[bookmark: _GoBack]Title: Xylogenesis in zinnia (Zinnia elegans) cell cultures: unravelling the regulatory steps in a complex developmental programmed cell death event

Journal: Planta
Authors: Elena T. Iakimova1, Ernst J. Woltering2,3
1Institute of Ornamental Plants, Sofia, Bulgaria, 2Wageningen University and Research, Food & Biobased Research and 3Wageningen University, Horticulture and Product Physiology, Wageningen, The Netherlands
Corresponding author: Ernst J. Woltering
e-mail: ernst.woltering@wur.nl

Microscopy for identification of the cellular structures and cell death signalling intermediates in xylogenic zinnia cell culture

The morphological features of the living, dead, transdifferentiating and differentiated cells in zinnia culture can be reliably identified by means of various microscopy techniques. These include the use of various labelling probes for identification of e.g. the composition and structure of SCWs, microtubule organization, cytoplasm membrane system, and detection of the occurrence of cell death process including observations on vacuole expansion, changes in tonoplast permeability and vacuole rupture, nucleus and DNA disintegration, autolysis, phenotypic appearance of immature and mature TEs.
For example, staining with fluorescein diacetate (FDA) that is converted to a green fluorescing compound by the esterases in the living cells (Rotman and Papermaster 1966) is used for determining the viability of cultured mesophyll cells (Kuriyama 1999; Obara et al. 2001; Twumasi et al. 2009, 2010a). This fluorophore enters the cell in a passive way and  becomes trapped inside the cell after its enzymatic breakdown to fluorescein in the cytoplasm (Rotman and Papermaster 1966). Typical for the living cells are FDA positive cytoplasm, diffuse nucleus and FDA negative intact vacuole. Kuriyama (1999) successfully applied this dye for observations on tonoplast permeability of differentiating TEs. With advancement of TE differentiation FDA was progressively taken up into the vacuole thus making possible to visualise the loss of tonoplast integrity. The author categorized the FDA stained zinnia cells as: living mesophyll cells (green fluorescence in the cytoplasm and intact FDA negative vacuole), living TEs with intact vacuole membrane and initial deposited SCWs (green fluorescence in cytoplasm), dying TEs with vacuole content mixed with the cytoplasm (yellow fluorescence in the whole cell) and dead TEs  being hollow cells (no fluorescence). Living TEs with FDA positive intact cytoplasm, partially completed SCWs and FDA negative intact vacuole have been described also in the studies of Twumasi et al. (2010a).  In other investigations it has been shown that the vital zinnia cells and the intact nucleus can be visualized by green fluorescent SYTO16 which is a membrane permeable dye that binds to nucleic acids (Obara et al. 2001). The nuclei in immature TEs are well distinguishable by the red fluorescence emitted from propidium iodide (PI), a fluorochrome permeable through the damaged plasma membrane and nuclear envelope (Obara et al. 2001; Twumasi et al. 2010a). In earlier experiments Weir et al. (2005) applied PI to detect chromatin condensation and DNA disintegration in cell death stage of zinnia TE formation in vitro. Twumasi et al. (2010a) used double FDA-PI staining for examination of immature TEs that showed PI positive compact nucleus, incomplete SCWs and fading FDA fluorescence remaining from partially digested cytoplasm mixed with the content of vacuole released after tonoplast rupture. Propidium iodide was shown also suitable for labelling of cell walls including SCWs in zinnia TEs (Pighin et al. 2004; Cattolin et al. 2009; Twumasi et al. 2010a). DNA double strand breaks that occur in the TE cell death stage can be detected by TUNEL (Terminal deoxynucleotidyl transferase mediated dUTP Nick End Labeling). TUNEL is a marker of free 3’-OH ends of DNA that accumulate during different kinds of cell death processes. This technique may not well discriminate the apoptotic-like internucleosomal DNA fragmentation and the random DNA cleavage (Gavrieli et al. 1992) but when considered in combination with other PCD markers (e.g. DNA laddering and cell morphological features) it can be reliably informative for identification of the cells in which PCD has actually taken place. Twumasi et al. (2010a) showed that TE maturation in zinnia cell culture was associated with DNA fragmentation evidenced by appearance of TUNEL positive nuclei. For example, TUNEL assay also revealed that DNA fragmentation occurs before the synthesis of the secondary cell wall in in planta differentiating xylem cells in Populus roots (Bagniewska-Zadworna et al. 2014). Various other kinds of DNA staining are known, but are rarely reported for determination of DNA degradation occurring during TE cell death in zinnia cell culture. 
A classical dye to distinguish SCWs is Calcofluor White (CFW), which binds to the cellulose bands of the SCWs which following the labelling appear in blue colour. For observing the SCWs of zinnia TEs, CFW was for the first time introduced by Falconer and Seagull (1985, 1988). Since then this probe is widely applied to distinguish the cell wall thickenings in transdifferentiating zinnia cells (Groover and Jones 1999; Weir et al, 2005; Twumasi et al. 2010a; Novo-Uzal et al. 2013; Pesquet et al. 2013, and others). Secondary walls are also well distinguishable through staining of lignin with phloroglucinol (a dye that reacts with coniferyl aldehyde and cinnamaldehyde groups in lignin to yield red coloured cationic chromatophore) and by lignin and monolignols autofluorescence (Taylor et al. 1992; Groover and Jones 1999; Weir et al. 2005; Lacayo et al. 2010; Donaldson and Radotic 2013; Novo-Uzal et al. 2013; Pesquet et al. 2013; Tobimatsu et al. 2013). SCW thickenings can be visualized also by epifluorecence microscopy following staining with Tinopal LPW fluorescent brightener (a stilbene - an isomer of 1,2-diphenylethen) (Roberts and Haigler 1994). 
Based on light microscopy of CFW stained zinnia cultured cells, Kákošová et al. (2013) classified differentiated TEs by their thickening. Vessel elements with annular, annular-helical, and helical SCW patterning were determined as protoxylem (PX)-like, those with helical-reticulate and reticulate as reticulate (R)-like and scalariform, reticulate-pitted and pitted as MX-like. The cell cultures were isolated from palisade and spongy mesophyll and the patterning was preserved in the cells that differentiated either without cell division or with division in longitudinal and transversal direction. The percent of PX-like and MX-like TEs originating from palisade parenchyma was comparable whereas from the TEs differentiated from spongy mesophyll cells 98 % were MX-like and the rest developed PX-like thickening.
The morphology of xylem elements, SCW architecture and cell death features have been accurately identified by TEM and atomic force microscopy (AFM). For example, AFM in combination with synchrotron radiation-based (SR)-FTIR spectromicroscopy was used for examination of the chemical composition and the arrangement of cellulose microfibrils of SCWs in zinnia TEs, labelled with carbohydrate-binding module which is a polysaccharide-specific probe (Lacayo et al. 2010). In TEM micrographs of sections of Populus stems Courtois-Moreau et al. (2009) have distinguished TE maturation associated autophagic-like features such as formation of small vesicles and dilatation of the ER after tonoplast rupture. The electron microscopy also revealed details of micro-autolysis within the intact central vacuole and of mega-autolysis. The latter is initiated following the disruption of tonoplast in differentiating vessel elements in Arabidopsis roots (Avci et al. 2008) and, various other cellular changes associated with SCW deposition and cell death execution in stem vascular tissue of the same plant (Turner et al. 2007). Early information collected through TEM analysis of differentiating zinnia TEs comes from the work of Burgess and Linstead (1984). Based on ultrastructural cellular features, they determined three phases of xylem element development in zinnia in vitro and in young leaves: cell wall thickening, cytoplasm degeneration and cell wall hydrolysis. Although in general the process is considered very similar in vitro and in vivo, these authors observed differences in ER system during SCW formation. In intact leaves swollen ER cisternae were positioned closely to the base of wall thickening but this was not observed in in vitro differentiating zinnia TEs. However, a similar pattern of microtubule redistribution before appearance of wall thickening and ER swelling at the inception of cytoplasm degeneration was seen in both conditions. Peculiarities of the hydrolysis of primary cell wall at the end of TE differentiation in vitro and in planta have been established. TEM images have shown that in vivo the hydrolysis leads to formation of loosely fibrillar wall which swells into the lumen of the cell where it disintegrates, whereas the hydrolysed wall of in vitro differentiating cells appeared granular lacking fibrillar components (Burgess and Linstead 1984). Haigler and Brown (1986) reported an electron microscopy study pointing to a critical role of Golgi apparatus in the synthesis and deposition of SCW components and export of cellulose synthesizing apparatus in zinnia cells transdifferentiating in culture. They detected rosette-shaped structures comprising particles thought to be important in cellulose synthesis. The rosettes were first localised in protoplast and with advancement of SCW formation found in plasma membrane over regions of secondary wall thickening but not between the bands. This suggested that rosettes might be continuously delivered and inserted into the membrane until completion of cell wall thickening. Examination by TEM of zinnia TEs in zinnia culture treated with cellulose synthesis inhibitors 2,6,-dichlorobenzonitrile (DCB) and isoxaben (herbicide) identified TEs with less regular SCW patterning. Interestingly, these TEs underwent normal cell death and autolysis. The disturbed thickening was associated with a lack of the hemicellulose xylan, the latter evidenced by absence of labelling with specific xylanase or antibody to xylan (Taylor et al. 1992). Xylan is suggested to participate in the linking of lignin to cellulose. In the same studies, differential interference contrast microscopy (phologlucinol/HCL staining of lignin and Tinopal LPW staining of cellulose in SCW) showed that despite DCB-induced changes in SCW thickening, lignin was in dispersed phase, in contrast to control TEs in which lignin was specifically localized in the SCW thickenings. These data were among the first suggesting a mechanism of SCW assembly which is dependent on supply of mediator molecules such as xylan and that the localization of cellulose might determine the localization of lignin (Taylor et al. 1992). 

Identification of cell death signalling intermediates 

The TE development in zinnia culture occurs in highly oxidative state (Barceló 1998a, b, 1999; 2005; Gómez-Ros et al. 2006; Novo-Uzal et al. 2013) the level of which is dependent on ROS production and detoxication by the cellular enzymatic and non-enzymatic antioxidant system. The involvement of ROS and especially H2O2 in PCD is well established (Levine et al. 1994). In the differentiation of xylem tissue, H2O2 is required for lignification (Novo-Uzal et al. 2013 and references therein). It is involved in peroxidase-mediated oxidative polymerization of cinnamyl alcohols to lignins and in the reinforcement of the cell wall through participating in cross-linking of cell wall proteins (Ogawa et al. 1997; Olson and Varner 1993; Levine et al. 1994; Barceló 1998a, b and references therein). In the work of Gómez-Ros et al. (2006), in zinnia culture and in vascular bundles in young zinnia stem H2O2 generation was visualized by CLSM using cyto- and histochemical staining with 2’-7’ dichlorofluorescein diacetate (DCFH-DA). Additionally, the presence of H2O2 was confirmed biochemically by xylenol orange, and superoxide anion (O2-) production was analysed with 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide. In the same studies the crystalline thickening of SCWs of vascular cells in zinnia stem was imaged under polarized light microscopy and H2O2 distribution in cultured TEs was detected in electron micrographs. The observations have indicated that transdifferentiating living cultured cells are capable of producing ROS which occurs in nonlignifying (parenchyma-like) undifferentiated cells and at the beginning of TE lignification. Hydrogen peroxide synthesis in the vital cells was suggested necessary for lignification in the later stage of SCW formation in the dead TEs (Gómez-Ros et al. 2006). In other experiments, detection of H2O2 in zinnia stem vascular vessels by staining with starch/KI reagent pointed to a similar role of H2O2 in xylem lignification (Olson and Varner 1993; Ferrer and Barceló 1999; Barceló 1998a, b, 2005). Contribution of oxidative factors to TE differentiation process in zinnia cell culture was shown also earlier by Weir et al. (2005). They combined fluorescent microscopy with flow cytometry to analyse H2O2 production by staining with DCFH-DA and used monochlorobimane fluorescence for establishing the content of reduced glutathione. 
By electron microscopy in CeCl3 stained zinnia mesophyll cells electron-dense deposits indicative for H2O2 production and localization have been viewed. In the early transdifferentiation stage the electron-dense granules were located on cell surfaces including cell wall and plasma membrane and in the later stage appeared uniformly distributed in the primary and secondary cell walls (Barceló 2005; Gómez-Ros et al. 2006).  The findings provided additional evidence for participation of H2O2 in SCW lignification of zinnia xylem elements and suggested that H2O2 might be supplied from intercellular spaces. 
A possible role of the gaseous hormone NO in xylem differentiation has been shown. CLSM of zinnia stem sections incubated with the NO-sensitive ﬂuorescent dye 4,5-diaminofluorescein-2 diacetate revealed a gradient of NO production which was low in mesophyll cells at the stage of acquisition of competence to transdifferentiate, highest during the process of transdifferentiation in accordance with SCW synthesis and during autolysis, and lowest in fully differentiated and ligniﬁed TEs (Gabaldon et al. 2005; Novo-Uzal et al. 2013). These findings demonstrated the contribution of NO to lignification and cell death. 
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