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Adventitious root formation is a postembryonic organogenesis process induced by differentiated cells other than those specified to develop roots. Adventitious root formation is a key step in vegetative propagation by stem cuttings, and has been exploited in horticulture, agriculture, and forestry [1]. Recalcitrance to adventitious rooting from stem cuttings is a major limitation for clonal propagation, including the micropropagation of elite genotypes of many tree species [2]. For a given species, endogenous and environmental factors such as genotype, tissue and time of excision, explant position, phenology, tree age and maturation, light, temperature and the rooting conditions, such as the proliferation medium, auxin treatment, mode or time of application, rooting media or environmental conditions, affect the adventitious rooting capacity and limit the use of clonal propagation by stem cuttings or by in vitro microshoots to capture the genetic superiority of selected trees [3,4]. In addition, the need to revise protocols on an accession-by-accession basis due to the difficulty to overcome the recalcitrant behavior of some genotypes using a unique protocol has also been described [4]. Procedures for the improvement of adventitious root induction in difficult-to-root species involved not only auxin treatments, light or rooting media, but also the use of bioactive compounds that could interact with auxin activity [5]. The identification and use of new molecules enhancing the effect of auxin treatments may help improve the rooting capacity of hard-to-root species. Ricci and Rolli [5] have described the positive effect of the urea derivatives N,N0 -bis-(2,3-methylenedioxyphenyl)urea (2,3-MDPU), N,N0 -bis-(3,4-methylenedioxyphenyl)urea (3,4-MDPU), 1,3-di(benzo[d]oxazol-5-yl)urea (5-BDPU), and 1,3-di(benzo[d]oxazol-6-yl)urea (6-BDPU) on adventitious root formation in distantly related plant species. Authors report that the urea derivatives act as adventitious rooting adjuvant compounds in the presence of auxin, increasing the rooting capacity and reducing callus induction. Central to the stimulation of adventitious root development in most tree species is the application of exogenous auxin. Auxin accumulation at the rooting sites, mediated by auxin polar transport, is a specific initial response of pine rooting-competent tissues [6,7]. Urea derivatives seem to interact with local and/or long-distance auxin transport that originate auxin maxima at the rooting site or modify the sensitivity of rooting cells to auxin [5]. Auxin accumulation in the progenitor cells seems to be also crucial for xylem formation. The induction of the adventitious rooting program is antagonistic to the induction of the xylogenesis program in the rooting cambial cells [5,8,9]. Pizarro and Díaz-Sala [9] demonstrated that the rooting cells of rooting-competent pine hypocotyl cuttings may follow different morphogenic pathways, including adventitious root meristem or cambium differentiation and xylem formation, depending on the presence of exogenous auxin and the directional auxin flow. The disruption of auxin accumulation at the rooting sites in the presence of polar auxin transport inhibitors induces xylem formation and inhibits rooting. Gibberellins may act within this pathway by promoting the induction of cambial proliferation and xylem formation and by inhibiting rooting [9].



Recently, remarkable progress has been made in the mechanisms underlying adventitious rooting through the application of cutting-edge tools of genome and proteome analysis, which provide a comprehensive picture of the genes and cellular processes involved in many aspects of root induction and development, as well their interactions [10,11,12,13,14,15,16,17]. The knowledge obtained in these studies points the way forward for strategies aimed at enhancing the quantity and quality of trees for desired end-uses. Functional categories and enrichment analyses of the differentially expressed transcripts during adventitious root formation in response to auxin and other factors showed that the molecular regulation of adventitious root formation is associated with the spatio–temporal modulation of auxin-, gibberellin-, jasmonic acid- and ethylene-mediated responses, wounding and sugar signaling, sugar and amino acid metabolism, photosynthesis, cell cycle, root development pathways and genes required for meristem formation and function and stem cell identity. Justamante et al. [18] provided information for the physiological and genetic basis of adventitious rooting in carnation, using a genetic approach based on the use of an F1 collection derived from a cross between two hybrid cultivars showing contrasting rooting performances. The authors describe a negative correlation between the stem cutting area at collection time and the rooting performance, demonstrating the role of cutting itself in adventitious root formation. In addition, auxin homeostasis and ethylene synthesis are associated with the rooting behavior of different lines, concluding that both factors might also play essential roles in adventitious root formation. Duman et al. [19] have also described that the auxin–ethylene balance and cell-wall properties are associated with adventitious root formation in avocado, using transcriptomic approach based on the analysis of the differential gene expression in green and etiolated branches, as well as branches subjected to short de-etiolation Interestingly, the activation of the cambium that favors xylem differentiation may counteract the formation of adventitious roots in the green branches, which show a low rooting capacity as compared with etiolated branches or branches subjected to short de-etiolation. The mechanisms that cause a cell to maintain or lose its developmental competence are unknown. Díaz-Sala [20] has described that the expression of an array of signaling genes and a functionally complex network of molecular regulations, including epigenetic dynamics, that change during maturation to favor xylem differentiation with the loss of cell reprogramming into a root primordium could be involved in the antagonism between adventitious root formation and xylogenesis. Díaz-Sala [20] has also pointed out that the dynamic cell-wall–cytoskeleton, along with soluble factors, such as cellular signals or transcriptional regulators, may be involved in adult cell responses to intrinsic or extrinsic factors, resulting in the maintenance and the induction of root meristematic cell formation, or entrance into another differentiating pathway; which could underly recalcitrance.






Funding


This research was funded by the Spanish Ministry of Economy and Competitiveness, grant number AGL2014-54698R to C.D.-S. and by the University of Alcalá, grant number UAH-AE 2017-2 to C.D.-S.




Conflicts of Interest


The author declares no conflict of interest.




References


	



Bonga, J.M. Conifer clonal propagation in tree improvement programs. In Vegetative Propagation of Forest Trees; Park, Y.-S., Bonga, J.M., Moon, H.-K., Eds.; National Institute of Forest Science (NIFoS): Seoul, Korea, 2016; pp. 3–31. [Google Scholar]

	



Díaz-Sala, C. Molecular dissection of the regenerative capacity of forest tree species: Special focus on conifers. Front. Plant Sci. 2019, 9, 1943. [Google Scholar] [CrossRef] [PubMed]

	



Vielba, J.M.; Vidal, N.; San José, M.C.; Rico, S.; Sánchez, C. Recent advances in adventitious root formation in Chestnut. Plants 2020, 9, 1543. [Google Scholar] [CrossRef]

	



Gianguzzi, V.; Barone, E.; Sottile, F. In Vitro rooting of Capparis spinosa L. as affected by genotype and by the proliferation method adopted during the multiplication phase. Plants 2020, 9, 398. [Google Scholar] [CrossRef]

	



Ricci, A.; Rolli, E. Some urea derivatives positively affect adventitious root formation: Old concepts and the state of the art. Plants 2020, 9, 321. [Google Scholar] [CrossRef]

	



Díaz-Sala, C.; Hutchison, K.W.; Golfbarb, B.; Greenwood, M.S. Maturation-related loss in rooting competence by loblolly pine stem cuttings: Role of polar auxin transport and tissue sensitivity. Physiol. Plant. 1996, 97, 481–490. [Google Scholar] [CrossRef]

	



Abarca, D.; Pizarro, A.; Hernández, I.; Sánchez, C.; Solana, S.P.; Amo, A.; Carneros, E.; Díaz-Sala, C. The GRAS gene family in pine: Transcript expression patterns associated with the maturation-related decline of competence to form adventitious roots. BMC Plant Biol. 2014, 14, 354. [Google Scholar] [CrossRef] [PubMed]

	



Ricci, A.; Rolli, E.; Brunoni, F.; Dramis, L.; Sacco, E.; Fattorini, L.; Ruffoni, B.; Díaz-Sala, C.; Altamura, M.M. 1,3-di(benzo[d]oxazol-5-yl)urea acts as either adventitious rooting adjuvant or xylogenesis enhancer in carob and pine microcuttings depending on the presence/absence of exogenous indole-3-butyric acid. Plant Cell Tissue Organ Cult. 2016, 126, 411–427. [Google Scholar] [CrossRef]

	



Pizarro, A.; Díaz-Sala, C. Effect of polar auxin transport and gibberellins on xylem formation in pine cuttings under adventitious rooting conditions. Isr. J. Plant Sci. 2020, 67, 27–39. [Google Scholar] [CrossRef]

	



Quan, J.; Meng, S.; Guo, E.; Zhang, S.; Zhao, Z.; Yang, X. De novo sequencing and comparative transcriptome analysis of adventitious root development induced by exogenous indole-3-butyric acid in cuttings of tetraploid black locust. BMC Genom. 2017, 18, 179. [Google Scholar] [CrossRef] [PubMed]

	



Li, K.; Liang, Y.; Xing, L.; Mao, J.; Liu, Z.; Dong, F.; Meng, Y.; Han, M.; Zhao, C.; Bao, L.; et al. Transcriptome analysis reveals multiple hormones, wounding and sugar signaling pathways mediate adventitious root formation in apple rootstock. Int. J. Mol. Sci. 2018, 19, 2201. [Google Scholar] [CrossRef] [PubMed]

	



Lu, N.; Dai, L.; Luo, Z.; Wang, S.; Wen, Y.; Duan, H.; Hou, R.; Sun, Y.; Li, Y. Characterization of the transcriptome and gene expression of tetraploid black locust cuttings in response to etiolation. Genes 2017, 8, 345. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Z.; Hua, J.; Yin, Y.; Gu, C.; Yu, C.; Shi, Q.; Guo, J.; Xuan, L.; Yu, F. An integrated transcriptome and proteome analysis reveals putative regulators of adventitious root formation in Taxodium ‘Zhongshanshan’. Int. J. Mol. Sci. 2019, 20, 1225. [Google Scholar] [CrossRef] [PubMed]

	



Fukuda, Y.; Hirao, T.; Mishima, K.; Ohira, M.; Hiraoka, Y.; Takahashi, M.; Watanabe, A. Transcriptome dynamics of rooting zone and aboveground parts of cuttings during adventitious root formation in Cryptomeria japonica D. Don. BMC Plant Biol. 2018, 18, 201. [Google Scholar] [CrossRef] [PubMed]

	



Sánchez, C.; Vielba, J.M.; Ferro, E.; Covelo, G.; Solé, A.; Abarca, D.; de Mier, B.S.; Díaz-Sala, C. Two SCARECROW-LIKE genes are induced in response to exogenous auxin in rooting-competent cuttings of distantly related forest species. Tree Physiol. 2007, 27, 1459–1470. [Google Scholar] [CrossRef] [PubMed]

	



Solé, A.; Sánchez, C.; Vielba, J.M.; Valladares, S.; Abarca, D.; Díaz-Sala, C. Characterization and expression of a Pinus radiata putative ortholog to the Arabidopsis SHORT-ROOT gene. Tree Physiol. 2008, 28, 1629–1639. [Google Scholar] [CrossRef] [PubMed]

	



Liu, B.; Wang, L.; Zhang, J.; Li, J.; Zheng, H.; Chen, J.; Lu, M. Wuschel-related homeobox genes in Populus tomentosa: Diversified expression patterns and a functional similarity in adventitious root formation. BMC Genom. 2014, 15, 296. [Google Scholar] [CrossRef] [PubMed]

	



Justamante, M.S.; Acosta-Motos, J.R.; Cano, A.; Villanova, J.; Birlanga, V.; Albacete, A.; Cano, E.A.; Acosta, M.; Pérez-Pérez, J.M. Integration of phenotype and hormone data during adventitious rooting in Carnation (Dianthus caryophyllus L.) stem cuttings. Plants 2019, 8, 226. [Google Scholar] [CrossRef] [PubMed]

	



Duman, Z.; Hadas-Brandwein, G.; Eliyahu, A.; Eduard Belausov, E.; Abu-Abied, M.; Yeselson, Y.; Faigenboim, A.; Lichter, A.; Irihimovitch, V.; Sadot, E. Short de-etiolation increases the rooting of VC801 avocado rootstock. Plants 2020, 9, 1481. [Google Scholar] [CrossRef] [PubMed]

	



Díaz-Sala, C. A Perspective on adventitious root formation in tree species. Plants 2020, 9, 1789. [Google Scholar] [CrossRef] [PubMed]












	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  plants-10-00486


  
    		
      plants-10-00486
    


  




  





media/file0.png





