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Pharmacological studies contributing to elucidation of differentiation and cell death associated signalling in xylogenic zinnia cell culture

In addition to the information provided in the main text, here the insights in the regulation of xylogenesis in cultured zinnia cells gained through pharmacological analyses are described. 

Auxin and cytokinin
The formation of continuous vessel fibers in planta is dependent on polar auxin flow which in case of wounding is interrupted leading to disturbed mode of xylem development (Kuriyama and Fukuda 2000; Fukuda 2004; Mattsson et al. 1999 and references therein). The importance of auxin transport for canalization of xylem differentiation in a narrow column of cells (Sachs 2000) has been examined by application of the polar auxin transport inhibitors 1-N-naphthylphthalamic acid (NPA), 9-hydroxyfluorene-9-carboxylic acid (HFCA) and 2,3,5-triiodobenzonic acid (TIBA). In the presence of these chemicals the normal distribution and patterning of vascular bundles in Arabidopsis leaf parenchyma cells have been affected (Mattsson et al. 1999). In intact leaves exposed to wounding or in conditions of vascular blockage which interrupts the water flow, the continuity of xylem tissue is restored by development of xylem conduits bypassing the injured areas. The TEs composing the new routes arise from parenchyma cells surrounding the wound (Aloni 1987; Fukuda 1992). In Arabidopsis, Pinus pinea and other species the ability of leaf parenchyma cells to transdifferentiate and form rescue xylem conduits has been attributed to a leakage of auxin from wounded cells (Aloni 1987; Kalev and Aloni 1998a, b; Mattsson et al. 1999). Similarly, in xylogenic zinnia culture, auxin released from wounded mesophyll cells is suggested to stimulate the transdifferentiation (Fukuda 1992; Kuriyama and Fukuda 2000). This has been corroborated through experiments with the auxin transport inhibitors NPA, HFCA and TIBA. Treatments of zinnia cell culture with the inhibitors prevented auxin efflux from the cells and suppressed the transdifferentiation. The process was associated with an increase of total NAA amount but with a depletion of intracellular free NAA due to enhanced NAA metabolism. In the presence of NPA the transition from stage I to stage II was inhibited thus suggesting a contribution of auxin transport to early transdifferentiation events (Yoshida et al. 2005). In zinnia xylogenic culture, TE differentiation was also prevented in medium supplemented with anti-auxins p-chlorophenoxyisobutyric acid or p-chlorophenoxyisobutyric acid (Church and Galston 1988).
Little information is available about inhibitory studies related to cytokinins.  Some early experiments of Church and Galston (1988) have shown that the addition of anti-cytokinins (4-(cyclopentylamino)-2- methylthiopyrrolo[2,3-d]pyrimidine) and (3-methyl-7-n-pentylaminopyrazolo [4,3-b]pyridine) suppressed TE development if added at day 3 of culture initiation but did not affect the division of mesophyll cells. It has not been tested whether the inhibition of TE differentiation caused by anticytokinins can be reversed by increasing the cytokinin concentration in the culture medium. 

Gibberellin
Few pharmacological analyses have addressed the role of gibberellins in zinnia xylogenesis.  A contribution of GA3 to lignification of differentiating zinnia TEs has been shown in experiments with inhibitors of GA3 metabolism. It was found that lignification is suppressed in response to treatment of the culture with ancymidol, paclobutrazol and uniconazole that are known to inhibit the first steps of GA3 synthesis pathway, namely the conversions from ent-kaurene to ent-kaurenoic acid which are catalyzed by cytochrome P450-dependent monooxygenase (Tokunaga et al. 2006). The effect of inhibitors has been reversed at the addition of GA3 and BRs. As paclobutrazol and uniconazole are also inhibitors of BRs and sterol synthesis these studies provided information also about BRs involvement in xylogenesis.

Ethylene
The gaseous plant hormone ethylene is involved in the mediation of zinnia TE differentiation. Exposure of zinnia culture to ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) and ethylene-releasing compound 2-chloroethyl-phosphonic acid (ethephon) potentiated the TE formation whereas the addition of inhibitors of ethylene synthesis such as CoCl2 and 1-aminoisobutyric acid (AIB) (both inhibitors of ACC oxidase (ACO)), and aminoethoxyvinylglycine (AVG), an inhibitor of ACC synthase (ACS) suppressed the process. This suggested that ethylene production is a prerequisite for zinnia TE development (Pesquet and Tuominen 2011). The application of ethylene receptor blocker silver thiosulfate (STS) resulted in inhibition of both TE cell death and TE lignification thus showing a role of ethylene perception in the transdifferentiation process in this cell system (Pesquet et al. 2013). 

Nitric oxide
Pharmacological analyses have also shown the involvement of NO in transdifferentiation. Exposure of zinnia cells to NO scavenger 2 -phenyl-4,4,5,5-tetramethyl imidazoline-1-oxyl-3-oxide (CPTIO) led to strong suppression of transdifferentiation and cell death which indicated the role of NO in the processes of SCWs synthesis and PCD (Gabaldón et al. 2005). Ferrer and Barceló (1999) performed well designed experiments to study the interaction of NO with peroxidase in lignifying xylem fibres in zinnia stems. These authors treated the stems with the NO releasing compounds sodium nitroprusside (SNP) or S-nitroso-N-acetyl-penicillamine or with NO gas, detected  H2O2 with starch/KJ reagent, histochemically determined peroxidise activity by using the chromogenic substrate 3,3',5,5'-tetramethylbenzidine and by isoelectric focusing and, distinguished peroxidise isoenzymes by staining with 4-methoxy-a-naphthol. It was found that NO-releasing compounds and NO itself suppressed the activity of coniferyl alcohol peroxidase which is a basic peroxidise present in intercellular washing fluid of zinnia. Treatments of the cell culture with 5.0 mmol m-3 SNP (releasing approximately 35 µmol NO m-3 s-1) and with NO gas in concentrations of 55 or 100 µmol m-3 s-1 have inhibited the enzyme activity by 42 %, 62 % and 100 %, respectively. However, the chemicals did not affect H2O2 production in lignifying xylem in planta. These results suggested that NO may contribute to lignification through directly or indirectly interfering with non-enzymatic factors or with other enzymes (such as NADPH oxidase and superoxide dismutase) responsible for synthesis and conversion of other ROS preceding the H2O2 generation. 

Calcium and other signals
Zinnia TE differentiation is dependent on Ca2+ and CaM signalling. This has been demonstrated following application of the Ca2+ channel blockers La3+ and dihydropyridine, and the CaM inhibitors trifluoperazine (TFP), chlorpromazine (CP), tetracaine and N-(6-aminohexyl)-5-chloro-1-naphthalenesulfonamide hydrochloride (W-7). The agents suppressed TE formation if administrated together with auxin and CK. These experiments suggested that Ca2+/CaM system is involved in a relatively early stage of transdifferentiation. Calmodulin binds to CaM binding proteins in the presence of Ca2+. An increase of the levels of at least two of CaM binding proteins of 27 and 28 kDa as well as the levels of CaM and membrane bound Ca2+ has been established prior to the onset of SCWs deposition (Roberts and Haigler 1990; Kobayashi and Fukuda 1994). Additionally, the application of CaM antagonists at the beginning of SCWs deposition inhibited the aggregation of actin filaments in the cytoskeleton which is related to reorganisation of microtubules predefining the architecture of SCW thickening (Kobayashi and Fukuda 1994 and references therein).  Complete inhibition of TE differentiation in zinnia cell culture has been reported also at treatment with calcium-channel blocker nifedipine if added to the culture 2-3 h before the beginning of SCW deposition (Roberts and Haigher 1992). Contrary, in the same study it was found that the methylxanthines caffeine and theophylline that stimulate the release of Ca2+ from intracellular stores are able to inhibit TE differentiation but only if applied at least 8 h prior to the appearance of cell wall thickenings. These results suggested that soon before the onset of SCW deposition TE differentiation is dependent on the influx of extracellular calcium whereas earlier events might be associated with intracellular Ca2+ efflux.
Inhibitory studies have revealed more regulatory elements of TE differentiation in zinnia cell culture. For example, application of α-aminooxy-β-phenylpropionic acid, an inhibitor of PAL activity, blocked lignin synthesis in zinnia cells suggesting a contribution of phenylpropanoid pathway to lignin production (Ingold et al. 1990). Suzuki et al. (1992) demonstrated that inhibition of cellulose synthesis with 2,6-dichlorobenzonitrile disturbed the positioning of lignin deposits and the thickenings of in vitro developing zinnia TEs. Through administration of a range of compounds such as protein phosphatase inhibitor okadaic acid, protein kinase inhibitor staurosporine, protein synthesis inhibitor cycloheximide, RNA synthesis inhibitor actinomycin D, heterotrimeric G-protein activator mastoparan, Ca2+ ionophore A23187, respiration inhibitor sodium azide and others, the contribution of various signalling pathways to formation of zinnia vessel elements in vitro has been recognized (Groover et al. 1997; Groover and Jones 1999). Barceló (1999) applied the calmodulin (CaM) inhibitor 1-[bis(p-chlorophenyl)methyl]-3-[2,4-dichloro-β-(2,4-dichlorobenzyloxy)phenethyl]imidazoliniumchloride), phospholipase C inhibitor neomycin sulfate and  staurosporine. These substances compromised the lignification and diminished the levels of produced ROS which was restored at the addition of the protein phosphatase inhibitor cantharidin. The obtained results indicated that the activation of the enzymatic system responsible for generation of  H2O2/O2- in lignifying xylem of zinnia plant is exerted through a complicated network in which CaM, phospholipid signalling, and protein phosphoryllation are involved.

DNA synthesis
Pharmacological analyses have indicated that DNA synthesis is not strictly necessary for the cells to enter the differentiation process. The application of DNA synthesis inhibitors 5-fluorodeoxyuridine and colchicine has not affected the transdifferentiation of non-divided cells but suppressed the differentiation of TEs originating from dividing cells (Dodds 1980). Further, in other studies has been found that other agents known to inhibit DNA synthesis such as aphidicolin, arabinosyl cytosine, fluorodeoxyuridine, fluorouracil and mitomycin C prevented the transdifferentiation (Sugiyama and Komamine 1987). Kákošová et al. (2013) showed that following cell division the mesophyll cells are capable to transdifferentiate into TEs. Earlier, Iwasaki et al. (1986) reported that GA3 may inhibit the cell division and DNA synthesis in isolated zinnia mesophyll cells but whether this is related to transdifferentiation was not discussed. 

Proteolytic enzymes
Some of the first suggestions concerning the involvement of proteolytic activities in zinnia TE differentiation cascade in vitro are as well based on pharmacological studies. Application of a range of inhibitors provided evidence for participation of cysteine and serine proteases in the hydrolysis of the cellular content in differentiating TEs. For example, the application of the irreversible cysteine protease inhibitor L- transepoxysuccinyl-leucylamido- [4-guanidino]butane (E64) and serine protease inhibitor  phenylmethylsulfonyl fluoride  suppressed the TE formation in zinnia cell culture. The proteins were identified as 29 kD cysteine and 60 kDa serine proteases. A cysteine protease activity was induced in vitro and corresponded to cysteine protease activity present in the xylem of zinnia stems (Ye and Varner 1996). Additionally, the participation of cysteine proteases in transdifferentiation of cultured zinnia cells was substantiated through the inhibition of TE production in vitro by E64 (Twumasi et al. 2010a). The existence of cysteine endopeptidase with molecular mass of 30 kDa contributing to transdifferentiation of zinnia mesophyll cells into immature TEs has been suggested through repression of its activity by the irreversible cysteine protease inhibitor [L-3-trans-carboxyoxiran-2-carbonyl]-L-Leu-agmatin (Minami and Fukuda 1995). The involvement of a wide range of cysteine proteases was indicated also by the complete inhibition of transdifferentiation occurring in presence of the broad range cysteine protease inhibitors N-ethylmaleimide and iodoacetamide (Iakimova and Woltering 2009). In their experiments Groover and Jones (1999) treated the zinnia culture with trypsin which triggered TE cell death. Following application of trypsin inhibitors, SCW formation, TE cell death and autolysis were suppressed. In the same study it was also shown that, after finalization of SCW deposition, a cell wall localized cell death inducing serine protease stimulated Ca2+ influx.  These results showed that SCW and PCD are interconnected. Woffenden et al. (1998) have applied the proteasome inhibitors clasto-lactacystin β-lactone (LAC) and carbobenzoxy-leucinyl-leucinyl-leucinal (LLL) at the time of zinnia cell culture initiation. The former irreversibly inhibits tryptic, chymotryptic, and peptidylglutamic cleavage activities of the proteasome. In addition to being a proteasome inhibitor, LLL is also a calpain Ca2+-dependent thiol protease inhibitor. When these two agents were added before induction of the culture they totally prevented the transdifferentiation whereas if applied post-induction with auxin and CK, only LAC delayed the TE development. An increase of the portion of living TEs and dead TEs expressing incomplete autolytic clearance of cellular content was observed at the application of LLL. Further evidence for proteasome involvement in xylem cell death came from Han et al. (2012) who, by using LAC, managed to inhibit the differentiation of vessel elements in an Arabidopsis xylogenic culture.  These results pointed to a regulatory role of the proteasome and of cysteine proteases in autolytic elimination of the cellular content in in vitro developing TEs. 
Plant caspase-like proteases (CLP) are thought to play an important role in most PCD processes in plants. These enzymes are functional but not structural homologues to the animal cysteinyl asparic proteases (caspases) acting as cell death executioners (Woltering 2010; Petzold et al. 2012 and references therein). Through employing pharmacolocological analysis Twumasi et al. (2010a) reported the first observation on possible CLPs contribution to zinnia transdifferentiation/PCD in vitro. These authors showed that the irreversible broad-ranged human caspase inhibitor benzyoxycarbonyl-Asp-2,6-dichlorobenzoyloxymethylketone (Z-Asp-CH2-DCB), the irreversible caspase-1 inhibitor Tyr-Val-Ala-Asp-chloromethylketone (Ac-YVAD-CMK), and the reversible caspase-3 tetrapeptide inhibitor Acyl-Asp-Glu-Val-l-aspartic acid aldehyde (Ac-DEVD-CHO) delayed TE cell death which corresponded to a delay in the timing of the formation of completed TEs. The inhibitors also suppressed the occurrence of the PCD markers DNA laddering and appearance of TUNEL positive nuclei. 
The above discussion shows the efficiency of pharmacological approaches in the elucidation of the most important findings on the signalling processes mediating the xylogenesis in zinnia in vitro.
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