degrees of de-methyl-esterification. (A–C) Pisum sativum, (D–F) Cicer arietinum, (G–I) Phaseolus coccineus root cross sections. Antibody labeling indicated with green false color. Areas with loss of antibody labeling signal indicated with white brackets. Micrographs contain labeled aerenchyma cavities (white stars and wedges), xylem (red wedges), and phloem (magenta wedges) in cross-sections from root segments. LRP, lateral root primordia. Scale bars = 100 µm.





Enzyme Treatments Suggest Cell Wall Components Mask LM19 Epitope by Cell Wall Matrix

Enzyme pretreatments of root sections before staining with LM19 antibody for DME homogalacturonan allowed evaluation of possible epitope site “masking” by other cell wall matrix components. Removal of cellulose prior to antibody labeling did not significantly alter LM19 localization pattern in either P. sativum or C. arietinum compared to sodium carbonate (Figures 8A, D, E, H) or citrate buffer control treatments (Figures 8A, E–G, K, L). However, cellulose removal in P. coccineus (Figure 8M) did increase LM19 localization pattern coverage in cell walls and middle lamella bordering the aerenchyma cavity and cortical apoplast when compared to sodium carbonate (Figure 8Q) and citrate buffer control treatments (Figure 8R). Xylan removal expanded LM19 binding pattern to cover the cortical apoplast in all species (Figures 8B, H, N) compared to control treatments (Figures 8E, F, K, L, Q, R) with visual changes in cortical apoplast binding consistency in Pisum and Phaseolus, and cell walls in tissue adjacent to aerenchyma in Cicer. Negative control treatments with pectinase (Figures 8C, I, O) and Viscoenzyme® L enzyme cocktail (Figures 8D, J, P) resulted in removal of LM19 binding pattern for Pisum and Phaseolus (Figures 8D, P), but had little effect on Cicer outside of loss of antibody binding in cell walls of the outer cortical cell layers (Figure 8J). Interestingly, treatment with Viscoenzyme® L enzyme cocktail altered the binding pattern of LM19 to permit labeling of xylem in Phaseolus, which suggests that removal of several cell wall polysaccharides is required for pectin in similarly lignified cell walls of this species to become available for antibody binding (Figure 8P).




Figure 8 | Effect of enzymatic pretreatments on LM19 labelling pattern in Fabaceae roots with aerenchyma. Fluorescent antibody labeling pattern of LM19 (green), composited with aldehyde induced fluorescence (magenta), to show distribution of de-methyl esterified homogalacturonan pectin in root cross sections. (A, G, M) Treatment of 2% cellulase, (B, H, N) 1% xylanase, (C, I, O) and 1% pectinase solutions. (D, J, P) Treatment of Viscoenzyme® L enzyme solution (i.e. combination of cellulase, lichenase, pectinase, xylanase, etc.) to act as a negative control. (E, K, Q) Treatment of 0.1 M sodium carbonate, pH 11.4 solution to enhance LM19 binding pattern as a positive control. (F, L, R) Treatment of 0.05 M citrate buffer (negative control). White stars and wedges represent aerenchyma cavities. Scale bars = 100 µm.






Discussion

The present study described shared characteristics, and notable differences among aerenchyma formation as a result of sudden flooding in three members of Fabaceae: P. sativum, P. coccineus, and C. arietinum. A unique characteristic of aerenchyma formation in Fabaceae is the location of the aerenchyma cavity within the root stele (Lu et al., 1991; Rost et al., 1991; Niki et al., 1995; Niki and Gladish, 2001). In all three species studied, aerenchyma formation was detected in stele tissues within 1.5–3 cm of the root apical meristem and became increasingly visible in older tissue zones away from the root tip. Similar to previous research (Gladish et al., 2006), we observed initiation of aerenchyma formation in the stele in central parenchyma cells adjacent to metaxylem followed by transverse expansion of the cavity to occupy most of the central parenchyma region in each species (Figures 1 and 2). However, in C. arietinum we observed a unique aerenchyma formation pattern characterized by cavity formation continuing into the inner cortex and resulting in a large, rectangular or hourglass-shaped cavity when viewed in cross section (Figures 1G, H and 2J, K). The biological significance of the aerenchyma pattern in C. arietinum, and why it differs from that of P. sativum and P. coccineus, is unknown but it may influence survival time of C. arietinum in hypoxic conditions by reducing the number of extraneous, oxygen-consuming cells in roots, as has been noted in other work in Z. mays and O. sativa (Drew et al., 2000; Evans, 2004). Furthermore, extending the aerenchyma cavity into the root cortex may increase the volume of air that C. arietinum can conduct during hypoxic conditions as compared to P. sativum and P. coccineus. Aerenchyma of all three species contain air, as indicated by the release of bubbles during cross-sectioning of root tissues, along with confirmation of oxygen content in P. coccineus aerenchyma in intact roots by previous research (Takahashi et al., 2016). This suggests the possibility that increases in aerenchyma air volume, due to changes in aerenchyma cavity dimensions, may enable prolonged functioning of aerobic metabolic processes in root tissues exposed to low-oxygen conditions.

Our study also described the formation of previously reported space-filling parenchyma cells (Lu et al., 1991; Niki et al., 1998; Pegg et al., 2018) during periods of prolonged flooding stress that cosmetically resemble tyloses found in hardwood plants (Esau, 1965; Carlquist, 2013; Leśniewska et al., 2017). The biological significance of these “tylose-like cells” (TLCs) forming in Pisum and Cicer samples is unclear with respect to formation and eventual filling of aerenchyma cavities during periods of flooding stress. Tyloses are often observed within older xylem tissues of vascular plants as ingrowths of parenchyma cells that prevent or limit water transport as a response to drought stress or pathogenic infection (Pallardy, 2008; Zhao et al., 2014; Micco et al., 2016). In some species of Fabaceae, TLCs may serve a similar purpose by removing the airspace within the stele through replacement with parenchyma and repairing a structural weakness induce by prolonged presence of aerenchyma cavities (citation).

Further observation of legume root sections with scanning electron microscopy revealed characteristic signs of cell wall collapse and enzymatic degradation in cells adjacent to expanding cavities (Figure 3). This supports previous research which proposed that root aerenchyma formation in certain members of Fabaceae (Lu et al., 1991; Rost et al., 1991; Niki et al., 1995; Niki and Gladish, 2001), rice (Joshi and Kumar, 2012) and tomato (Kawase, 1981) is lysigenous in nature. Furthermore, our study noted that cell wall degradation was very localized within one to three cell layers of forming aerenchyma (Figure 3), and suggests that a carefully regulated and localized PCD mechanism is required to form aerenchyma in this plant family (Sarkar et al., 2008b; Sarkar and Gladish, 2012) while preventing an uncontrolled enlargement that would consume essential xylem and phloem vasculature within the root stele (Sarkar et al., 2008b; Sarkar and Gladish, 2012). This may be particularly important in the case of C. arietinum since the expanding cavity partially removes one of xylem poles in the tetrarch stele, which could require the conservation of the remaining three xylem bundles to ensure proper water conduction through the root. Development of lysigenous aerenchyma may also prevent inhibition of aerobic cellular respiration in legume roots by creating an internal oxygen-containing channel when the rhizosphere environment becomes hypoxic due to flooding (Drew et al., 2000; Evans, 2004; Takahashi et al., 2016).

Our research also revealed the presence of de-methyl-esterified (DME), partially DME and fully methyl-esterified (ME) pectin residues in the cell walls and middle lamella of stele and cortical tissues involved in aerenchyma formation. Previous research proposed that removal of methyl ester substitutions from the homogalacturonan domains of pectin enables degradation of cell walls by unblocking cleavage sites between pectin residues, which are then targeted by polygalacturonases, pectin lyases and similar hydrolytic enzymes (Dheilly et al., 2016). Our observations showed that DME pectin is spatially localized within one to three cell layers around aerenchyma and increases from partial and fully DME during aerenchyma development (Figures 4–7). This indicates a direct correlation between DME pectin formation and degradation of root cell walls. Furthermore, DME process may also strengthen the plant primary cell wall pectin matrix through interactions with calcium cations (Hocq et al., 2016), benefitting roots by increasing cell wall mechanical strength (Celus et al., 2018) near the forming aerenchyma to compensate for the structural weakness caused by a large air channel within the stele. This enhancement of cell wall strength would be particularly advantageous for plants such as C. arietinum which have non-symmetrical aerenchyma extending into cortex tissues with thin primary cell walls.

Notable changes in pectin methyl-esterification were also noted in TLCs in P. sativum and C. arietinum. Similar to cells and middle lamella destined for degradation, the TLCs were thoroughly labeled with antibodies against DME (LM19) and partially DME (JIM5) homogalacturonan (Figures 4 and 6). The presence of DME homogalacturonan in TLCs primary walls has not been previously described and is likely due to action of pectin methylesterase activity upon the homogalacturonan backbone. Removal of methyl esters from homogalacturonan promotes hydrolytic enzyme activity required for “loosening” of primary cell walls prior to wall expansion (Foster, 1967; Micco et al., 2016; Wu et al., 2018) and is a possible prerequisite for expansion of TLCs into the aerenchyma cavity. Additionally, de-methyl-esterification of pectin may permit enlargement of TLCs prior to development of secondary wall patterning (Goulao et al., 2011), as suggested by cell wall morphology observed in the present study (Supplemental Figure 5)

Enzyme treatments performed in this study indicated that hemicelluloses such as xylan, along with cellulose, may “mask” pectin from recognition by monoclonal antibodies targeting de-methyl esterified homogalacturonan residues (Figure 8, Supplemental Figure 6). Previous research suggests that “masking” occurs due to pectin and xylan binding to each other within primary cell wall matrices and physically blocking access of antibodies to epitope binding sites (Marcus et al., 2008). The presence of masking effects in our root samples suggests the possibility that pectin de-methyl-esterification may occur in a wider region of the central parenchyma than previously observed in the present study. This prediction was supported by results in P. sativum and P. coccineus (Figures 8B, F, N, R) where removal of xylan expanded LM19 antibody labeling into stele tissue further away from aerenchyma cavities. Non-flooded control samples also manifested this labeling pattern, but to a less consistent degree, suggesting that the flooding treatment itself may alter effectiveness of xylanase enzymatic pretreatment (Supplemental Figures 6B, F, N, R). Interestingly, antibody binding patterns for DME pectin do not appear to change noticeably following removal of either cellulose or xylan in C. arietinum root sections when compared to non-enzyme-treated controls in either flooded samples (Figures 8G, H, L) or non-flooded samples (Supplemental Figures 6G, H, L). These observations suggest that primary cell wall polysaccharides in C. arietinum may be organized differently compared to P. sativum and P. coccineus, thereby preventing or limiting masking effects on pectin residues. Additionally, small differences in LM19 binding pattern contiguity between flooded (Figure 8) and non-flooded (Supplemental Figure 6) samples indicate that immersion in water may subtly alter cell wall chemistry throughout root segments from these legumes. One possible consequence is an increase in the hydration of the primary cell wall, resulting in changes to molecular rigidity of the pectin cross-linking network (Vicré et al., 1999; Bidhendi and Geitmann, 2015; Lampugnani et al., 2018) and potential alteration of enzyme penetration and activity that would explain the differences observed in the pre-treatment protocol (Figure 8, Supplemental Figure 6).

Our research also suggests the possibility of stele regions with strong antibody labeling having masking effects negated by previous removal of other cell wall components. Removal of xylan, and to a lesser extent cellulose, in areas adjacent to forming aerenchyma appears to eliminate masking and create the DME pectin antibody binding patterns seen in this study (Figures 8F, L, R). This hypothesis is supported in our study by observations that LM19 binding patterns in root cross-sections treated with cellulase, xylanase, and sodium carbonate (Figures 8A, B, E, G, H, K, M, N, Q) are greatly expanded throughout root stele compared to control treatments (Figures 8F, L, R) with DME pectin localized near the aerenchyma cavity. As a result of our observations, we propose that aerenchyma formation may depend on activity of multiple cell wall remodeling enzymes (i.e. cellulase, xylanase) working together to achieve cell wall degradation. Specifically, xylanases and cellulases may degrade xylan and cellulose polysaccharides in advance of de-methyl-esterification of pectin by PME enzymes and subsequent degradation by pectinases.

Our findings in the present study provide directions for future research into regulation and localization of components essential to DME during aerenchyma formation. For example, we observed that fragments of degraded root stele tissue may be found inside aerenchyma during cavity formation (Supplemental Figure 7), yet the destination of pectins from degraded cells is unclear. In the case of C. arietinum, degraded pectin residues with specific degrees of DME may accumulate within MBB and be utilized to construct TLCs during later stages of flooding. Pectin residues may also enter the apoplast (de Freitas et al., 2012; Anderson, 2016) and may become incorporated into the primary walls and middle lamella of cells adjacent to forming aerenchyma cavities. Observed differential metachromatic staining of toluidine blue near aerenchyma cavities (Figure 1) could be the result of pH changes (O'Brien et al., 1964; Niki et al., 2014; Bergholt et al., 2018) in the apoplast and indicate liberated, negatively charged DME pectin residues forming during cell wall or middle lamella degradation (Yamada et al., 2015; Printz et al., 2016).

Additionally, the localization of calcium and cell wall remodeling enzymes (i.e. pectin methylesterase and pectin lyase) within legume stele tissues during aerenchyma formation requires elucidation. Calcium is mainly localized in the cell walls of plant tissues, accounting for 60–75% total calcium content (Demarty et al., 1984), though it is also present in the surrounding, fluid-filled apoplast (de Freitas et al., 2012). High localization of calcium ions could indicate susceptibility to enzyme degradation of cell walls by virtue of Ca2+ linkages between DME homogalacturonan residues (Grant et al., 1973; Wolf et al., 2009) and by serving as a signaling molecule in proposed ethylene signal transduction pathways that initiate PCD in cells adjacent to forming aerenchyma (He et al., 1996; Gunawardena et al., 2001b). Similarly, confirmation of elevated pectin methylesterase in cells fated to be degraded was found to correlate with high calcium concentrations: this provides supporting evidence in legume roots for extensive pectin DME during aerenchyma expansion (Goulao et al., 2007; Rajhi et al., 2011; de Freitas et al., 2012)

The regulation of gene expression leading to pectin DME during Fabaceae aerenchyma formation also remains unclear. Previous work in plants such as Arabidopsis thaliana (Mühlenbock et al., 2007) and O. sativa (Yamauchi et al., 2017) suggests the involvement of hydrogen peroxide (H2O2) in the formation of cortical lysigenous aerenchyma. Additional research involving Z. mays (Drew et al., 1980), P. sativum (Gladish and Niki, 2008) and O. sativa (Yamauchi et al., 2017) suggests ethylene signaling pathways may also play a role in cortical aerenchyma formation. These pathways are initiated by exposure to hypoxic, waterlogged conditions and result in gene expression for cell wall remodeling enzymes such as cellulases, xylanases, and pectinases (i.e. polygalacturonase and pectin lyase)(Waldenmaier, 2011) through transcription factors such as RAVs (Related-to-ABI3/VP1) identified in sugarcane (Li et al., 2011; Tavares et al., 2019). Involvement of downstream components for these pathways is supported in the results of the present study (Figure 8), which indicate cellulase and xylanase activity may degrade cell wall polymers (i.e. cellulose and hemicellulose, respectively) that partially “mask” (protect) pectin from enzymatic activities such as de-methyl-esterification and hydrolytic cleavage of homogalacturonan by pectinases (Voragen et al., 2009; Xue et al., 2013).

Research into genes involved in alternative processes, such as lateral root emergence, may identify similar functions during aerenchyma formation due to both events requiring cell wall remodeling to accommodate new structures within root tissues (Péret et al., 2009; Ishizaki, 2015; Porco et al., 2016; Leite et al., 2017). Specifically, genes involved in the auxin signaling pathway and cell wall remodeling genes such as those for auxin response factors in A. thaliana (Sénéchal et al., 2014) and polygalacturonases (PGLR, PGAZAT) in O. sativa (Kumpf et al., 2013) may have orthologs in legumes that also regulate pectin modification during aerenchyma formation. The potential presence of conserved cell wall remodeling genes among disparate plant families encourages research into controlled induction of aerenchyma via manipulation of an existing genetic framework for pectin modification and subsequent cell wall degradation in root tissues. Benefits of such work could lead to crop improvement with respect to increased tolerance to flooding, and, potentially, drought by plant root systems (Zhu et al., 2010; Nord et al., 2013).



Conclusion

Initiation of aerenchyma formation in three Fabaceae species begins with degradation of root parenchyma cells near metaxylem of the stele. Expansion of aerenchyma cavities continues within the stele (P. sativum and P. coccineus) or from the stele and into cortical tissues (C. arietinum) unless halted by formation of tylose-like cells (TLCs) that fill aerenchyma of species such as P. sativum and C. arietinum. Modification of the pectin homogalacturonan backbone structure through de-methyl-esterification appears to be one mechanism by which cell walls and middle lamella of tissues in forming lysigenous aerenchyma are prepared for enzymatic degradation to permit PCD and enable cavity formation. Additionally, presence of fully and partially de-methyl-esterified homogalacturonan residues in cell walls of forming TLCs suggests these pectin structures are essential to development of TLCs that occlude aerenchyma of P. sativum and C. arietinum. Evidence exists for removal of cellulose and hemicellulose (xylan) in the cell walls of tissues adjacent to forming aerenchyma. Removal may occur prior to aerenchyma formation to allow de-methyl-esterification and/or enzyme access to pectin backbone structure.
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Programmed cell death (PCD) is a genetically controlled pathway that plants can use to selectively eliminate redundant or damaged cells. In addition to its fundamental role in plant development, PCD can often be activated as an essential defense response when dealing with biotic and abiotic stresses. For example, localized, tightly controlled PCD can promote plant survival by restricting pathogen growth, driving the development of morphological traits for stress tolerance such as aerenchyma, or triggering systemic pro-survival responses. Relatively little is known about the molecular control of this essential process in plants, especially in comparison to well-described cell death models in animals. However, the networks orchestrating transcriptional regulation of plant PCD are emerging. Transcription factors (TFs) regulate the clusters of stimuli inducible genes and play a fundamental role in plant responses, such as PCD, to abiotic and biotic stresses. Here, we discuss the roles of different classes of transcription factors, including members of NAC, ERF and WRKY families, in cell fate regulation in response to environmental stresses. The role of TFs in stress-induced mitochondrial retrograde signaling is also reviewed in the context of life-and-death decisions of the plant cell and future research directions for further elucidation of TF-mediated control of stress-induced PCD events are proposed. An increased understanding of these complex signaling networks will inform and facilitate future breeding strategies to increase crop tolerance to disease and/or abiotic stresses.
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Introduction

Programmed cell death (PCD) is a genetically controlled pathway of organized cell destruction (Danon et al., 2000). PCD is not only an essential element of plant development (Daneva et al., 2016), but also a part of the arsenal of defense responses against biotic and abiotic environmental stresses (Locato and De Gara, 2018). The classic example is the hypersensitive response (HR), a rapid cell death at the initial infection site activated to restrict the growth of biotrophic pathogens (Heath, 2000). Localized PCD events can also improve the plant’s ability to withstand abiotic stresses, for example, selective cell death triggered in the root stem cell niche was recently identified as an integral part of the cold acclimation process (Hong et al., 2017). Likewise, PCD plays a central role in plant adaptation to hypoxic conditions by mediating the formation of lysigenous aerenchyma, a porous tissue comprising internal spaces and channels to transport gases between plant shoots and roots (Evans, 2004). While aerenchyma formation is the key adaptive trait for waterlogging tolerance (Mustroph, 2018), it can also be induced under aerobic conditions by other abiotic stresses. Its formation converts living cortical tissue to air volume, thereby improving plant carbon economy, and reducing the respiratory and nutrient cost of soil exploration. Aerenchyma formation has also been reported to enhance nutrient stress adaptation (Fan et al., 2003; Saengwilai et al., 2014), as well as improve drought (Zhu et al., 2010) and salt (Saqib et al., 2005; Akcin et al., 2015) tolerance in different plant species. PCD can be also considered a protective mechanism when triggered by the excess excitation energy stress, leading to signal transduction to systemic cells and their acclimation to high light (Wituszyńska and Karpiński, 2013). However, PCD is not always beneficial to the plant: its activation can be an infection strategy for necrotrophic pathogens (Coll et al., 2011) and extensive PCD caused by severe abiotic stress may result in crop yield losses. Climate change is associated with increasing frequency of extreme weather events such as heavy rainfall, droughts, and heatwaves (USGCRP et al., 2017) that exacerbate abiotic stresses and plant diseases, challenging the global crop productivity. Therefore, there is a growing pressure to elucidate the complex regulatory networks behind plant pro-survival strategies, including those involving the tightly controlled activation of PCD in specific cells in response to environmental stimuli. Our understanding of plant PCD is still lagging behind that of animal cell death programs. Although recent progress in the field has identified a plethora of new PCD regulators, the complex molecular networks responsible for coordinating plant PCD are only just beginning to emerge (Daneva et al., 2016). In animals, the bona fide core PCD machinery is mainly regulated post-translationally (Fuchs and Steller, 2011), however, there are exceptions: egl-1, the key activator of the execution phase of apoptotic cell death in Caenorhabditis elegans (Horvitz, 2003) is expressed at a detectable level predominantly in cells programmed to die (Conradt et al., 2016). Additionally, the cell death pathway can be promoted and repressed by transcriptional regulators (Zhai et al., 2012; Aubrey et al., 2018). At least some level of transcriptional control of the cell death process is also likely in plants, where blocking transcription using de novo RNA synthesis inhibitor actinomycin D can both alleviate (Masuda et al., 2003; Vacca et al., 2004) and induce PCD (Ning et al., 2001). Transcription factors (TFs) are central players in eukaryotic gene regulation, binding to DNA in a sequence specific manner and promoting or inhibiting the activity of a transcription initiation complex (Voss and Hager, 2014). TFs may therefore act as molecular switches to regulate clusters of stimuli responsive genes (Pradhan et al., 2019). The involvement of major plant TF classes in a range of developmentally controlled PCD events was recently comprehensively discussed (Cubría-Radío and Nowack, 2019). Here, our aim is to discuss the role of TFs in PCD induced by various environmental stimuli, both abiotic and biotic in nature (Figure 1).




Figure 1 | Transcription factors regulating stress induced programmed cell death (PCD). Only transcription factors (TFs) with experimentally validated role in PCD regulation are presented. TFs promoting PCD are highlighted in red, TFs suppressing PCD are highlighted in blue.





NAC Transcription Factors

NAC TFs comprise one of the largest and most studied TFs families in plants. They contain a conserved DNA binding N-terminus and a more variable, transcription regulating, C-terminus (Ooka et al., 2003; Olsen et al., 2005). Several NACs have been linked to regulation of PCD triggered by abiotic and biotic stresses. NAC TFs have been implicated in regulation of the HR (Yuan et al., 2019). For example, OsNAC4 has been shown to positively regulate the HR by modulating the expression of almost 150 genes in rice (Kaneda et al., 2009). The OsNAC4 regulome included OsHSP90 and IREN, that act in parallel to induce HR PCD. Expression of OsHSP90 is associated with the loss of plasma membrane integrity but not DNA fragmentation, while IREN, an endonuclease, is responsible for DNA degradation but alone does not affect plasma membrane integrity or induce cell death (Kaneda et al., 2009). The Arabidopsis NAC4 homologue, ANAC080 promotes cell death in response to bacterial infection by suppressing the transcription of three target genes; LURP1, WRKY40, and WRKY54, which negatively regulate PCD (Lee et al., 2017). The leaves of ANAC080 overexpressing plants display accelerated and rapidly spreading PCD following infection with Pseudomonas syringae, while in null mutants cell death spread was delayed. ANAC080 itself is negatively regulated by a microRNA 164, allowing fine-tuning of the appropriate immune response and ensuring that PCD is tightly controlled (Lee et al., 2017).

Several NAC TFs are also involved in cell death induced by ER stress. The accumulation of misfolded proteins in the ER triggers the unfolded protein response (UPR), a widely conserved pro-survival mechanism (Calfon et al., 2002). However, extreme, or prolonged ER stress can lead to the activation of PCD (Zuppini et al., 2004). Many environmental stimuli, such as salinity, heat, drought, osmotic stress, and pathogens, can evoke the ER stress responses (Park and Park, 2019). In soybean, programmed cell death induced by both ER and osmotic stress was linked to GmNAC30 and GmNAC81 (Faria et al., 2011; Mendes et al., 2013). The GmNAC30 and GmNAC81TFs form homo- or heterodimers and may act as both transcriptional activators or repressors, with their ability to promote PCD linked to transactivation of the vacuolar processing enzyme (VPE) gene by a NAC81/NAC30 heterodimer (Mendes et al., 2013). VPE is responsible for the caspase-1 activity and may contribute to PCD via the activation of vacuolar proteases and subsequent vacuole collapse (Hatsugai et al., 2006). Another NAC, NAC089 was implicated in ER stress induced PCD in Arabidopsis (Yang et al., 2014). Similarly to NAC81/NAC30 dimer, ANAC089 promotes the induction of caspase-like activity during ER stress induced PCD, and also appears to regulate other downstream PCD-associated genes including BAG6 (Bcl-2-associated athanogene family member) and MC5 (metacaspase 5). The transcription of NAC089 is itself promoted by two membrane bound TFs, bZIP28 and bZIP60, highlighting the multiple levels of regulation involved in initiating the PCD cascade (Yang et al., 2014). In rapeseed, four NAC TFs (BnaNAC55, BnaNAC56, BnaNAC87, and BnaNAC103) have separately been shown to be involved in PCD following treatment with diverse abiotic stressors (Niu et al., 2014; Niu et al., 2016; Chen et al., 2017; Yan et al., 2017). In all cases, expression of the respective TF resulted in the development of HR-like lesions, reactive oxygen species (ROS) accumulation, and DNA degradation, however, the molecular mechanisms by which these TFs induce cell death has not been examined.

PCD is commonly induced following severe genotoxic stress in order to protect the organism from deleterious DNA mutations. This process initially involves cell cycle arrest and attempts at DNA repair, with apoptosis initiated if the damage is too severe (Norbury and Zhivotovsky, 2004). In animals this DNA damage response is largely coordinated by p53, a constitutively expressed TF that is stabilized via phosphorylation by four DNA damage sensing kinases; ATM, ATR, CHK1, and CHK2 (Lavin and Gueven, 2006). p53 not only induces apoptosis by regulating the transcription of apoptotic genes but also translocates to the mitochondria where it can modulate mitochondrial outer membrane permeabilization (MOMP) via direct interactions with pro- and anti-apoptotic proteins (Vaseva and Moll, 2009). Although several key DNA damage response genes such as ATM and ATR are conserved across plants and animals, p53 is not (Culligan et al., 2006). Instead, plants have developed a functional homolog of p53, SOG1/ANAC008, which fulfills similar functions in coordinating the DNA damage response (Yoshiyama et al., 2009; Yoshiyama et al., 2014). The root meristematic stem cell niche and its early descendants are hypersensitive to genotoxic stress (Fulcher and Sablowski, 2009), and undergo a selective type of PCD that is mediated by SOG1 and requires de novo protein synthesis (Furukawa et al., 2010). More recently it has been established that SOG1/ANAC008 is necessary not only to trigger PCD in these cell populations but also to mediate a regenerative response in meristematic tissue for the stem cell niche replenishment (Johnson et al., 2018). The SOG1 direct targets include genes implicated in response to abiotic stresses and pathogen infection (Ogita et al., 2018). Two of SOG1 targets, ANAC044 and ANAC085, are its closest relatives in the NAC TF family and were suggested to also participate in SOG1-mediated induction of stem cell death (Takahashi et al., 2019). However, it is not clear which key downstream PCD effectors are controlled by SOG1/ANAC008 signaling. Chilling stress was shown to induce DNA damage dependent cell death of columella stem cell daughters (Hong et al., 2017). This highly localized cell death appeared to protect the stem cell niche from chilling stress and improve the root’s ability to withstand the accompanying environmental stresses and resume growth (Hong et al., 2017). Considering the role of SOG1/ANAC008, ANAC044, and ANAC085 in regulation of PCD induced by DNA damage, it would be interesting to test the effect of these TFs on adaptation and survival of roots under the chilling stress.

The role of NAC TFs in lysigenous aerenchyma formation is also slowly emerging. The meta-analysis of quantitative trait loci (QTL) associated with abiotic stress tolerance identified a NAC domain TF as a key candidate gene for aerenchyma formation in barley (Hordeum vulgare) under waterlogging conditions (Zhang et al., 2017b). Several NAC TFs were linked to aerenchyma formation also in rice (Oryza sativa). For example, transgene overexpression of stress‐inducible OsNAC5 and OsNAC9 resulted in enhanced aerenchyma formation in rice, especially under the root-specific promoter, and correlated with enhanced drought and salinity tolerance (Redillas et al., 2012; Jeong et al., 2013). Rice offers an interesting model for further studies delineating the transcriptional regulation of developmental and environmentally induced lysigenous aerenchyma, as this tissue forms constitutively in rice roots but is further induced by flooding (Yamauchi et al., 2013).



Ethylene Responsive Element Binding Factors Transcription Factors in the Regulation of Plant Programmed Cell Death

The ethylene responsive element binding factors (ERFs) belong to the AP2/ERF superfamily, characterized by the presence of one (in ERF) or two (in AP2) 60-70 residue AP2/ERF DNA binding domains (Nakano et al., 2006). This expansive group of transcriptional regulators display a wide range of roles in responding to various forms of abiotic stress (Mizoi et al., 2012; Li et al., 2017; Najafi et al., 2018). MACD1 and ERF102 are two ERFs linked to phytotoxin induced cell death (Mase et al., 2013) and both act downstream of ethylene signaling and are positive regulators of programmed cell death induced by the phytotoxins AAL and fumonisin B1. ERF TFs are also involved in regulation of HR PCD, for example NbCD1 is an ERF that is expressed in response to multiple HR elicitors, and its conditional expression is sufficient to induce cell death (Nasir et al., 2005). Expression of NbCD1 also results in high levels of H2O2 generation, ion leakage, and DNA fragmentation. Additionally, NbCD1 modulates transcription via its ERF-associated amphiphilic repression (EAR) motif. NbCD1 positively regulates HR cell death by suppressing the transcription of almost 60 genes, including HSR203, a negative regulator of the HR (Nasir et al., 2005). The tobacco transcriptional repressor NtERF3 is another EAR motif containing TF that has been identified as an inducer of HR-associated PCD following Tobacco mosaic virus infection (Ogata et al., 2012). As with NbCD1, overexpression of NtERF3 was sufficient to induce HR-like lesions on tobacco leaves, while deletion of the EAR motif from this TF prevented the HR cell death. Subsequent analysis of the Arabidopsis, rice, and tobacco genomes enabled the identification of dozens of closely related group VIII ERF genes (Ogata et al., 2013). Interestingly, overexpression of several group VIII-a ERFs (containing an EAR-motif) induced cell death, while overexpression of group VIII-b ERFs (lacking an EAR-motif) failed to induce cell death morphology in Arabidopsis (Ogata et al., 2013). However, the degree of cell death induced by different EAR-motif containing ERFs varied significantly, and the expression of fusion proteins consisting of group VIII-b ERFs fused to EAR motifs also failed to induce cell death, suggesting that the presence of an EAR motif alone is not sufficient to induce a transcriptional program resulting in PCD (Ogata et al., 2013).

ERF TFs are also involved in the regulation of PCD induced by abiotic stress. For example, ERF109 is implicated in salt stress tolerance, acting as a negative regulator of PCD in Arabidopsis (Bahieldin et al., 2016). This TF prevents PCD by inducing expression of Bax-inhibitor 1, which inhibits the pro-apoptotic Bax protein (Bahieldin et al., 2016). Ethylene is involved in lysigenous aerenchyma formation (Yamauchi et al., 2013) and treatment with ethylene inhibitors decreases aerenchyma formation under hypoxia (Drew et al., 1981; Gunawardena et al., 2001a). ERFs have been linked to both aerenchyma formation and waterlogging tolerance in several species and recently, the PhERF2 TF was found to modulate PCD during waterlogging response in petunia (Yin et al., 2019). Overexpression of PhERF2 increased survival of waterlogged seedlings while the silencing lines exhibited compromised waterlogging tolerance with increased leaf chlorosis and necrosis. The root cells of PhERF2 overexpressor plants displayed condensed, moon-shaped nuclei, characteristic of PCD, suggesting that this TF may positively regulate aerenchyma formation (Yin et al., 2019). Multiple transcriptome profiling analyses reported differential expression of ERFs in response to conditions inducing aerenchyma, such as waterlogging and hypoxia (Rajhi et al., 2011; Safavi-Rizi et al., 2020) or in tissues undergoing developmental aerenchyma formation (Yoo et al., 2015; Du et al., 2018). However, functional validation studies are required to determine if the identified ERFs indeed contribute to aerenchyma induction. RAV1 seems to be a promising candidate, as the RAV1-like gene was induced specifically in maize cortical cells (aerenchyma‐forming tissue) in response to waterlogging and this up-regulation was blocked upon pretreatment with ethylene perception inhibitor 1-methylcyclo-propene (1-MCP) (Rajhi et al., 2011). RAV1 was later proposed to underlie Subtol6, a major QTL associated with submergence tolerance in maize (Campbell et al., 2015). The RAV1 TF was also suggested to regulate the initial steps of constitutive aerenchyma formation in sugarcane that involve cell wall polysaccharide modifications (Tavares et al., 2019). This is in line with work by Gunawardena et al. (2001b) who proposed that one of the earliest, ethylene-promoted, changes associated with aerenchyma formation are the alterations to cell wall polysaccharides. The role of RAV1 in regulation of PCD is plausible, as RAV1 overexpression in Arabidopsis results in accelerated senescence (Woo et al., 2010) and a RAV1 homologue was strongly induced in pepper leaves during the early response to pathogen infection, abiotic elicitors, and environmental stresses (Sohn et al., 2006). RAV1 itself might be regulated post-transcriptionally by microRNAs (Tavares Queiroz de Pinho et al., 2020), allowing tightly controlled expression of its target genes.



WRKY Transcription Factors in Programmed Cell Death Regulation

WRKY transcription factors are a diverse group of transcriptional regulators that integrate plant responses to environmental stress and regulate development (Bakshi and Oelmuller, 2014). WRKY TFs are categorized by the presence of 60 conserved amino acid residues at the N-terminus (Bakshi and Oelmüller, 2014; Phukan et al., 2016). The WRKY TF family targets genes containing a CRE containing W-box element (TGAC) (Eulgem et al., 2000). Several WRKY TFs are involved in the regulation of cell death during biotic stress. In tobacco, WRKY1 was first identified as a positive regulator of HR PCD, following its phosphorylation and activation by the salicylic acid (SA) induced kinase SIPK (Menke et al., 2005). WRKY18, WRKY40, and WRKY60 also modulate transcription of pathogen responsive genes via the formation of homo- or heterodimers (Xu et al., 2006). A triple knockout Arabidopsis line lacking all three TFs was more susceptible to infection by Botrytis cinerea, a necrotrophic fungal pathogen that promotes host cell death in a HR-like manner. The same KO line displayed increased resistance to P. syringae, a bacterial pathogen that is biotrophic during the early stages of infection (Xu et al., 2006). This suggests that this network of WRKY TFs may function to suppress HR cell death during the initial infection, although the transcriptional program they promote to achieve this has not yet been identified. The WRKY52 TF from the grapevine (Vitis quinquangularis) has the opposite role, as transgenic expression of VqWRKY52 in Arabidopsis results in significantly greater cell death following infection by both B. cinerea and P. syringae, and thus increased and reduced susceptibility to the necrotrophic and biotrophic pathogens respectively (Wang et al., 2017). Finally, transient expression of phospho-mimicking mutants of WRKY7, 8, 9, 11, 12, and 14 is sufficient to induce cell death in Nicotiana benthamiana, with these TFs appearing to act downstream of a MAPK phosphorylation cascade (Adachi et al., 2015). Interestingly, the degree of cell death induced by these TFs was correlated to their ability to induce a respiratory burst oxidase homologue (RBOH) derived ROS burst, which has previously been shown to be required for resistance to biotic and abiotic stress, and for certain forms of PCD (Xie et al., 2014; Li et al., 2015). However, the relevance of such experiments involving phospho-mutants to physiological HR mechanisms is not clear.

Transcriptomic analyses suggested that WRKY TFs can regulate constitutive and environmentally induced lysigenous aerenchyma induction in rice (Yoo et al., 2015; Viana et al., 2018). However, WRKY53 and WRKY33 showed higher expression under submergence conditions in the waterlogging sensitive maize genotypes compared to tolerant lines (Campbell et al., 2015). Further research is therefore required to delineate the role of WRKYs in aerenchyma formation, which may differ between developmentally or environmentally induced aerenchyma. Interestingly, HaWRKY76, a divergent transcription factor from sunflower, conferred submergence tolerance when overexpressed in Arabidopsis, which in part can be linked to enhanced formation of lysigenous stem aerenchyma (Raineri et al., 2015).



Other Transcription Factors Contributing to Modulation of Environmentally Induced Programmed Cell Death

Several other TF classes are also likely to contribute to the transcriptional regulation of life-and-death decisions in response to environmental stress. Auxin response factors (ARFs), which bind to auxin response elements (Li et al., 2016) and similarly to other TF families, possess an N-terminal DNA binding domain combined with a C-terminal domain suited to protein-protein interactions (Ulmasov et al., 1997). Although ARFs are typically associated with growth and developmental processes, their involvement in PCD regulation is possible, as supplementation of auxin or auxin analogues has been shown to block PCD following biotic and abiotic stresses such as exposure to the bacterial effector thaxtomin A or photorespiratory induced oxidative stress (Kerchev et al., 2015; Awwad et al., 2019). The molecular mechanisms responsible for this death-suppressing effect and potential involvement of ARFs require further research. The interplay between auxin and ethylene was suggested to regulate aerenchyma formation in maize under waterlogging stress where the auxin associated genes such as IAA3, IAA14, and IAA16 were shown to be upregulated in the tolerant genotypes (Thirunavukkarasu et al., 2013). The IAAs are the short-lived, early auxin response proteins that interact with ARFs and inhibit the transcription of their target genes (Luo et al., 2018). The IAAs- and ARFs- dependent auxin signaling was also linked to formation of constitutive aerenchyma in rice (Yoo et al., 2015; Yamauchi et al., 2019).

Another family of TFs linked to plant PCD modulation are the MYBs, a diverse family of eukaryotic transcription modulators with roles in both development and stress responses (Dubos et al., 2010). In Arabidopsis, AtMYB30 is a positive regulator of HR cell death, that was initially discovered due to its strong upregulation immediately following infection with HR inducing bacterial effectors (Daniel et al., 1999; Vailleau et al., 2002). The expression of AtMYB30 is dependent on SA accumulation, and plants with knock-down, knock-out, or overexpression mediated perturbations in AtMYB30 levels in turn display altered SA levels, suggesting that the TF functions at least partially as an SA signaling amplification loop (Raffaele et al., 2006). It has been subsequently shown that AtMYB30 enhances the expression of several genes involved in very long chain fatty acid (VLCFA) synthesis and may also promote PCD by utilizing VLCFAs or their derivatives as cell death messaging molecules (Raffaele et al., 2008). The ectopic expression of rapeseed (Brassica napus) BnaMYB78 in N. benthamiana has also been shown to induce a form of HR-like cell death associated with H2O2 production, although the function of this TF in B. napus or indeed of its Arabidopsis homologue remain to be investigated (Chen et al., 2016). Many MYB TFs have been proposed as putative regulators of aerenchyma formation by transcriptome profiling studies (Thirunavukkarasu et al., 2013; Valliyodan et al., 2014) and a meta-analysis of major QTL for waterlogging tolerance (Zhang et al., 2017b). During hypoxic treatment of wheat roots, expression of the TaMyb1, when analyzed using in situ hybridization, was elevated in root epidermal, endodermal, and cortex tissue peripheral to aerenchyma containing cortex (Lee et al., 2006). Further examination of the expression pattern of this TF sequentially during aerenchyma formation may provide more insights into its role in hypoxia responses. The MYB transcription factors S4877491 and S4910460 showed higher expression during flooding in waterlogging tolerant soybean genotype with enhanced aerenchyma formation (Valliyodan et al., 2014). Moreover, four MYBs were differentially expressed in rice root tissue forming constitutive aerenchyma (Yoo et al., 2015). However, functional studies are required in order to determine if MYB TFs indeed play a role in the regulation of cell death during aerenchyma formation in response to environmental stimuli.



Mitochondria, Transcription Factors, and Cell Fate Regulation

The role of mitochondria in plant PCD has been widely documented (Van Aken and Van Breusegem, 2015) although details of this involvement have not yet been fully elucidated. Mitochondria act as stress sensing organelles, with both extrinsic (environmental) and intrinsic (cellular) stimuli affecting the mitochondrial respiratory status (Schwarzlander and Finkemeier, 2013). Such changes can trigger signaling pathways, that either regulate mitochondria directly, which may result in events leading to PCD activation (Garmier et al., 2007; Gao et al., 2008; Scott and Logan, 2008; Bi et al., 2009; Wu et al., 2015; Zancani et al., 2015), or induce changes to nuclear gene expression via retrograde signaling (Rhoads, 2011; Schwarzlander and Finkemeier, 2013). The output of mitochondrial retrograde signaling not only feeds back to the mitochondrion but also regulates the functions of other cellular compartments (Schwarzlander et al., 2012; Schwarzlander and Finkemeier, 2013), thereby ensuring a coordinated response to environmental or intrinsic perturbations. The role of mitochondrial retrograde signaling in fine-tune regulation of cell fate decisions in plants is emerging, with transcription factors mediating some of the key pathways. Stress responsive mitochondrial proteins were identified by transcriptomic meta-analyses of the mitochondrial protein transcript abundance under a variety of stress conditions or during genetically or chemically induced mitochondrial dysfunction (Van Aken et al., 2009b; Schwarzlander et al., 2012; Wang et al., 2018). Alternative oxidase (AOX), probably the most widely studied stress induced mitochondrial protein and a classical marker of mitochondrial retrograde signaling (Van Aken et al., 2009a; Wang et al., 2018), has been implicated in the negative regulation of PCD response. AOX is a non-proton-pumping, terminal oxidase in the mitochondrial electron transport chain (ETC) (Vanlerberghe, 2013). By uncoupling the electron flow and ATP production, AOX acts as a safety valve, preventing over-reduction of ETC components and dampening the generation of O2− and nitric oxide in the mitochondria (Vanlerberghe, 2013). Unsurprisingly for a regulator of mitochondrial and cellular homeostasis, numerous studies report stress-induced PCD phenotypes in plants with altered AOX levels in response to miscellaneous abiotic and biotic factors (Ordog et al., 2002; Lei et al., 2003; Mizuno et al., 2005; Amirsadeghi et al., 2006; Kiba et al., 2008; Li and Xing, 2011; Liu et al., 2014). The pro-survival role of AOX conserved across the plant kingdom; it was recently shown to protect the unicellular algae Chlamydomonas reinhardtii from cell death induced by high light (Kaye et al., 2019) and AOX isoforms are induced by chemical and environmental stresses in cereal species such as rice and barley (Wanniarachchi et al., 2018). Indeed, the modulation of the AOX pathway has been recently proposed to offer crop protection against the challenges imposed by climate change (Florez-Sarasa et al., 2020). More recently, another stress-responsive mitochondrial protein has been linked to PCD regulation. Om66 (outer mitochondrial membrane protein of 66 kDa), previously annotated as AtBCS1 (cytochrome BC1 synthase 1), is induced by SA (Ho et al., 2008), mitochondrial and chloroplast perturbations (Van Aken and Whelan, 2012) and by biotic stress signals and UV light (Zhang et al., 2014). Interestingly, the OM66 transcript is also rapidly induced by the touch stimulus (Van Aken et al., 2016a), a mechanism that has not yet been investigated in the PCD context. Arabidopsis thaliana protoplasts treated with UV light exhibited increased cell death rates when OM66 was overexpressed, and reduced cell death in the loss of function mutants; the OM66 overexpressor (OM66 OE) plants also demonstrated accelerated senescence and increased drought tolerance (Zhang et al., 2014). The OM66 OE was more tolerant to the biotrophic P. syringae but showed increased susceptibility to the necrotroph B. cinerea (Zhang et al., 2014). In line with the observed PCD phenotypes, the gene expression analysis revealed changes in pathogen defense signaling, cell death, and senescence in OM66 OE lines (Zhang et al., 2014).

While the molecular mechanisms behind the regulation of cell death-suppressing AOX and cell death-promoting OM66 are still being uncovered, several TFs were demonstrated to play a role. There is an overlap between AOX and OM66 regulation in response to mitochondrial dysfunction, although the rapid touch induction of OM66 seems to be mediated by a distinct signal transduction pathway (Van Aken et al., 2016a). Under non-stress conditions, the TF abscisic acid insensitive 4 (ABI4) acts as AOX1a repressor in A. thaliana, with de-repression induced by rotenone or abscisic acid (ABA) itself (Giraud et al., 2009) suggesting that additional ABA response factors may regulate AOX1a, both positively and negatively (Wang et al., 2018). MYB29 is a general negative regulator of mitochondrial stress response, repressing both AOX1a and OM66 indirectly via regulation of the expression of various ERF and WRKY transcription factors (Zhang et al., 2017a). The expression of OM66 and AOX1a under mitochondrial stress conditions is also regulated by WRKY transcription factors, with likely functional redundancy suggested between them (Van Aken et al., 2013; Van Aken et al., 2016a). Knockout and overexpressor studies suggest that under stress conditions such as high light or actinomycin treatment, WRKY40 generally acts as a repressor of genes commonly affected by both chloroplast and mitochondrial perturbation, while WRKY63 is their activator (Van Aken et al., 2013). Interestingly, under no stress conditions, OM66 but not AOX1a was induced in WRKY63 OE line, highlighting differences in the pathways involved in regulation of these mitochondrial stress signaling genes (Van Aken et al., 2013). ANAC017 is an ER-tethered transcription factor and among the best characterized positive regulators of mitochondrial retrograde signaling (Ng et al., 2013). Once released from the ER, ANAC017 modulates the transcription of hundreds of nuclear and mitochondrial encoded genes, involved in energy metabolism, redox balance, mitochondrial fission, and hormone signaling, with both AOX1a and OM66 among its target genes (Ng et al., 2013; Van Aken et al., 2016a). ANAC017 creates a positive feedback loop by inducing the expression of another ER bound TF, ANAC013, which activates its own expression, as well as promoting expression of the same target genes as ANAC017 (Van Aken and Pogson, 2017). The anac017 knockout plants show a complete loss of OM66 and AOX1a induction by mitochondrial perturbation, while the rapid touch induction of OM66 remains unchanged in anac017 background, and instead is regulated by a complex signaling network involving WRKY40 and WRKY15, which themselves are also induced by touch, suggesting a negative feedback loop (Van Aken et al., 2016a; Xu et al., 2019). Moreover, the presence of OM66 is required for the touch induction of WRKY40 (Xu et al., 2019). While the PCD rates induced by environmental factors have not been investigated in ANAC017 mutant/transgenic lines, the overexpression of ANAC017 causes reduced cell viability and expansion, as well as early senescence, likely due to disturbed mitochondrial signaling (Meng et al., 2019). Moreover, the anac017 knockout mutants are more sensitive to drought stress (Ng et al., 2013) and submergence (Meng et al., 2020) and show increased accumulation of ROS under stress conditions (Meng et al., 2020). Additionally, the double mutants with loss of function in both ANAC017 and mitochondrial RNA polymerase (resulting in reduced activity of ETC complexes I and IV) display distinctive PCD-associated lesions (Van Aken et al., 2016b).

To conclude, mitochondria integrate stress signals and environmental stimuli resulting in perturbation of mitochondrial function (Rhoads, 2011; Schwarzlander and Finkemeier, 2013). The mitochondrial stress responsive proteins, such as AOX1a and OM66, can modulate cell fate decisions, and are regulated by complex, partially overlapping retrograde signaling networks involving numerous TFs, including WRKY15, WRKY40, MYB29 and ABI4, WRKY63, ANAC013, ANAC017. Detailed PCD phenotyping, in both abiotic and biotic context, is required for plants with reduced/enhanced expression of these TFs in order to further elucidate their role in modulation of cell death pathways, ideally in combination with monitoring of mitochondrial retrograde signaling. Methods such as root hair assay (Kacprzyk et al., 2014; Kacprzyk et al., 2016) or measurements of aerenchyma formation may provide useful tools to easily obtain quantitative information on the rates of PCD induced by numerous environmental stimuli in such mutants/transgenes. Finally, it remains to be established if the touch signaling, involving rapid upregulation of cell death promoting OM66, and activation regulatory network that mediates the responses to abiotic and biotic stresses, has an effect on plant’s susceptibility to subsequent PCD triggers by environmental stimuli.



Conclusion and Perspectives

Our understanding of PCD regulation in response to environmental stimuli is expanding. Increasing numbers of TFs are implicated in the transcriptional control of stress-induced cell fate decisions in plants. Details of the signaling pathways associated with the individual TFs are also emerging (Table S1), however, an integrative (meta)-analysis of gene regulatory network activated during PCD induced by abiotic and biotic stresses is required. Approaches allowing quantitative assessment of rates and timing of PCD, occurring in response to abiotic and biotics stresses will support further elucidation of TF mediated control of cell death processes in plants. The complex regulatory networks activated in response to environmental stresses need to be studied in the PCD context, including delineation of the cooperative action between individual TFs and detailed characterization of their targetomes. Furthermore, exploring the interplay between microRNAs and TFs implicated in stress induced PCD will reveal another layer of gene regulatory network(s) involved. Such research will be expedited by technological advances, like ultra-affordable transcriptomics (Alpern et al., 2019) and resources such as AtTORF-Ex seed collections (Arabidopsis thaliana TF ORF over-Expression) (Weiste et al., 2007). Cautious, fine-tuned control of PCD activation is required in plants to successfully cope with the environmental challenges they cannot escape. In particular, recent advances in the understanding of organellar retrograde signaling highlight the ability of TFs to act as molecular switches between pro-death and pro-survival responses. Further research into these PCD regulatory nodes is thus crucially important for future crop improvement strategies.
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Nitrogen-fixing heterocystous cyanobacteria are used as biofertilizer inoculants for stimulating plant growth but can also alleviate plant stress by exometabolite secretion. However, only a small number of studies have focused on elucidating the identity of said bioactives because of the wide array of exuded compounds. Here, we used the root hair assay (RHA) as a rapid programmed cell death (PCD) screening tool for characterizing the bioactivity of cyanobacteria Nostoc muscorum conditioned medium (CM) on Arabidopsis thaliana root hair stress tolerance. We found that heat-stressed A. thaliana pre-treated with N. muscorum CM fractions exhibited significantly lower root hair PCD levels compared to untreated seedlings. Treatment with CM increased stress tolerance by suppressing PCD in root hairs but not necrosis, indicating the bioactive compound was specifically modulating the PCD pathway and not a general stress response. Based on documented N. muscorum exometabolites, we identified the stress-responsive proline as a compound of interest and strong evidence from the ninhydrin assay and HPLC indicate that proline is present in N. muscorum CM. To establish whether proline was capable of suppressing PCD, we conducted proline supplementation experiments. Our results showed that exogenous proline had a similar effect on root hairs as N. muscorum CM treatment, with comparable PCD suppression levels and insignificant necrosis changes. To verify proline as one of the biologically active compounds in N. muscorum CM, we used three mutant A. thaliana lines with proline transporter mutations (lht1, aap1 and atprot1-1::atprot2-3::atprot3-2). Compared with the wild-type seedlings, PCD-suppression in lht1and aap1 mutants was significantly reduced when supplied with low proline (1–5 μM) levels. Similarly, pre-treatment with N. muscorum CM resulted in elevated PCD levels in all three mutant lines compared to wild-type seedlings. Our results show that plant uptake of cyanobacteria-derived proline alters their root hair PCD sensitivity threshold. This offers evidence of a novel biofertilizer mechanism for reducing stress-induced PCD levels, independent of the existing mechanisms documented in the literature.
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INTRODUCTION

Cyanobacteria are adaptable organisms found in aquatic and terrestrial ecosystems. Their ability to inhabit most environments is attributed to the diverse range of exuded metabolites, termed exometabolites that can have antiviral, antibacterial, antifungal, antitumoral and anti-inflammatory properties (Singh et al., 2005; Jaiswal et al., 2008; Prasanna et al., 2010). In agriculture, nitrogen-fixing heterocystous cyanobacteria are often used as biofertiliser inoculants to stimulate plant growth. For example, Anabaena-inoculated wheat seedlings had improved shoot length, grain weight and phytohormone (cytokinin and indole-3-acetic acid) levels compared to untreated controls (Hussain and Hasnain, 2011). Biofertiliser inoculants contain little macro- and micro-nutrients as they are catalysts for mobilizing nutrients into metabolically accessible forms that are otherwise unavailable to plants (Kennedy, 2008). Depending on the functional characteristics of the inoculant, biofertilizers can either directly or indirectly provide yield gain. Direct benefits make essential macronutrients available for plant growth via nitrogen fixation and phosphate solubilization, while indirect benefits rely on assorted mechanisms to safeguard against abiotic and biotic stresses (Barreto et al., 2011).

Nostoc is a genus of blue-green, N2-fixing bacteria which can be free-living but can form symbiotic relationships with fungi (Rai et al., 2000) and several plant species, such as the hornwort Anthoceros punctatus (Campbell and Meeks, 1989) and the angiosperm Gunnera (Rasmussen et al., 1994). Nostoc muscorum is the model organism for studying heterocyst differentiation but it cannot differentiate into akinetes and hormogonia, unlike other taxonomically defined Nostoc species (Meeks et al., 2002). A wide range of compounds have been found in N. muscorum extracellular filtrate, termed conditioned media (CM), such as amino acids (Picossi et al., 2005; Pernil et al., 2008), exopolysaccharides (EPS) (Mehta and Vaidya, 1978), auxin (Mirsa and Kaushik, 1989; Karthikeyan et al., 2009), abscisic acid (ABA) (Maršálek et al., 1992) and phenolics and alkaloids (Abdel-Hafez et al., 2015). Previous work (unpublished data) showed that Nostoc muscorum sp.7120 (hereafter, N. muscorum) CM suppresses root hair programmed cell death (PCD) in heat-stressed Arabidopsis seedlings, but the identity of these pro-survival signals were not identified. Considered the model organism for studying heterocyst differentiation, N. muscorum has undergone many name changes over the years. Nostoc sp. strain PCC 7120 was originally named Nostoc muscorum, before being classified as Anabaena and finally renamed as Nostoc sp. strain PCC 7120 based on DNA–DNA hybridization data and short tandem repeated repetitive fingerprinting (Svenning et al., 2005).

Chen and Dickman (2005) have shown that exogenous proline inhibits stress-induced PCD levels in Colletotrichum trifolii and Saccharomyces cerevisiae by quenching reactive oxygen species (ROS). Proline might have a similar role in plants as it is a stress-responsive amino acid that indirectly scavenges ROS by stimulating the plant antioxidant defense and glyoxalase system (Hossain et al., 2014, 2016; Rejeb et al., 2014). Studies have reported the presence of proline in N. muscorum extracellular medium (Picossi et al., 2005; Pernil et al., 2008) and plants have three root-localized transporters for importing proline: amino acid permease 1 (AAP1), lysine-histidine transporter 1 (LHT1) and proline transporter (ProT) (Lehmann et al., 2010).

AAP1 is an intermediate-affinity transport system for neutral amino acids (i.e., proline), glutamate and aspartate (Svennerstam et al., 2011). Expressed in the Arabidopsis root epidermis and tips, AAP1 imports extracellular amino acids into the vascular system for long-distance transport (Lee et al., 2007). LHT1 is a broad-specificity, high-affinity transporter for histidine, acidic and neutral amino acids like proline (Hirner et al., 2006). During the early developmental stage, LHT1 is expressed in the rhizodermis of emerging and lateral roots to import soil amino acids (Hirner et al., 2006). In later stages, LHT1 supplies leaf mesophylls with xylem-derived amino acids and is expressed throughout the root epidermis and tips, leaf mesophyll, stem, petals and sepals (Hirner et al., 2006). In contrast to both general amino acid transporters, the ProT subfamily only imports proline, but can also transport stress-induced compounds such as glycine betaine and γ-aminobutyric acid (Schwacke et al., 1999; Grallath et al., 2005). Three subfamily members have been characterized in Arabidopsis (AtProT1, AtProT2 and AtProT3) and they are expressed differently all over the plant (Lehmann et al., 2011). Phloem-localized AtProT1 is expressed in the vascular tissue of leaves, petioles, roots, flowers, siliques, and stems (Rentsch et al., 1996). However, AtProT1 expression is absent in root tips and has weak expression levels in emerging lateral roots. Conversely, AtProT2 expression is mostly present in the root cortex and epidermis, while AtProT3 expression is only found in leaf epidermis (Grallath et al., 2005). As external proline can be assimilated by Arabidopsis, it is a possible candidate for the bioactive PCD-suppressing effect noted in N. muscorum CM.

PCD is activated by developmental and environmental factors as it plays an important role in vegetative and reproductive tissue development (Kacprzyk et al., 2011; Daneva et al., 2016). However, plant cells also undergo PCD to mitigate stress effects, such as hypoxia (Lenochová et al., 2009), salinity (Shabala, 2009), drought (Nguyen et al., 2009), UV overexposure (Ferreyra et al., 2016), heavy metal exposure (Xu et al., 2013), heat (Vacca et al., 2004) and pathogen infection (Lam et al., 2001). PCD is a methodical process of cellular destruction characterized by the distinctive retraction of the cytoplasm; this active and interruptible process is driven by cellular Ca2+ influx (Kacprzyk et al., 2017). Conversely, necrosis is associated with uncontrolled cell death that occurs when cells cannot withstand overwhelming cellular stress (Reape et al., 2008). As substantial differences in signaling, morphology and regulation exist between PCD and necrosis (Kacprzyk et al., 2017), assessing the stress response only using a single parameter loses context as to whether cells are dying by activated PCD or uncontrolled necrotic death. Therefore, it is important to differentiate between both death modes to paint an accurate picture of plant cell death studies across different research groups (Reape et al., 2008; Reape and McCabe, 2013).

In this study, we used the root hair assay (RHA) to demonstrate the PCD-suppressing bioactivity of N. muscorum CM. 5-day old Arabidopsis seedlings were pre-treated with N. muscorum CM fractions and heat stress applied. Using a combination of viability staining and death morphologies, the RHA was used to quantify the root hair stress response in terms of cell viability, PCD, and necrosis. This was done to test if the bioactive compound was affecting the PCD pathway or modulating a general stress response. Based on documented N. muscorum exometabolites, the stress-responsive amino acid proline was highlighted as a compound of interest. Proline was detected in N. muscorum CM using the ninhydrin assay and HPLC. Following that, we confirmed the bioactivity of proline by assessing how exogenous proline affected heat-shocked wild-type Arabidopsis seedlings. Finally, we also compared the performance of Arabidopsis proline transporter mutants (lht1, aap1 and atprot1-1::atprot2-3::atprot3-2) against stress-induced PCD levels of wild-type seedlings pre-treated with proline before heat shock exposure. To the best of our knowledge, this study is the first instance to show that proline enhances in vivo root hair stress tolerance by modifying the PCD activation threshold.



MATERIALS AND METHODS


Growth and Sterilization Procedures for Seedlings

Seeds of Arabidopsis thaliana L. ecotype Columbia (Col-0) were soaked in 20% bleach (Domestos® disinfectant: sodium hypochlorite −4.5 g per 100 g) aseptically, the bleach solution was removed, and the seeds were rinsed five times with sterilized deionised water (SDW). Sterilized seeds (15–20) were placed in a straight line on germination medium comprising ½-strength Murashige and Skoog (MS) agar plates, adjusted to pH 5.8 with NaOH and solidified with 6 g/L Duchefa® plant agar. The composition of the ½ MS plates were as follows: 0.0125 mg/L CoCl2.6H2O, 0.0125 mg/L μM CuSO4.5 H2O, 18.4 mg/L FeNaEDTA, 3.10 mg/L H3BO3, 0.415 mg/L KI, 8.45 mg/L MnSO4. H2O, 0.125 mg/L Na2MoO4.2 H2O, 4.30 mg/L ZnSO4.7 H2O, 0.166 g/L CaCl2, 0.085 g/L KH2PO4, 0.950 g/L KNO3, 0.090 g/L MgSO4, and 0.825 g/L NH4NO3. Plates were stratified at 4°C for 24 h to synchronize germination and placed vertically under light (33 μmol m–2 s–1, 16-h light: 8-h darkness) in a 21°C growth chamber to germinate seeds. Arabidopsis seedlings developed sufficient root hair density after five days of growth and were then used for stress assays.



Heat Stressing of Arabidopsis thaliana Seedlings

Arabidopsis seedlings (5-day old) were transferred using sterile forceps into individual wells of a sterile 24-well plate (Sarstedt® Tissue Culture Plate) containing 1 ml SDW. Seedlings were handled with care during the transfer process to avoid mechanical damage to root hairs and elevated background death levels. 24-well plates were sealed using autoclave tape, placed in a Grant SUB Aqua Pro 26 water bath already stabilized at the desired heat stress temperature (25, 35, 45, 50, 55, 65, 75, or 85°C), and heat stressed for 10 min. Seedlings were returned to the 21°C growth chamber and scored 14–16 h after stress application to allow PCD morphology to fully develop. The RHA was used to quantify the stress response in terms of viability, PCD and necrosis as described by Hogg et al. (2011).



Assessing the Plant Stress Response Using PCD Morphology and Viability Stain

Direct scoring of root hairs relied on a combination of the fluorescein diacetate (FDA) viability stain and cell corpse morphology (PCD and necrotic root hairs) as visual indicators. Arabidopsis seedlings were placed on microscope slides, stained with a 0.001% w/v FDA solution for 2 min and examined using an Olympus BX61 microscope with a FITC filter. The root hairs were scored as follows: (A) viable when exhibiting positive FDA staining, (B) PCD if exhibiting a negative FDA stain and retracted cytoplasm and (C) necrotic if the FDA stain is negative and the protoplast is not retracted (Figure 1A; Hogg et al., 2011). At least 100 root hairs were scored per seedling to give an accurate representation of the levels of viable cells and dead cells (PCD + necrosis). The proportions of cells in each state is expressed as percentage of the total number of analyzed root hairs.
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FIGURE 1. (A) Cell morphology of FDA-stained root hairs of heat shocked Arabidopsis seedlings under fluorescent (I, III, and V) and white light (II, IV, and VI). Viable root hairs are FDA positive and exhibit fluorescence (I and II – no heat shock), PCD root hairs are FDA negative and have a retracted cytoplasm indicated by white arrows (III and IV – 50°C heat shock), and necrotic root hairs are FDA negative but do not have a retracted cytoplasm (V and VI – 80°C heat shock). Scale bars: I–VI 10 μm. (B) Effect of heat stress on Arabidopsis root hair viability and cell death (PCD and necrosis) levels. The bars represent viable (white), PCD (hatched) and necrosis (gray) root hairs, each expressed as a percentage of cell mode over total number of root hairs. Values are means ± SE (n ≥ 12) and represent the merged results of 3 experiments.


For additional evidence (Supplementary Figure 1) to confirm heat-exposed root hairs were dead and not merely dehydrated, whole trichoblast cells were stained with Evans Blue indicating the whole cell was dead, and not just the cytoplasmic extension that forms the root hair. To this end, a 5 day old A. thaliana Col-0 seedling was heat stressed at 49 °C for 10 min, incubated for 30 h under constant illumination and then stained for 1 h in 0.25% Evans Blue stain.



Profiling Bioactive Nostoc spp. Exometabolites in Conditioned Medium (CM)

Nostoc muscorum cultures from the Pasteur Culture Collection of Cyanobacteria Paris, France (PCC 7120 available for order from the following link: https://catalogue-crbip.pasteur.fr/recherche_catalogue.xhtml), were grown in BG11 media at 25 °C (light intensity of 30 μmol m–2 s–1, 16-h light: 8-h darkness) and shaken at 110 rpm under sterile conditions to maintain axenic cultures. Culture growth was monitored by measuring optical density (Myers et al., 2013), chl-a, and carotenoid concentration by methanol extraction according to Zavřel et al. (2015). N. muscorum CM was harvested in the deceleration phase [OD730 (1.17), chl-a (14.14 μg ml–1), carotenoid (3 μg ml–1)] after two cycles of centrifugation (Eppendorf Centrifuge 5810 R®) at 3000 × g for 20 min. After each cycle, the supernatant was collected, and the pellet discarded to eliminate leftover cells. The resulting cell-free supernatant was sterile-filtered through a 0.45 μm PES filter; half of the filtered supernatant was autoclaved (121°C for 15 min) while the other half remained unautoclaved. Nostoc CM fractions (autoclaved and non-autoclaved) were diluted in BG11 at various concentrations and screened for PCD-suppressing bioactivity by pre-treating Arabidopsis seedlings with CM fractions for 3 h in 24-well plates, followed by 50°C exposure for 10 min in the water bath. Viability, PCD, and necrosis levels were scored 14–16 h later using the RHA.



Ninhydrin Assay

A modified ninhydrin-based protocol (Bates et al., 1973) that did not rely on the use of toluene was adapted from Claussen (2005), who used it to determine stress-induced proline levels in tomato plants. The protocol from Claussen (2005) was used to quantify proline levels in autoclaved and non-autoclaved CM. A mixture containing 400 μl of CM, 400 μl of glacial acetic acid, and 400 μl ninhydrin mixture (2.5% ninhydrin dissolved in 6:3:1 ratios of glacial acetic acid, SDW and 85% orthophosphoric acid) were vortexed and heated at 100°C for 1 h in a block heater (Stuart® SBH130D). The reaction was terminated by incubation at 21°C for 5 min, followed by quantification at 546 nm using an Ultrospec 2000® spectrophotometer. Proline concentration was determined from a proline standard curve.



Detection of Amino Acids Using Reverse-Phase HPLC

A modified protocol from Heinrikson and Meredith (1984) and Kwanyuen and Burton (2010) was adapted to detect amino acids in N. muscorum CM. Phenyl isothiocyanate (PITC) was chosen as the precolumn derivatization agent as it reacts with both primary and secondary amines such as proline and hydroxyproline, unlike other derivatizing agents such as o-phthalaldehyde (Walker and Mills, 1995). Amino acid standards (TCI Chemicals), each corresponding to 1.5 mM, were prepared individually and in a mixture in 0.1 M HCl. N. muscorum CM was harvested in the deceleration phase [OD730 (1.67), chl-a (33.19 μg ml–1) and carotenoid (9.77 μg ml–1) after two cycles of centrifugation at 3000 × g for 20 min. After each cycle, the supernatant was collected and sterile-filtered through a 0.45 μm PES filter. Following that, 40 μl of the amino acid mixture or 200 μl of filtered N. muscorum CM sample was added to 100 μl of coupling buffer (acetonitrile: pyridine: triethylamine: H2O, 10:5:2:3) and dried under vacuum by rotary evaporation (ScanSpeed 32®) at 85°C. Derivatization was performed by adding 20 μl of a 7:1:1:1 ratio mixture of ethanol: water: triethylamine: PITC (v/v). The resultant mixture was incubated for 20 min in the dark at room temperature to form phenylthiocarbamyl derivatives (PTC-amino acid) that were quantified using reverse-phase HPLC. Samples were then dried under vacuum at 35°C because of PTC amino acid sensitivity to light and high temperature. The pellet was re-suspended in 100 μl of 4 mM sodium phosphate (pH 7.4) and 2% (v/v) acetonitrile and was injected into a Symmetry® C18 column (3.99 mm × 15 cm, 5 μm particle size) in a HPLC system (Agilent Technologies 1200 Series). An injection volume of 14 μl was used for the amino acid mixture, while 70 μl was injected for the N. muscorum CM sample. The mobile phase consisted of two solvents: Solvent A was 70 mM sodium phosphate (pH 6.55, adjusted by NaOH) and 2% acetonitrile (v/v); solvent B comprised 50% (v/v) acetonitrile. The following step-wise gradient was used to separate the amino acid peaks: 0–1 min [0% Solvent B; 5.5–7 min (15% B); 8.5–13.5 min (30% B); 14 min (35% B); 15.5 min (42% B); 16 min (43% B); 20 min (60%); 22 min 0% B]. Absorbance of the PTC-amino acid adducts was monitored at 254 nm.



Evaluating the Effect of Exogenous Proline and N. muscorum CM in Root Hairs of Wild-Type and Mutant Arabidopsis Lines

Two proline solutions were established in BG11 at identical concentrations previously measured in autoclaved CM (1.94 μM) and non-autoclaved CM (1.83 μM), with the former solution autoclaved at 121°C for 15 min. Both proline solutions (autoclaved and non-autoclaved) were diluted in BG11 at various concentrations. Five-day old Arabidopsis seedlings were incubated for 3 hr in the proline solutions and seedlings were then heat stressed at 50°C for 10 min. We chose 50°C as it is a stress intensity that can either give rise to high levels of PCD or cell survival, depending on the elicitor treatment. Therefore, stress exposure at this viability/PCD inflection point informs us on the effect of various treatments on the perturbation of cell death or survival signaling pathways. Seedlings were returned to the 21°C growth chamber and scored for viability, and death via necrosis or PCD 14–16 h after heat stress application. This protocol was repeated with Arabidopsis lines with proline transporter mutations: lht1 (Hirner et al., 2006), aap1 (Lee et al., 2007) and the atprot triple knockout (atprot1-1::atprot2-3::atprot3-2) (Lehmann et al., 2011). Five-day old Arabidopsis mutant seedlings were treated with exogenous proline (1, 2, 5, or 100 μM) or fresh 100% N. muscorum CM (OD730 = 1.43), chl-a = 18.9 μg ml–1 and carotenoid = 4.67 μg ml–1) for 3 h, heat stressed at 50°C for 10 min and returned to the 21°C growth chamber. The RHA was used to score viable, PCD and necrotic root hairs of the mutants after 14–16 h of stress application.



Statistical Analysis

IBM® SPSS® Version 24 (RRID:SCR_002865) was used to analyze results for significant changes (p < 0.05) across elicitor treatment and mutant Arabidopsis lines. Statistical tests used include one-way (Tukey or Dunnett Post-hoc Test) and two-way ANOVA analysis.



RESULTS


The Arabidopsis Heat Stress Baseline Response

Baseline heat stress responses were established in Arabidopsis thaliana and two distinctive stress-response thresholds were detected: stress-tolerant, PCD and necrosis (Figure 1B). Most of the root hairs remained viable (65–75%) at 25–45°C, but at 50–65°C, cell death accumulated at greater rates, with PCD being the predominant cell death form. This changed under overwhelming heat stress (75–85°C) as root hairs primarily died by necrosis, instead of PCD. Based on the dose-dependent response, 50°C was identified as the inflection point as it was located at the stress-tolerant/PCD threshold, i.e., the transition border between the majority of root hairs remaining alive versus PCD activation.



Screening N. muscorum CM for PCD-Suppression

The secretion of pro-survival signals into extracellular filtrate have been observed in animal (Barres et al., 1992) and plant cells (McCabe et al., 1997), and similar observations by C.T. Daly (unpublished data) suggest that N. muscorum CM also contains pro-survival signals. To identify the pro-survival signals, the RHA was used as a high-throughput system for screening N. muscorum CM for PCD-suppressing activity. N. muscorum was cultured in a closed batch system and the harvested CM diluted with fresh BG11 to generate a concentration range (20–100%) to determine the optimum CM% for the strongest PCD-suppressing effect at the 50°C inflection point. We used a two-way ANOVA test to analyze if increasing the N. muscorum CM concentration and autoclaving fractions would influence stress-induced PCD levels. Each individual variable had a strong significant (p < 0.01) effect on PCD levels and the adjusted r-squared value (0.333) shows that 33.3% of the variance in PCD levels can be attributed to autoclave treatment and CM% fraction. The interaction effect was non-significant, F (4, 121) = 0.49, p = 0.743.

For example, CM treatment exerted a statistically significant dose-dependent effect, where F (4, 121) = 0.49, p = 0.000. As shown in Figure 2, the strongest protection effect was offered by 60–100% non-autoclaved CM treatment (38–42% PCD), which equates to an approximate 30% decrease in PCD levels compared to SDW and BG11 (75–78% PCD) controls. All tested N. muscorum CM fractions, apart from the 20% autoclaved treatment, were significantly different (p < 0.05) from the BG11 control (Supplementary Table 1). Similarly, autoclaved CM treatments resulted in higher mean PCD levels (M = 57.1%, SE = 1.46) over non-autoclaved CM supplementation (M = 46.5%, SE = 1.52), where F (1, 121) = 25.4, p = 0.000. We tested autoclaved and non-autoclaved CM fractions to determine if the PCD-suppressing compound was thermolabile; both treatments suppressed PCD in treated root hairs showing that the major compound was thermostable. However, the PCD-suppression effect in autoclaved N. muscorum CM was consistently lower than non-autoclaved CM across all five tested CM concentrations (20–100%). Autoclaved N. muscorum CM treated seedlings had significantly (p < 0.05) higher PCD levels, with an average difference of 10.6%, compared to their non-autoclaved treated counterparts. Lastly, N. muscorum CM treatment shifted the PCD activation threshold, as a proportion of root hairs normally dying by PCD in treated seedlings were now viable. There were negligible changes in necrosis levels across all tested CM concentrations as improvements in viability levels corresponded to increasing PCD suppression.
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FIGURE 2. Effect of autoclaved (AC) and non-autoclaved N. muscorum CM on Arabidopsis root hair viability and death (PCD and necrosis) levels at 50°C heat stress. The bars represent viable (white), PCD (hatched) and necrosis (gray) root hairs, each expressed as a percentage of cell mode over total number of root hairs. Values are the average of n ≥ 8 (±SE) and represent the merged results of 3 experiments. (∗) marks PCD levels significantly (p < 0.05) different from the BG11 control using a Dunnett t-test (Supplementary Table 1).




Identification and Quantification of Proline as the Compound of Interest

Our findings from the initial N. muscorum CM screening process showed that the bioactive compound was thermostable and directly modulating the PCD pathway. This information was cross-referenced with data from a literature review on N. muscorum exometabolites and used as input for building a framework to identify possible bioactive candidates (see “Discussion”). The resultant framework highlighted proline as a candidate of interest as it accumulates in plants under abiotic and biotic stress (Abrahám et al., 2010; Hayat et al., 2012). Proline was detected in N. muscorum CM using two separate assays: the ninhydrin assay and reverse-phase HPLC. Using the ninhydrin assay, similar proline concentrations (1.83–1.94 μM) were detected in autoclaved and non-autoclaved CM used in the screening experiments, which had insignificant variability once the standard error was considered (Table 1). The ninhydrin assay is a colorimetric method for quantifying proline as ninhydrin produces a distinctive red chromophore when reacting with proline under acidic conditions. While the other proteinogenic amino acids give no color (Friedman, 2004), the ninhydrin assay can overestimate proline levels when high levels of structurally related amino acids are present, as ornithine, D-proline and δ1-pyrroline-5-carboxylic acid (P5C) produces a similar red color (Forlani and Funck, 2020).


TABLE 1. Quantification of proline in autoclaved and non-autoclaved N. muscorum CM [OD730 (1.17), chl-a (14.14 μg ml–1) and carotenoid (3 μg ml–1)].

[image: Table 1]For these reasons, a reverse-phase HPLC method was developed for additional evidence of proline and the other amino acids in N. muscorum CM. We utilized a different N. muscorum CM batch for HPLC analysis, separate from the batch originally used in the bioactivity screening and ninhydrin assay. Older cultures in the deceleration phase were specifically chosen for better amino acid detection sensitivity as culture age significantly influences the composition of cyanobacteria exometabolites (Volk, 2007). Separation of the amino acid standard mixture was achieved under the run conditions, with proline achieving a satisfactory peak resolution of 4.61 with alanine, its adjacent peak (Figure 3A, red lines). 200 μL of N. muscorum CM was concentrated (a 5-fold concentration factor) and analyzed for amino acid content. Proline was successfully detected in the 200 μL N. muscorum CM sample as a peak (70.73 mAU) that eluted at the 7.87-minute mark (Figure 3B) and its presence demonstrated by spiking the 200 μL N. muscorum CM with an internal 100 μM proline standard (Figure 3C). After overlaying the N. muscorum sample with the amino acid standard mixture, we detected the following amino acids in N. muscorum CM: glutamic acid, serine, asparagine/glycine, glutamine, histidine, arginine, threonine, alanine, tyrosine, valine, methionine, isoleucine/leucine, phenylalanine, tryptophan and lysine.


[image: image]

FIGURE 3. Detection of proline and other amino acids in N. muscorum CM sample. (A) Overlaid chromatogram of N. muscorum CM and amino acid standard mix and (B) its close-up view of the individual amino acid peaks. (C) Confirmation of the elution of proline at the 7.8 min point by spiking N. muscorum CM with an internal 100 μM proline standard. Asp, Aspartic acid, Glu, Glutamic acid, Ser, Serine, Asn, Asparagine, Gly, Glycine, Gln, Glutamine, His, Histidine, Arg, Arginine, Thr, Threonine, Ala, Alanine, Pro, Proline, Tyr, Tyrosine, Val, Valine, Met, Methionine, Cys, Cysteine, Ile, Isoleucine, Leu, Leucine, Phe, Phenylalanine, Trp, Tryptophan, and Lys, Lysine.




Confirming the Bioactive PCD-suppressing Effect of Proline


Evaluating the Effect of Exogenous Proline and N. muscorum CM in Wild-type (Col-0) Arabidopsis Lines

We prepared two proline solutions in BG11, at concentrations identical to that measured using the ninhydrin assay in autoclaved CM (1.94 μM) and non-autoclaved CM (1.83 μM). The former solution was autoclaved at 121°C for 15 min to determine if proline was the thermostable bioactive compound in N. muscorum CM. Both proline solutions were diluted across a similar concentration gradient (20–100%) to assess if proline elicits a dose-dependent response. The SDW control was omitted for this series of experiments as past results and statistical analysis (Supplementary Table 1) show that BG11 and SDW treatment results in similar PCD levels, with no bioactive effect noted in treated wild-type Arabidopsis seedlings.

We also applied a two-way ANOVA test to assess if proline was thermostable and if exogenous proline treatment exerted a dose-dependent effect. This was done by assessing if autoclave treatment and diluted proline fractions (20–100%) affected stress-induced PCD levels. Both variables did not have a significant effect and the interaction effect was also non-significant, where F (4, 115) = 2.14, p = 0.08. Autoclave treatment had an F ratio of F (4, 115) = 0.347, p = 0.557, indicating that proline was thermostable. There was no significant (p > 0.05) differences between autoclaved (M = 46.1%, SE = 1.49) and non-autoclaved (M = 47.4%, SE = 1.57) proline treatments, with an average mean difference of 1.28%. Our results confirmed that proline was thermostable as all tested proline fractions (autoclaved and non-autoclaved) significantly reduced (p < 0.05) stress-induced PCD levels of treated Arabidopsis seedlings, with up to a 24% mean difference from the BG11 control (Supplementary Table 2). Moreover, proline treated seedlings exhibited a similar stress-response profile as N. muscorum CM treatment: treated seedlings had lower stress-induced PCD levels, but negligible changes to necrosis levels (Figure 4), demonstrating the PCD-suppressing ability of proline. Unlike N. muscorum CM though, exogenous proline did not inhibit PCD in a dose-dependent manner, where F ratio of F (1, 115) = 0.195, p = 0.941. Overall, we show that proline was thermostable and suppressed Arabidopsis stress-induced PCD levels as necrosis changed negligibly across the entire treatment range.
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FIGURE 4. Effect of autoclaved (AC) and non-autoclaved exogenous proline on root hair viability and cell death modes of Arabidopsis at 50°C. A proline gradient (20–100%) was made up to assess its similarity to the N. muscorum gradient in Figure 2. Solutions labeled ‘100% proline’ corresponded to proline levels previously measured in undiluted N. muscorum CM. The remaining gradient (20–80%) was established in BG11, where 80% proline = 80% proline + 20% BG11, 60% proline = 60% proline + 40% BG11, etc., (∗) marks PCD levels significantly (p < 0.05) different from the BG11 control (Supplementary Table 2). The bars represent viable (white), PCD (hatched) and necrosis (gray) root hairs, each expressed as a percentage of cell mode over total number of root hairs. Values are the average of n ≥ 12 (±SE) and represent the merged results of 3 experiments.




Comparing the Effect of N. muscorum CM and Exogenous Proline in Heat-Stressed Arabidopsis Seedlings

We examined the extent of PCD-suppression between N. muscorum CM and exogenous proline treatments at each dilution factor from 20–100% (Figure 5). One-way ANOVA analysis at each % of CM/proline fraction revealed two key trends: (1) the greatest variations primarily affected autoclaved N. muscorum CM treated seedlings as they had higher PCD levels compared to the other treatments and (2) significant differences (p < 0.05) between N. muscorum CM and exogenous proline datasets predominantly occurred at the lower concentrations, but largely disappeared at the more concentrated doses (Supplementary Table 3). The largest fluctuation in root hair PCD levels were observed for dilutions of CM and proline solutions in the range of 20–40%, but dilutions from 60–100% did not have significant differences (p > 0.05) between N. muscorum CM and exogenous proline datasets. This shows that comparable PCD-suppression occurs at concentrated doses between proline-treated root hairs and their corresponding CM fractions – offering preliminary evidence for proline as the bioactive compound.
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FIGURE 5. Comparison of the stress-induced PCD levels of autoclaved (AC) and non-autoclaved N. muscorum CM and exogenous proline in 50°C-heat shocked Arabidopsis seedlings. Samples were diluted in BG11 across a concentration gradient (0–100%). Solutions labeled ‘100% proline’ corresponded to proline levels previously measured in undiluted N. muscorum CM, while the remaining solutions were diluted in BG11, where 80% proline = 80% proline + 20% BG11, 60% proline = 60% proline + 40% BG11, etc., Values for each dataset represent the average of n ≥ 8 (±SE) and represent the merged results of 3 experiments. Datasets marked with an (∗) are statistically different (p < 0.05) to each other using a one-way ANOVA Tukey post-hoc test (Supplementary Table 3).




Evaluating the Effect of Exogenous Proline and N. muscorum CM in Mutant Arabidopsis Lines

We evaluated the stress response profile of three proline transporter mutants against wild-type seedlings after N. muscorum CM and exogenous proline treatment. Due to differences in the ages of wild-type seed batches and their storage conditions, we obtained different PCD levels in the BG11 controls in Figures 6A,B (∼50%), compared to a different experimental set in Figure 5 (65–80%). All four Arabidopsis lines (wild-type, lht1, aap1 and the atprot triple knockout mutant line) were treated with undiluted N. muscorum CM (100% CM), low (1 μM), medium (2–5 μM), or high (100 μM) proline levels and two controls (SDW and BG11). For clarity, the SDW dataset is omitted here as it has no significant (p > 0.05) differences with the BG11 control but is displayed in Supplementary Table 4.
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FIGURE 6. Examining how proline bioactivity differs between 50°C-heat shocked wild-type and proline transporter mutants (atprot1-1::atprot2-3::atprot3-2, aap1, and lht1) upon (A, B) proline or (C) N. muscorum CM treatment. Figures A and B are the same data collated into different groupings. Datasets marked with an (∗) are statistically different (p < 0.05) to each other (Supplementary Tables 4, 5). Values are the average of n ≥ 12 (± SE) and represent the merged results of 3 experiments.


Wild-type seedlings benefited the most out of the four tested Arabidopsis lines, whether they were treated with exogenous proline or N. muscorum CM (Figure 6). An overall trend of lower stress-induced PCD levels were observed with proline treatments from 1–5 μM, and significant reductions (p < 0.05) were noted with 1 μM and 5 μM compared to the BG11 control (Supplementary Table 4). Biological variability probably accounts for weak effect at 2 μM proline as the −3.94% reduction was not sufficiently high enough to be significant. N. muscorum CM-treated wild-type plants also had the lowest PCD levels (26.7%) of all four Arabidopsis lines which equated to approximately 21.4% lower than its untreated control. However, a cytotoxic effect was noted when proline was supplemented at high (100 μM) doses; proline lost its protective effects as stress-induced PCD levels rose to 44.5% and was not statistically (p = 0.894) different from the BG11 control seedlings. A similar effect took place when proline was supplemented at 1000 μM, resulting in 54% PCD (data not shown), showing that excessive proline doses have a cytotoxic effect.

There were a number of interesting observations from the mutant supplementation study: (1) the PCD-suppressing effects of proline was attenuated in proline transporter mutants, (2) the atprot triple knockout mutant displayed a stress phenotype more similar to wild-type seedlings, (3) differences between atprot triple knockout mutant with aap1 and lht1 mutants only becomes apparent at different proline doses, and (4) priming mutants with N. muscorum CM eliminated differences between mutants.

First, proline transporter mutants responded differently to exogenous proline treatment (Figure 6A). Statistical analysis confirmed that all three mutant lines had no significant differences (p > 0.05) across the entire 1–100 μM proline treatment compared to their respective BG11 controls (Supplementary Table 4). This was reflected in the stability of their PCD levels, as the biggest mean differences from their respective BG11 controls were insignificant, e.g., the atprot triple knockout mutant (4.6%), lht1 (4.8%), and to a lesser extent aap1 (11.1%). Thus, the PCD-suppressing effects observed in proline-treated wild-type seedlings were lost in the proline transporter mutants.

Nevertheless, we also observed a marked difference between the stress-response of proline-specific (atprot triple knockout) and the general amino acid transporter (lht1 and aap1) mutants. The atprot triple knockout mutant displayed a stress phenotype more akin to wild-type seedlings, unlike the lht1 and aap1 knockout mutants (Figure 6B). The atprot triple knockout mutant had negligible changes to PCD (43–48%) levels across all proline treatments and were not statistically different (p > 0.05) from the wild-type seedlings at identical proline doses (Supplementary Table 5). In contrast, aap1 and lht1 mutants shared a similar stress phenotype, with higher PCD levels than wild-type and the atprot triple knockout mutant.

Next, the variances between the atprot triple knockout and both general amino acid transporter mutants were apparent at medium (2–5 μM) and high (100 μM) proline doses, but had little differences at low (1 μM) proline treatment (Figure 6B). At low proline levels, all three mutants had similar PCD levels (41–50%) to each other but a different pattern emerged when they were supplied with medium and high proline doses. The atprot triple knockout mutant only had slightly higher PCD levels (up to a 9.5% increase) than wild-type lines at medium and high proline doses. In contrast, both general amino acid transporter mutants were more susceptible to death and displayed up to a 19% increase in PCD levels compared to wild-type seedlings. This was reflected in statistical analysis showing that aap1 and lht1 mutants were significantly different (p < 0.05) from wild-type seedlings at 5 μM and 100 μM proline doses (Supplementary Table 5).

Finally, priming with N. muscorum CM eliminated the phenotypic difference between the atprot triple knockout and general amino acid transporter mutants as we detected similar PCD levels (35–39%) across all three mutant lines (Figure 6C). The CM bioactive effect was weaker in mutant lines as CM-treated mutants had a higher average of PCD levels (8–12%) than wild-type seedlings, but only the app1 mutants were significantly different (p = 0.032) (Supplementary Table 5). It appears than even in mutant lines, the accompanying bioactive compounds in N. muscorum CM were likely acting synergistically to exert a stronger PCD-suppressing effect than proline alone.



DISCUSSION

Survival signals such as platelet-derived and insulin-like growth factors can inhibit PCD in animal cells (Barres et al., 1992) and similar observations have been noted in plants as McCabe et al. (1997) showed that carrot cell CM inhibits stress-induced PCD at low cell densities. Previous work by C.T. Daly (unpublished data) suggest that N. muscorum CM contains pro-survival signals that exert a similar bioactive effect in Arabidopsis root hairs but attempts to identify the compound are difficult as N. muscorum exudes a broad range of exometabolites. Here, the RHA was used as a rapid screening tool to characterize N. muscorum CM bioactivity on root hair stress tolerance in terms of viability, PCD and necrosis. By using this high-throughput method, we developed a workflow for identifying and assessing the validity of the main bioactive compound in N. muscorum CM, as summarized in Figure 7.
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FIGURE 7. Workflow for identifying the pro-survival signal in N. muscorum CM.


To achieve this, we first established the baseline stress response in untreated wild-type (Col-0) Arabidopsis root hairs and identified similar thresholds (Figure 1B), first reported by Hogg et al. (2011). For example, root hairs primarily underwent PCD when subjected to heat stress within the temperature range in which cells die predominantly of PCD. At this stage, root hairs either survive if the cellular protective mechanisms can repair the heat-induced damage or activate PCD if the response is insufficient. By identifying the PCD threshold, 50 °C was chosen as the set-point for screening N. muscorum CM. Beyond this temperature, root hairs cannot survive and crossing the necrotic threshold causes necrosis to replace PCD as the primary cell death mode because of excessive cellular damage. This biphasic cell death motif concurs with past in vivo (Hogg et al., 2011) and in vitro (Lennon et al., 1991; McCabe et al., 1997; Mammone et al., 2000; Burbridge et al., 2007) studies showing that the severity of an insult governs the fate of the cell.

In the initial N. muscorum CM screening, our results yielded a few key observations. Firstly, the main PCD-suppressing bioactive compound in N. muscorum CM was thermostable as autoclaving did not attenuate the pro-survival signal in treated Arabidopsis seedlings. Additional thermolabile bioactives were likely acting in synergy with the main bioactive to suppress PCD as stress-induced PCD levels in root hairs were consistently lower in non-autoclaved CM treated seedlings than their autoclaved CM-treated counterparts. Furthermore, N. muscorum secretes EPS into their growth medium (Mehta and Vaidya, 1978) and autoclaving sugars with phosphate (BG11 medium contains high K2HPO4 concentrations) generates cytotoxic products (Finkelstein and Lankford, 1957; Wang and Hsiao, 1995). Therefore, the diminished capacity of autoclaved CM to suppress PCD was likely a combination of the destruction of synergistic thermolabile bioactive compounds and leftover cytotoxic by-products from the autoclaving process. Lastly, the main bioactive compound in N. muscorum CM shifted the PCD threshold instead of decreasing necrosis levels. Distinguishing whether the pro-survival signal affects PCD or necrosis is important as modulation of a general stress response affects necrosis, while treatments targeting the PCD pathway itself lowers PCD levels, but not necrosis (Reape et al., 2008). Thus, the main bioactive compound appeared to be directly affecting the PCD pathway and not a general stress response. Collectively, these observations were used to narrow the list of bioactive candidates as a literature review of N. muscorum exometabolites showed that they can be grouped into the following categories: exoproteins (Oliveira et al., 2015), EPS (Mehta and Vaidya, 1978), amino acids (Picossi et al., 2005; Pernil et al., 2008), the phytohormones auxin (Mirsa and Kaushik, 1989; Karthikeyan et al., 2009) and ABA (Maršálek et al., 1992), phenolics and alkaloids (Abdel-Hafez et al., 2015), and fatty acid derivatives (Abdel-Hafez et al., 2015).

Compounds were grouped into orders of importance based on their ability to withstand thermal degradation. This eliminated thermolabile groups such as EPS and exoproteins as primary candidates, while phytohormones (Sigma-Aldrich, 2019) and phenolics (Zainol et al., 2009; Igual et al., 2011; Sharma and Gujral, 2011) were considered secondary candidates as thermal processing results in a significant loss of biological activity. After filtering candidates based on their thermostability, the remaining candidate groups were amino acids, and fatty acid derivatives. By considering three factors (mechanism of PCD inhibition, cyanobacteria release and plant uptake), proline arose as a promising candidate as it accumulates in plants under abiotic and biotic stress (Abrahám et al., 2010; Hayat et al., 2012).

Proline protects against oxidative damage by upregulating the antioxidant defense and glyoxalase system (Hossain et al., 2014, 2016; Rejeb et al., 2014). Growth medium supplementation of 5–20 mM proline upregulated flux through the influential H2O2-detoxifying ascorbate-glutathione (AsA-GSH) cycle and methylglyoxal-detoxification pathways for increased tolerance to salt (Hoque et al., 2008; Hossain and Fujita, 2010) and cold stress (Kumar and Yadav, 2009). Both pathways are linked by GSH, a redox buffer that modulates the stress acclimation response as efficient GSH recycling through the glyoxalase and AsA-GSH cycle lessens the oxidative load on plant cells (Yadav et al., 2005; Hossain et al., 2016). This holds important significance for our work as ROS signaling is complicit in PCD activation in animals and plants (Doyle et al., 2010; Wang et al., 2013; Gutiérrez et al., 2014). Moreover, exogenous proline was effective at quenching ROS and inhibiting PCD in Colletotrichum trifolii and Saccharomyces cerevisiae under a range of stress elicitors (UV radiation, salt, heat, H2O2 and paraquat) (Chen and Dickman, 2005). Proline appears to have an important protective role in suppressing ROS-mediated PCD (Chen and Dickman, 2005) and here we report a similar effect N. muscorum CM has in plants.

The evidence points towards cyanobacteria-derived proline as the main bioactive ingredient as proline buffers against oxidative damage by indirectly scavenging ROS in stressed plants (Hossain et al., 2014, 2016; Rejeb et al., 2014). Additionally, unspecific leakage of proline through the natH transporter enables its release by N. muscorum cells into the extracellular medium (Picossi et al., 2005). Finally, plants have three amino acid transporter subfamilies (two general and one proline-specific) that can import proline from their surroundings into plant roots (Lehmann et al., 2010). On the whole, this offers a working paradigm as to how cyanobacteria-derived proline can prime the root hair stress response in heat-shocked Arabidopsis seedlings.

Following this, we used two assays to provide evidence for the presence of proline in N. muscorum. The ninhydrin assay was first used to quantify the proline levels, but the assay may provide false positives or overestimate the proline concentration in CM as it side-reacts with hydroxyproline and pipecolic acid. Therefore, we used the HPLC for additional proof and found similar retention times of the putative proline peak in the CM sample with both the proline standard and proline-spiked CM samples. Collectively, our results offer strong evidence for proline in the CM. We then followed-up with two sets of experiments to determine if proline was the main bioactive compound in CM. In the first experimental series, we supplied wild-type Arabidopsis seedlings with exogenous proline at the concentrations measured in N. muscorum CM. Our results showed that exogenous proline elicited a similar stress response profile to N. muscorum CM treatment by increasing viability levels by inhibiting PCD, but not necrosis. All ten proline fractions (autoclaved and non-autoclaved) significantly reduced the proportion of root hairs initiating PCD in treated Arabidopsis seedlings compared to the BG11 control. Moreover, autoclaving proline did not attenuate its PCD suppressing effects, showing that the main bioactive compound was highly thermostable. Interestingly, exogenous proline did not suppress PCD in a dose-dependent manner as seen in the N. muscorum CM fractions, at least not in the current tested range. Proline likely acts in synergy with the accompanying bioactive exometabolites in N. muscorum CM to exert a stronger PCD-suppressing effect than individual proline treatments alone. Moreover, we observed a cytotoxic effect when seedlings were supplemented with overtly high proline doses. This was reminiscent of past studies reporting the cytotoxic effects of over-supplying proline in Distichlis spicata suspension cultures (2–10 mM) (Rodriguez and Heyser, 1988) and Arabidopsis (5–20 mM) (Hare et al., 2002) and rice seedlings (5–10 mM) (Chen and Kao, 1995). For example, Hellmann et al. (2000) showed that Arabidopsis (ecotype C24) plants developed lesions after prolonged incubation on agar plates containing 200 mM proline (48 h).

Next, we investigated how Arabidopsis wild-type and proline transporter (lht1, aap1 and atprot triple knockout) mutants responded towards proline and N. muscorum CM treatment. A proline gradient was used as all three transporter subfamilies possess varying affinities for proline; heterologous Saccharomyces cerevisiae expression showed that ProT transporters had the lowest proline affinity, e.g., AtProT1 (427 μM), AtProT2 (500 μM), AtProT3 (999 μM), AAP1 (60 μM), and LHT1 (10 μM) (Lehmann et al., 2010). By comparing the performance of the mutant lines against wild-type seedlings, we sought to confirm if proline was one of the major bioactive ingredients in N. muscorum CM, while discerning the role of each transporter in stress tolerance.

Our results showed that the beneficial PCD-suppressing proline effect seen in wild-type seedlings was lost in all three mutant lines. Similarly, the bioactive effect of CM treatment was weaker across the mutant lines, although only the aap1 mutant was statistically different (p = 0.032) from the wild-type seedlings. Under low to medium proline doses, PCD was inhibited in wild-type seedlings, but this effect was lost in the mutant lines, especially in aap1 and lht1 mutants. Statistical analysis confirmed this as all three mutants had no significant (p > 0.05) PCD deviations across all proline treatments, compared to their respective BG11 controls. A similar root hair stress-response profile was observed when the mutants were treated with N. muscorum CM: all mutants had higher PCD and lower viability levels than wild-type seedlings under identical treatments. As the mutant lines have an impaired ability to import proline, their subsequent higher root hair PCD levels offered further evidence that proline was an important bioactive compound in N. muscorum CM.

It must be noted that we did not assess the mutants at other temperatures in the absence of CM or proline treatments. As of now, no study has investigated the possible effect of the amino transporter mutations on temperature sensitivity; current studies include exposure of aap1 mutants to toxic levels of amino acids (2–100 mM) (Lee et al., 2007), atprot mutants to salt stress (Lehmann et al., 2011) and lht1 mutants grown with elevated inorganic nitrogen levels (Hirner et al., 2006). In future experiments, it would be interesting to explore if the mutations would have an impact on temperature sensitivity, i.e., if the threshold for PCD induction would shift to another temperature because of possible deleterious effects from impaired proline transport. Also, we acknowledge that stressed plants can elevate internal proline levels by upregulating proline biosynthesis instead of relying on external proline uptake. However, prokaryotic studies show that proline uptake is preferred over biosynthesis if the osmolyte is already readily available (Roesser and Müller, 2001). Similar findings have been shown in plants; osmotic stressed maize (Verslues and Sharp, 1999) and salt stressed barley roots (Ueda et al., 2007) contain elevated proline levels, despite low levels of proline biosynthesis in the root tips. This was further underscored by elevated HvProT expression in barley root cap cells under salt stress and minimal pyrroline-5-carboxylate synthetase (P5CS1) activity (Ueda et al., 2001). Taken together, this implies that stressed plants also prefer importing proline compared to the biosynthesis route as it enables metabolic resources to be channeled towards other cell protective mechanisms for improved survival rates (Verslues and Sharma, 2010).

Although all three mutants did not respond to the PCD-suppressing effects of proline, a distinct root hair stress-response profile was observed between the general amino acid transporter (lht1 and aap1) and atprot triple knockout mutants. The atprot triple knockout mutant displayed a stress phenotype more reminiscent to wild-type seedlings than the mutant lines. Lehmann et al. (2011) showed that single, double and atprot triple knockout mutants had no discernible changes between the shoot size, root length and flowering time, compared to wild-type seedlings grown under axenic conditions or in the soil. This was also reflected in salt-stress treatments as they noted similar leaf proline distribution levels between the wild-type and atprot3-2 and the authors concluded that the lack of the strong phenotype of the atprot triple knockout mutants lines is due to compensation by the other root-localized proline transporters (LHT1 and APP1). Our results also reflected this as significant deviations in PCD levels from wild-type seedlings only occurred when either LHT1 or AAP1 are inactivated. Phloem-localized AtProT1 is responsible for long-distance proline translocation and can be replaced by the AAP1 transporter, while AtProT2 is found in the root epidermis and imports extracellular proline into the root cortex; this can be replaced by both LHT1 and AAP1 transporters (Perchlik et al., 2014). Thus, our work provides reinforcing evidence of the functional overlap shared between ProT and other proline transporters (Lehmann et al., 2011).

Between exogenous proline and N. muscorum CM treatments, the latter resulted in the lowest stress-induced PCD levels across wild-type and mutant lines. The biological matrix likely contains additional bioactive compounds that act synergistically to exert a stronger PCD-suppressing effect than individual proline treatments alone. We did not confirm the identity of these additional compounds, but candidates include EPS, phytohormones, ROS-detoxifying exoproteins and phenolics. EPS such as arabinose, glucose, galactose, rhamnose, xylose and ribose have been detected in N. muscorum CM (Mehta and Vaidya, 1978) and carbohydrates are organic osmolytes that protect macromolecule structure against denaturing stress conditions (Yancey, 2005; Judy and Kishore, 2016). Microbial-derived phytohormones have been suggested to play an important role in plant survival fitness (Fahad et al., 2015; Egamberdieva et al., 2017). A substantial portion of N. muscorum exoproteins were associated with ROS detoxification, suggesting the importance of maintaining redox homeostasis even outside the cell (Oliveira et al., 2015). Moreover, the high concentrations of phenolics and alkaloids in N. muscorum CM may buffer against oxidative damage (El-Sheekh et al., 2006; Abdel-Hafez et al., 2015). Collectively, reduction of ROS damage may suppress activation of PCD-inducing signals.



CONCLUSION

In this study, we provide evidence that cyanobacteria-derived proline suppressed PCD in Arabidopsis root hairs. By using the RHA to characterize N. muscorum CM bioactivity, we found that a major bioactive compound was thermostable and directly affecting PCD levels but not necrosis. Proline was identified as a potential candidate and strong evidence using the ninhydrin assay and HPLC suggest that proline is present in N. muscorum CM. Subsequent testing with exogenous proline showed a similar root hair stress-response profile with N. muscorum CM treatment (higher viability, lower PCD and unaffected necrosis levels), showing that both treatments altered the PCD sensitivity threshold. However, the lower PCD rates observed in N. muscorum CM treatment is likely because of synergistic interactions between additional thermolabile bioactive compounds. We provide additional evidence for proline as the bioactive compound using three proline transporter mutants (lht1, aap1 and atprot triple knockout). Both general amino acid transporter mutants (lht1 and aap1) displayed similar stress phenotypes to each other, with consistently higher PCD levels than wild-type seedlings at medium to high proline doses. All three mutant lines had higher PCD levels when treated with N. muscorum CM compared to wild-type seedlings, providing additional evidence for proline as an important bioactive compound present in N. muscorum CM. Data from the mutant lines also reinforce earlier findings that the accompanying bioactive compounds in N. muscorum CM were strongly inhibiting PCD over proline treatment alone, which warrants further research in the future. Collectively, this offers preliminary evidence of an unconventional biofertiliser method for inhibiting environmentally induced PCD, distinct from the known mechanisms in literature.
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