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Intercellular signalling

In the xylogenic zinnia cell cultures, a portion of the cells do not differentiate. These are suggested to serve as feeder cells supplying substrates necessary for the transdifferentiation of the others. In turn, transdifferentiating cells (that are still alive) send messenger molecules to the non-differentiating cells to either initiate or prevent TE development. 
Arabinogalactan (ARG)-like proteins, BRs, PSK, mono- and dilignols, some peptides and H2O2 have been identified as the main factors contributing to cell-to-cell signalling (Fig. 4, main text). 
A nonclassical type of ARG protein is proposed to fulfil a function as intercellular communicator, first known as hypothetical ‘xylogen’. A medium from low-density cell culture has very low level or is lacking ARG but in medium from differentiating cells the content of this compound increases during the course of TEs formation. A positive feedback loop in which the immature xylem cells produce ARG which stimulates the pro-cambium cells to differentiate and the newly differentiating cells to produce more ARG which further stimulates the transdifferentiation of not yet differentiated cells was suggested (Motose et al. 2001a, b). In their later study Motose et al. (2004) identified the xylogen as a proteoglycan-like factor with hybrid-type molecule with properties of both ARG proteins and nonspecific lipid-transfer proteins. They named the gene Zinnia elegans xylogen protein 1 (ZeXYP1). The transcripts  were shown to accumulate 12 h before visible appearance of TEs and the levels reached a peak at 48 h  after the induction of the culture. Arabinogalactan accumulation corresponded to stage II of xylogenesis in which the dedifferentiated cells become precursor TEs. It was also found that auxin stimulates the expression of this gene whereas both CK and auxin were required for accumulation of the protein (Motose et al. 2004). By using ZeXYP1 protein sequence as a query against the TAIR Arabidopsis database, Kobayashi et al. (2011) performed BLAST (basic local alignment search tool) search for xylogen-type genes in the Arabidopsis genome and identified 13 xylogen-type genes with significant similarity to ZeXYP1, responsible for encoding ARG-like proteins. Among them AtXYP2, appeared as the best candidate for a counterpart of ZeXYP1. Genes encoding for ARG-like proteins were as well identified in Populus, Vitis, Lotus, Oryza, Selaginella and Physcomitrella, suggesting that xylogen-type proteins might function as intercellular differentiation-related signals in various land plants (Kobayashi et al. 2011).
A role of ARG in the control over the arrangement of SCW thickenings in zinnia was proposed by Dahiya et al. (2006). From cDNA library, derived from induced to transdifferentiate cultured zinnia cells, these authors isolated a fasciclin-domain-containing ZeFLA11 gene - a putative zinnia homologue of Arabitdopsis gene FLA11 (fasciclin-like arabinogalactan protein; At5g03170) that was suggested to contribute to pattern formation of SCWs.  In situ hybridization of ZeFLA11 with an antisense ribioprobe with transverse sections, performed in isolated stem and leaf sections of zinnia seedlings, revealed that the gene expression corresponded with the formation of R-shaped thickening of differentiating MX vascular bundles and adjacent parenchyma cells in the stem and not with the development of SCW with spiral thickening pattern in the leaf vessels. These data indicated that this ARG (a glycosylphosphatidylinositol (GPI) anchored protein) may contribute to the formation of MX generated vessel elements with reticulate architecture of SCWs.  In zinnia cell culture derived from palisade leaf mesophyll, Dahiya et al. (2005) isolated the gene ZeRH2.1 containing ring finger domain (really interesting new gene, RING) and encoding for RING-H2 protein. Expression of ZeRH2.1 was detected in freshly isolated mesophyll cells and in the time course of TE differentiation. Accumulation of abundant transcripts of ZeRH2.1 was observed in xylem parenchyma of leaf vascular bundles, in the companion cells of the stem fibers and in the phloem cells of juvenile vessels. The enhanced localization of ZeRH2.1 transcripts in this specific sites suggested that ZeRH2.1 may function as intercellular transporter involved in protein-protein interactions. 
Brassinosteroids are suggested to serve as intercellular communicators operating in stages I and III of TE differentiation. In Arabidopsis it has been shown that the peptide is perceived at the cell surface by a membrane-bound receptor kinase of the leucine-rich repeat family.  The receptor activity is regulated by calmodulin (Sauter 2015). In transdifferentiating zinnia cells it has been suggested that in early and late stages, different BRs may operate in extracellular signalling. For example, the level of castersterone in the culture medium increased significantly just before stage III suggesting its involvement in mediation of the entry into the cell death phase whereas brassinolide was stimulated by auxin and proposed to play a role in cell-to-cell interaction in the early transdifferentiation process (Motose et al. 2001a, b; Yamamoto et al. 2001, 2007). In similarity to ARG, PSK was present in conditioned medium collected from cultures with high cell density that promoted the transdifferentiation of cells at low density. And again, in a manner similar to ARG, a positive feedback loop in the regulation of initial transdifferentiation stage was suggested: PSK stimulates the transformation of dedifferentiated cells into pro-cambium-like cells which in turn produce more PSK, in this way maintaining the pro-cambium-like state (Motose et al. 2001a, b).
In zinnia and Arabidopsis xylogenic cultures and in zinnia stems the lignification of SCWs was determined as a partially non-autonomous process dependent on factors such as mono- and dilignols (acting as lignin precursors) and H2O2 being produced by the living non-transdifferentiating cells (Barceló 1998b; Groover et al. 1997; Hosokawa et al. 2001; Tokunaga et al. 2005; Avci et al. 2008; Bollhöner et al. 2012, 2013; Novo-Uzal et al. 2013; Pesquet et al. 2013; Schuetz et al. 2013; Farquharson 2014; Ménard and Pesquet 2015). Differential gene expression analysis of zinnia cells in vitro and in vivo identified genes encoding for the enzymes cinnamoyl CoA reductase and cinnamyl alcohol dehydrogenase that are involved in the synthesis of lignin monomers. The genes were expressed in both non-TE cells and in differentiating TEs. Lignin monomers are transported through the culture and utilized for TE lignification also in post-mortem stage (Pesquet et al. 2013; Ménard and Pesquet 2015). Hosokawa et al. (2001) reported that the addition of coniferyl alcohol to diluted zinnia culture medium with low cell density promoted the lignifications. They analysed the medium by GC-MS and HPLC and detected accumulation of the monolignols coniferyl aldehyde, coniferyl alcohol and synapyl alcohol. The levels of these substances were elevated at the beginning of SCWs thickening, then decreased during SCWs formation and increased again in the stage of lignification following the vacuole rupture. Based on these results it was suggested that monolignols are probably produced and secreted from parenchyma-like cells and from immature TEs. During TE differentiation and after cell death they are transported through the medium to be used in the lignification process of the differentiating living and dead TEs.
Dilignols are intermediates required for lignin polymerisation. Coniferyl alcohol, dilignols erythroguaiacylglycerol-β-coniferyl ether, threo-guaiacylglycerol-β-coniferyl ether, dehydrodiconiferyl alcohol and pinoresinol have been isolated from conditioned medium of differentiating zinnia cell culture (Tokunaga et al. 2005). Peaks of accumulation, especially for coniferyl alcohol were detected at the initial stage of transdifferentiation (indicating the substance is produced by the living cells) and in the final lignification stage (post-mortem) following TE autolysis. In the mid-term stage characterized with intensive SCW development, the concentration decreased indicating possible incorporation of coniferyl alcohol into developing SCWs. Mono- and dilignols are synthesised by enzymatic pathways involving PAL (Wang et al. 2013). The formation of TEs in a culture where PAL activity was inhibited by L-α-aminooxy-β-phenylpropionic acid was promoted at the addition of the above mentioned substances. This data showed that lignification indeed depends on the supply with mono- and dilignols which are produced and released into the medium from non-TEs and immature TEs. Although various models of translocation of monolignols are suggested, the molecular mechanism of their transport from the cytoplasm through the plasma membrane is not yet clear. As assumed by Novo-Uzal et al. (2013), the pathways may involve translocation through the 4-O-glucosylated forms, exocytosis via the ER-Golgi, passive diffusion via hydrophobic reactions through the plasma membrane or active transport via different transporters. In zinnia cell culture an implication of ATP binding cassette (ABC) transporters was assumed (Pesquet et al. 2005). In a recent work of Ménard and Pesquet (2015) it was suggested that in planta the intercellular interactions may contribute to the physiological functioning of xylem fibers. An example is the restoration from air embolisms, to which the lumen of xylem vessels is vulnerable. The authors proposed a mechanism of xylem sap flow recovery involving transportation of sugars and ions from xylem parenchyma cells into the TEs. This may increase the osmotic pressure of xylem sap which results in “flushing out” the air bubbles. 
A contribution of zinnia Rac small guanosine-5'-triphosphatase (GTPase), ZeRAC2 to intercellular communication has been suggested by Nakanomyo et al. (2002). They found that ZeRAC2 mRNA accumulates on the outer site of the plasma membrane of parenchyma cells and TE precursor cells both under xylogenesis inducing conditions in vitro and in zinnia plants. The localization of this protein was confirmed by confocal microscopy observations of the fusion protein GFP-ZeRAC2. Regarding the messenger function of ZeRAC2, it was speculated that as xylem parenchyma cells supply H2O2 necessary for the polymerization of lignin precursors, this protein might activate plasma membrane bound NADPH oxidase that generates the superoxide anion thus stimulating the further generation of H2O2 which is incorporated in the SCWs (Ogawa et al. 1997; Barceló 1998a, b). Hydrogen peroxide-dependent peroxidase and O2- dependent laccases are involved in the production of lignin monomer radicals which are directly incorporated into the lignin in the cell wall (Ranocha et al. 1999; Boerjan et al. 2003; Barros et al. 2015; Ménard and Pesquet 2015; Serk et al. 2015). The extracellular transfer of H2O2 produced in non-differentiating cells and contributing to TEs pre- and post-mortem lignification was substantiated by inhibition of ROS generating enzymes. The inhibition resulted in suppression of TE lignification (Karlsson et al. 2005; Pesquet et al. 2013).
Extracellular Tracheary element Differentiation Inhibitory Factor (TDIF) – a peptide encoded by CLAVATA3/ENDOSPERM SURROUNDING REGION (CLE) genes has been found to repress the transdifferentiation in zinnia cell culture in the early stage (Ito et al. 2006). In Arabidopsis a ligand-receptor pair made of the TDIF peptide and TDIF RECEPTOR/ PHLOEM INTERCALATED WITH XYLEM membrane protein kinase (TDR/PXY) promotes proliferation of procambial cells and suppresses their xylem differentiation. It was suggested that from TDRF the extracellular signalling splits into two pathways independently contributing to sustaining the activity of pro-cambium and cambium stem cells and to suppressing the differentiation thus regulating the organization of vascular meristem in planta. At the intracellular level, it was shown that in the Arabidopsis xylem meristem, CLE10 suppressed procambial cell differentiation through specifically repressing the expression of two Arabidopsis Response Regulators (ARRs), ARR5 and ARR6, the products of which act as negative regulators of CK signalling (Kondo et al. 2011). Similar mechanism of control over TE differentiation may operate in zinnia cultured cells and during xylem differentiation in other plants (Fukuda et al. 2007; Hirakawa et al. 2010; Kondo et al. 2011). 
Hydrolases released into the culture medium after vacuole rupture in differentiating TEs threaten the living cells. The reduced vitality of mesophyll cells may result in suppression of cell potential to transdifferentiate.  However, it was established that the cells are capable of protecting themselves against the hydrolases by producing a specific peptide which is transported through the cell wall toward the extracellular space. The Tracheary Element Differentiation-related (TED4) peptide which is plant non-specific lipid transfer protein is demonstrated to perform a cell death protective function. The gene ZeTED4 encoding for this peptide was found to be preferentially expressed in living and transdifferentiating cells. The gene was also expressed in association with vascular development of young zinnia seedlings (Endo et al. 2001).  In xylogenic zinnia culture TED4 is secreted into the apoplast prior to and with the progression of morphological changes of the TEs. It was suggested that TED4 binds to and inactivates the proteasome in living mesophyll cells thereby inhibiting the proteasome mediated downstream cell death signalling (Endo et al. 2001; Escamez and Tuominen 2014).  Further analysis will shed more light on the role of this and other PCD protective mechanisms in zinnia and other xylogenic systems.
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