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Lignin is a complex polymer that is embedded in plant cell walls to provide physical support and water protection. For these reasons, the production of lignin is closely linked with plant adaptation to terrestrial regions. In response to developmental cues and external environmental conditions, plants use an elaborate regulatory network to determine the timing and location of lignin biosynthesis. In this review, we summarize the canonical lignin biosynthetic pathway and transcriptional regulatory network of lignin biosynthesis, consisting of NAC and MYB transcription factors, to explain how plants regulate lignin deposition under drought stress. Moreover, we discuss how the transcriptional network can be applied to the development of drought tolerant plants.
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Introduction

As sessile organisms, plants encounter rapid or incremental changes in their surrounding environmental conditions, collectively called environmental stresses, during their growth. Environmental stresses affect various parts of plant development, growth, and reproduction (Nakashima et al., 2014; Takahashi et al., 2020), and extreme stresses trigger severe damage during vegetative and reproductive growth. Therefore, plants must recognize and respond to their changing environment to ensure their survival. For that reason, plants have evolved to utilize multiple signaling networks that mediate structural, chemical, and molecular protection against environmental stresses. Among these environmental stresses, drought represents a major challenge for crop production in the context of current climate changes and regional water shortages (Tardieu et al., 2018). Drought significantly reduces regional water availability, leading to competition between agricultural, industrial, and residential water usage. In addition, current climate changes exacerbate droughts by increasing their frequency, duration, and severity. Therefore, it is necessary to develop strategies to increase or maintain agricultural crop production with reduced water availability by adapting cultivation systems and generating new plant varieties with enhanced drought tolerance (Tester and Langridge, 2010; Tardieu et al., 2018). To achieve this goal, we need to precisely understand the drought-induced molecular changes that trigger drought resistance in plants.

To overcome drought stress, plants have developed three drought resistance mechanisms: drought avoidance, drought tolerance, and drought escape (Lawlor, 2013; Carraro and Di Iorio, 2022). Drought avoidance, which mainly occurs under mild or moderate drought conditions, involves various responses related to maintaining water levels for basal growth; these responses include stomatal closure, leaf rolling, the accumulation of water-preservable metabolites, increases in root growth, and the enhancement of water storage capacity. On the other hand, drought tolerance describes an ability of plants to maintain a certain level of physiological activity under severe drought conditions by reducing drought-induced oxidative and osmotic damages. Finally, drought escape is a strategy in which plants complete their life cycle before the onset of drought stress. Based on physiological output, drought-induced xylem differentiation and increases in lignin content can be categorized as either drought avoidance or tolerance mechanisms. Plants can also use more than one of these mechanisms to overcome drought stress depending on their developmental stage and the drought severity.

Lignin is a complex and heterogeneous polymer consisting of phenylpropanoid subunits, and it is a component of specialized cell walls, which become rigid and water-impermeable with the addition of lignin (Fraser and Chapple, 2011; Xie et al., 2018). Since lignin deposition requires a high and irreversible input of carbon sources, lignin deposition is tightly regulated during plant development through transcriptional, posttranscriptional, and posttranslational processes (Gou et al., 2018; Rao and Dixon, 2018; Cesarino, 2019). In addition to playing a role in plant development, lignin is also involved in plant responses to various biotic and abiotic stresses (Barros et al., 2015; Cesarino, 2019). Although the connection between lignin and drought has been demonstrated in various plants, several studies report changes in lignin content and composition under drought conditions without investigating the underlying molecular regulatory processes. However, recent studies have provided multiple lines of evidence suggesting that enhanced lignin deposition through either transcriptional or enzymatic modifications increases drought tolerance in plants (Lee et al., 2016; Bang et al., 2019; Cesarino, 2019). It has also been proposed that master transcriptional regulators of lignin biosynthesis are activated by drought and ABA via transcriptional regulation or posttranslational modification (Liu et al., 2021a; Bang et al., 2022; Jung et al., 2022). Increases in lignin content in response to drought could result from lignin deposition in new xylem or existing vascular cells (Srivastava et al., 2015; Liu et al., 2021b; Ramachandran et al., 2021). These findings propose molecular mechanisms involved in drought-mediated changes in xylem differentiation and corresponding lignin deposition. In addition, they suggest that enhanced lignin accumulation that increases physical defenses against drought can be leveraged as another strategy to develop drought tolerant plants. This review aims to introduce the transcriptional regulation of lignin biosynthesis that occurs during secondary cell wall development and drought and summarize recent achievements regarding the development of drought tolerant plants by transcriptional or enzymatic modulation of lignin biosynthesis. Finally, we discuss important aspects that should be considered when developing drought tolerant plants through enhanced lignin deposition.





The importance of lignin in plants

Lignin is a cell wall–binding phenolic polymer that is synthesized by almost all plants (Weng and Chapple, 2010; Renault et al., 2017). Lignin is mainly located in the secondary cell wall, where it provides the physical strength required for supporting plant structures. In addition, lignin is essential in supporting the transport of water and minerals through xylem. Due to these physical functions, lignin, together with other phenylpropanoid metabolites, is regarded as an important metabolite in the evolution of land plants (Weng and Chapple, 2010). Early land plants first acquired an ability to produce phenylpropanoid metabolites to protect themselves from UV irradiation—a formidable challenge hindering successful migration to land (Lowry et al., 1980). However, until the rise of tracheophytes, early land plants could not synthesize lignin. Uniquely, tracheophytes could deposit lignin in their cell wall to increase mechanical support and strengthen water-conducting cells for long-distance water transport, both of which were necessary for their growth in size (Weng and Chapple, 2010). Thus, the acquisition of the phenylpropanoid pathway and production of lignin were essential in enabling the dominance of tracheophytes in this terrestrial environment.

Due to their importance for water transport, large amounts of lignin are deposited in xylem vascular tissues such as protoxylem, metaxylem, and fibers (Barros et al., 2015). Unlike lignification in protoxylem and metaxylem, lignification of fibers is not associated with water transport. Lignin is also deposited in the endodermal cells that form a Casparian strip (Naseer et al., 2012). Lignin deposition in xylem vascular tissues and Casparian strip is important for water uptake from soil and transport to shoots. Lignins are mainly composed of three hydroxycinnamyl alcohol monomers—p-coumaryl, coniferyl, and sinapyl alcohols—which produce p-hydroxylphenyl (H), guaiacyl (G), and syringyl (S) monolignol units, respectively (Vanholme et al., 2010). Lignin composition varies between cell types and cell wall layers. For example, tracheary elements (TEs) and Casparian strips are predominantly enriched with G units, while fibers are enriched with S-units (Fukushima and Terashima, 1991; Naseer et al., 2012; Blaschek et al., 2020; Ménard et al., 2022). In addition, the proportion of monomers with different aliphatic residues such as alcohol (XCHOH) or aldehyde (XCHO) also differs between cell types. For one, the proportion of aldehyde residues (XCHO) is higher in metaxylem than protoxylem, and XCHO is higher in primary cell walls and middle lamellae compared to secondary cell walls (Hänninen et al., 2011; Blaschek et al., 2020). In addition to being regulated by cell type, the incorporation of lignin monomers varies temporally in plants. H and G monomers are incorporated in the early maturation stage, while S and XCHO are deposited in the later maturation stage (Blaschek et al., 2020; Ménard et al., 2022). Overall, lignin deposition in xylem vascular tissues is beneficial for plant survival under drought conditions (Ménard et al., 2022). Lignin deposition is also known to facilitate plant protection against pathogen invasion. In response to pathogen attack and wounding damage, lignin with a higher proportion of H units is deposited in cell walls at the site of infection or damage (Malinovsky et al., 2014; Reyt et al., 2021), helping plants minimize dehydration and strengthen physical barriers to prohibit pathogen entrance into cells (Bhuiyan et al., 2009). These differences in lignin composition between different cell types suggest that lignin polymerization is tightly regulated so that plants can adjust the flexibility of vascular tissues according to developmental requirements and environmental conditions.





Lignin biosynthesis

Lignin biosynthesis can be divided into three major steps: monolignol biosynthesis through the phenylpropanoid biosynthesis pathway in the cytoplasm, transport of lignin precursors into apoplasts, and its polymerization in the cell wall. Monolignols are synthesized through the phenylpropanoid pathway (Vanholme et al., 2010; Fraser and Chapple, 2011; Xie et al., 2018), which is required for the biosynthesis of multiple phenolic compounds in addition to lignin (Fraser and Chapple, 2011; Zhang et al., 2015; Zhang et al., 2021). Monolignol biosynthesis begins with the deamination of phenylalanine through phenylalanine ammonia-lyase (PAL), producing cinnamic acid. Due to its critical role in phenylpropanoid biosynthesis, function of PAL has been extensively studied in various plants (Wanner et al., 1995; Zhu et al., 1995; Chang et al., 2008; Zhan et al., 2022). In Arabidopsis (Arabidopsis thaliana), mutation of PAL1 and PAL2 led to a significant decrease in phenylpropanoids and lignin (Rohde et al., 2004). Cinnamate 4-hydroxylase (C4H), a P450 monooxygenase, introduces a hydroxyl group into the phenyl ring of cinnamic acid, producing p-coumaric acid. Mutation of C4H altered various aspects of metabolic flow, decreasing the abundance of several end-products of the phenylpropanoid pathway (Schilmiller et al., 2009). In addition, grasses can generate p-coumaric acid from tyrosine through the phenylalanine tyrosine ammonia lyase (PTAL) enzyme (Barros et al., 2016). p-Coumaric acid can be further hydroxylated at the C3 position by coumarate 3-hydroxylase (C3H) to generate caffeic acid (Barros et al., 2019), which can also be generated by caffeoyl shikimate esterase (CSE) from caffeoyl-shikimate (Vanholme et al., 2013). The hydroxyl group at the C3 position of caffeic acid is then methylated by cinnamyl alcohol dehydrogenase (COMT), producing ferulic acid. Subsequently, a carboxyl group of p-coumaric acid and ferulic acid is reduced into alcohol by 4-coumarate: CoA ligase (4CL), cinnamoyl-CoA reductase (CCR), and cinnamyl alcohol dehydrogenase (CAD). p-Coumaroyl-CoA is also converted into caffeoyl-CoA by quinate/shikimate p-hydroxylcinnamoyltransferase (HCT) and p-coumaroylshikimate 3’-hydroxylase (C3’H). Through caffeoyl-CoA O-methyltransferase (CCoAOMT), caffeoyl-CoA is further converted to feruloyl-CoA, which is then reduced by CCR to form coniferaldehyde. Coniferaldehyde is hydroxylated by ferulate 5 hydroxylase (F5H), producing 5-hydroxylconiferaldehyde, and then converted into sinapyl alcohol by caffeic acid O-methyltransferase (COMT) and cinnamyl alcohol dehydrogenase (CAD). Through these sequential enzymatic reactions, cinnamic acid is converted into three phenolic precursors (Fraser and Chapple, 2011; Xie et al., 2018) (Figure 1). In addition to these three general precursors of lignin, C, 5H, tricin, and coumaroylated G/S monomers are also synthesized in plants (Petrik et al., 2014; Zhao, 2016; Lam et al., 2021).




Figure 1 | The lignin biosynthesis pathway from phenylalanine in plants. PAL, phenylalanine ammonia-lyase; PTAL, phenylalanine tyrosine ammonia lyase; C4H, cinnamic acid 4-hydroxylase; 4CL, 4-Coumarate: CoA ligase; CCR, cinnamoyl-CoA reductase; HCT, quinate/shikimate p-hydroxycinnamoyltransferase; C3’H, p-coumaroylshikimate 3’-hydroxylase; C3H, coumarate 3-hydroxylase; CSE, caffeoyl shikimate esterase; CCoAOMT, caffeoyl-CoA O-methyltransferase; F5H, ferulate 5-hydroxylase; COMT, caffeic acid O-methyltransferase; CAD, cinnamyl alcohol dehydrogenase; PMT, p-coumaroyl-CoA:monolignol transferase; LAC, laccase; PRX, peroxidase. Arabidopsis LACs involved in lignification of vascular tissue are illustrated on the bottom. The figure was created with Biorender (http://biorender.com).



The phenolic precursors synthesized in the cytoplasm are exported into apoplasts, where they are polymerized to form lignin through a radical reaction catalyzed by lignin formation enzymes, specifically peroxidase (PRX) and laccases (LACs), in the cell wall (Berthet et al., 2011; Shigeto et al., 2015; Blaschek and Pesquet, 2021) (Figure 1). Since lignin accumulation in xylem cells occurs after committed programed cell death (post-mortem lignification), cell type–specific lignification can be achieved by the specific localization of lignin formation enzymes. Although various PRXs and LACs are both heavily involved in lignin deposition in plants, their spatial distributions can differ. For example, AtLAC4, AtLAC17, and AtPRX72 were found to be localized to the thick secondary cell wall of xylem, whereas AtLAC4, AtPRX64, and AtPRX71 were detected in fiber cells (Hoffmann et al., 2020). Shigeto et al. (2015) found that AtPRX2, AtPRX25, and AtPRX71 mediate the lignification of Arabidopsis stems. Mutation of these genes reduces lignin content up to 25%. In addition, it has been reported that AtPRX17 is required for the lignification of leaves, stems, flowers, and siliques in Arabidopsis plants (Cosio et al., 2017), while lignification of Casparian strips is largely mediated by AtPRX64 (Lee et al., 2013). On the other hand, AtPRX72 is involved in lignification of both vascular tissues and stems, with mutation of AtPRX72 causing the collapse of some xylem cells and reduced inflorescence stem height (Herrero et al., 2013). Overall, PRXs seem to display different affinity toward particular monolignols. For example, AtPRX2 and AtPRX71 prefer the S unit over the G unit for oxidation (Shigeto et al., 2014). Similarly, genetic analysis using multiple LAC mutants brought further support to the idea that lignin deposition is mediated by cell type–specific LACs (Blaschek et al., 2023). Mutation of LAC4, LAC11, and LAC17, which are highly expressed in lignifying tissue, significantly reduced lignin accumulation in stems and roots (Zhao et al., 2013). More specifically, LAC4 plays a prominent role in lignin deposition in metaxylem, while LAC17 is important for lignin deposition in interfascicular and xylary fibers. In addition to these LAC genes, LAC5, LAC10, and LAC12 nonredundantly alter lignin accumulation in different lignified cell types (Blaschek et al., 2023). It is also worth mentioning that LAC4, LAC5, LAC10, LAC12, and LAC17 are less important for lignin accumulation in protoxylem than other lignified cell types. Similarly, mutation of the above five LACs did not affect mechanical strengthening of secondary xylem TEs (Blaschek et al., 2023). These results indicate that additional LACs are involved in lignin accumulation in protoxylem and secondary xylem. In addition to lignin accumulation, LAC affects cell type specific ring structure and terminal residue composition in lignin (Blaschek et al., 2023). LAC4 and LAC17 predominantly regulate accumulation of S residue in interfascicular fibers, while LAC4, LAC12, and LAC17 are involved in accumulation of S residue in xylary fibers. In case of protoxylem and metaxlyem, LAC4, LAC5, LAC10, LAC12, and LAC17 show functional redundancy for regulation of S/G ratio. Proportion of terminal residues [the levels of G subunits with aldehyde (GCHO) versus alcohol residues (GCHOH)] is also regulated by different set of LACs depending on cell types (Blaschek et al., 2023). LAC4 and LAC17 is important for incorporating GCHO in interfascicular fibers, while LAC4, LAC5, LAC12, and LAC17 contribute to GCHO accumulation in xylary fibers. Different with these cell types, GCHO/GCHOH ratio in protoxylem and metaxylem is not affected by LAC4, LAC5, LAC10, LAC12, and LAC17. These unique spatial distributions and nonredundant contributions suggest that different sets of PRXs and LACs mediate lignification depending on the tissue or cell type. Interestingly, AtLAC19, AtPRX42, AtPRX52, and AtPRX71 have been detected in non-lignified tissues. This result indicates that another factor, specifically apoplastic accumulation of hydrogen peroxide either by NADPH oxidase or RBOH, might be required for lignin deposition in addition to PRX and LAC activity (Hoffmann et al., 2020).

In leveraging these biosynthetic pathways, many efforts have been made to control the chemical composition of lignin in plants. For example, suppression of HCT and C3’H in alfalfa has been attempted in efforts to enrich lignin with H units, which helps to reduce biomass recalcitrance for biological conversion processes (Shadle et al., 2007; Pu et al., 2009). In switchgrass, suppression of both F5H and COMT significantly reduced lignin S units but increased G units (Wu et al., 2019). To reduce the proportion of G units, the CCoAOMT gene can be targeted for suppression. For example, down-regulation of CCoAOMT in Pinus radiate produced up to a 10-fold increase in the H/G ratio (Wagner et al., 2011). Similarly, RNAi-mediated suppression of CCoAOMT in maize reduced the ratio of G units in lignin (Li et al., 2013). In poplar, overexpression of F5H driven by a C4H promoter increased S units in lignin by 97.5% (Stewart et al., 2009). These studies evidence how the physical and chemical properties of lignin can be changed through regulation of phenylpropanoid biosynthetic genes.





Transcriptional regulation of lignin biosynthesis in plants

The regulation of lignin deposition is crucial for successful development in plants. Accumulation of lignin in a given cell is a consequence of metabolic flux from carbon sources through the shikimate, phenylpropanoid, and monolignol biosynthesis pathways. The rate of flux through the pathway is affected by the relative amount or activity of key regulatory enzymes. For that reason, many efforts have been made to elucidate the transcriptional regulation of phenylpropanoid and lignin formation enzymes. Studies examining the regulation of PAL transcription have provided several important insights into the transcriptional regulation of phenylpropanoid biosynthesis in plants (Hatton et al., 1995; Kim et al., 2014; Xie et al., 2018). Since PAL activity is required for synthesis of various phenylpropanoid compounds, which are important for plant development and responses to environmental conditions, expression of PAL genes has to be regulated by various internal and external signals. During plant development, the PAL promoter is activated in differentiating xylem cells, cortices, root tips, and pollen (Bevan et al., 1989; Hatton et al., 1995). Promoter deletion analysis has found that the minimum sequence required for tissue-specific expression of PAL is localized within -254 bp from the transcriptional start site. The specific motifs found from the PAL promoter are known as AC elements due to the enrichment of adenosine and cytosine (Hatton et al., 1995). These AC elements have also been identified from the promoters of other phenylpropanoid and lignin biosynthesis genes. These observations suggest that expression of phenylpropanoid and lignin biosynthetic genes is co-regulated by specific types of transcription factors. In agreement with the prediction of Hatton et al. (1995), it was found that certain AC elements act as MYB protein binding sites. Among the MYB transcription factors regulating phenylpropanoid and lignin biosynthesis, MYB46 is well-studied in plants (Zhao et al., 2005). MYB46 functions as a master regulator in secondary cell wall formation in Arabidopsis. To regulate the secondary cell wall thickening of xylem cells, MYB46 is predominantly expressed in fibers and metaxylem within stems. Similarly, MYB83, a close homolog of MYB46, was identified as a key regulator of secondary cell wall biosynthesis (McCarthy et al., 2009). Ectopic expression of MYB46 under the control of a dexamethasone-inducible promoter revealed that MYB46 controls expression of multiple MYB transcription factors (MYB43, MYB52, MYB54, MYB58, and MYB63), all of which are activators of secondary cell wall biosynthesis (Ko et al., 2009). In addition, promoter analysis revealed that MYB46 binds to a secondary wall MYB-responsive element (SMRE), which resembles a previously reported AC element. MYB46 activates expression of MYB transcription factors as well as phenylpropanoid biosynthetic genes, including PAL1, C4H, 4CL1, HCT, CCoAOMT, CCR1, F5H1, and CAD6 (Zhong and Ye, 2012; Kim et al., 2014). Poplar PtrMYB3 and PtrMYB20, functional orthologs of Arabidopsis MYB46 and MYB83, also activate expression of genes related to secondary cell wall biosynthesis and deposition of lignin through binding to SMRE elements (McCarthy et al., 2010; Zhong et al., 2013). MYB58 and MYB63, direct targets of MYB46 and MYB83, also activate lignin biosynthetic genes through AC elements (Zhou et al., 2009). Similarly, MYB20, MYB42, MYB43, and MYB85 regulate phenylalanine and lignin biosynthetic genes during secondary cell wall formation (Geng et al., 2019).

Like MYB transcription factors, NAC transcription factors are involved in regulating lignin biosynthesis. SECONDARY WALL-ASSOCIATED NAC DOMAIN PROTEIN 1 (SND1) is the first NAC transcription factor to have been identified in secondary cell wall biosynthesis of fiber cells, which provide structural support in plants (Zhong et al., 2006). SND1 is specifically expressed in interfascicular fibers and xylary fibers in the stem. Overexpression or dominant repression of SND1 significantly altered secondary cell wall thickening of fibers. In particular, overexpression of SND1 is known to induce ectopic deposition of lignin in the secondary wall of epidermal and mesophyll cells, suggesting that proper developmental regulation of SND1 is important for fiber development. These observations suggest that SND1 is a key regulator of secondary cell wall biosynthesis in fibers (Zhong et al., 2006). Consistent with this idea, it was found that MYB46 and MYB83 are direct targets of SND1 (Zhong et al., 2007a; McCarthy et al., 2009). However, mutation of SND1 did not alter secondary cell wall development (Zhong et al., 2007b). Based on this observation, NAC SECONDARY WALL THICKENING PROMOTING FACTOR1 (NST1), a homolog of SND1, was identified in Arabidopsis. Double mutation of SND1 and NST1 significantly reduced secondary cell wall development and lignin accumulation in stem fiber cells (Zhong et al., 2007b). It has also been reported that additional NAC transcription factors [NST2, NST3, VASCULAR-RELATED NAC DOMAIN 6 (VND6), and VND7] are crucial for secondary cell wall development in fiber cells (NST2 and SND1/NST3), protoxylem (VND7), and metaxylem (VND6) (Mitsuda et al., 2005; Mitsuda et al., 2007; Ohashi-Ito et al., 2010; Yamaguchi et al., 2011). These results illustrate a representative hierarchical transcriptional regulatory network built around secondary cell wall development and lignin biosynthesis that consists of NAC and MYB transcription factors.

In addition to these positive regulators, there are negative regulators of secondary cell wall development and lignin biosynthesis. These include MYB transcription factors belonging to subgroup 4 (MYB3, MYB4, MYB7, and MYB32) that act as negative regulators in lignin biosynthesis (Jin et al., 2000; Preston et al., 2004; Wang and Dixon, 2012; Zhou et al., 2017). In cotton, GhMYB4 down-regulates lignin biosynthetic genes, including C4H, 4CL, and CAD (Xiao et al., 2021). Similarly, poplar PtoMYB156 and banana MusaMYb31 are involved in negatively regulating lignin biosynthesis (Tak et al., 2017; Yang et al., 2017). The negative regulation of lignin biosynthetic genes by MYB transcription factors can be explained by the EAR domain in their C-termini. NIGHT LIGHT-INDUCIBLE AND CLOCK-REGULATED 1 (LNK1) and LNK2 were found to be corepressors that physically interact with the EAR domain of MYB3 to enhance the repressive activity of MYB3 on C4H expression (Zhou et al., 2017). MYB4, MYB7, and MYB32 also suppress expression of their upstream regulator, SND1 (Wang et al., 2011). These mechanisms constitute a negative feedback regulatory loop.

In addition to the NAC–MYB regulatory network, other groups of transcription factors are also involved in lignin biosynthesis. OsIDD2, a C2H2 zinc finger transcription factor, acts as a repressor for lignin deposition by repressing expression of OsCAD2 and OsCAD3 (Huang et al., 2018). In Arabidopsis, E2Fc was proposed as an upstream regulator of VND7 (Taylor-Teeples et al., 2015). Since E2Fc forms a repressor complex with the RETINOBLASTOMA-RELATED (RBR) protein, the E2Fc–RBR complex inhibits VND6 and VND7 expression, but a moderate E2Fc level activates VND7 expression (Taylor-Teeples et al., 2015). Thus, E2Fc can act as both an activator and a repressor to regulate VND7 gene expression (Taylor-Teeples et al., 2015). In addition to VND6 and VND7, E2Fc also binds to the promoters of phenylpropanoid and lignin formation genes (C4H, CCoAOMT, CAD4, and LAC4). Interestingly, it has also been reported that the NAC-type transcription factor XYLEM NAC DOMAIN1 (XND1) interacts with RBR and acts as a repressor of xylem development (Zhao et al., 2017). The XND1–RBR repressor complex negatively regulates expression of NST1, NST2, VND6, and VND7 (Zhao et al., 2017). In addition, XND1 represses VND6-mediated transcriptional regulation by sequestering VND6 in the cytoplasm (Zhong et al., 2021). These findings suggest that the transcription factor–RBR complex constitutes an additional regulatory network for secondary cell wall formation and lignin deposition (Figure 2).




Figure 2 | The NAC–MYC transcriptional network of lignin biosynthetic genes in plants. (A) Regulation of secondary cell wall development in xylem cells and fibers. ABA regulates xylem cell and fiber development through phosphorylation of NAC SECONDARY WALL THICKENING PROMOTING FACTOR1 (NST1) and transcriptional activation of VASCULAR-RELATED NAC DOMAIN 2 (VND2), VND3, and VDN7. SnrK2, SNF1-related protein kinase 2; RBR, RETINOBLASTOMA-RELATED; XND1, XYLEM NAC DOMAIN 1. (B) Transcriptional regulation of lignin biosynthesis. LNK1, NIGHT LIGHT-INDUCIBLE AND CLOCK-REGULATED 1; Orange box, NAC transcription factor; green and light brown boxes, MYB transcription factor; dark brown box, transcriptional corepressor; black arrow, activation; black line with bar, repression. The figure was created with Biorender (http://biorender.com).



Through targeting MYB transcription factors, certain microRNAs are also involved in the post-transcriptional regulation of lignin biosynthesis. For one, miR828 negatively regulates lignin biosynthesis by targeting MYB171 and MYB011, which are activators of PAL1 and CCR2 expression (Wang et al., 2022). Overexpression of miR858 down-regulates expression of its target genes (MYB11, MYB12, and MYB111), resulting in up-regulation of lignin biosynthetic genes and down-regulation of flavonoid biosynthetic genes (Sharma et al., 2016). Because the two pathways share a precursor, the miR858–MYB module can change the metabolic flow between flavonoid and phenylpropanoid biosynthetic pathways. These results suggest that miR858 promotes lignin biosynthesis, whereas miR828 inhibits it, by targeting different sets of MYB transcription factors involved in lignin biosynthesis. Recently, poplar miR395c was found to be involved in both sulfate metabolism and secondary cell wall development (Liu et al., 2022). Overexpression of xylem-specific miR395c increased secondary xylem width but decreased secondary cell thickness. It was also found that miR395c overexpression down-regulated MYB46 expression (Liu et al., 2022), thereby inhibiting expression of lignin biosynthetic genes. LAC activity is also post-transcriptionally regulated by miRNAs. miR397 has been found to target LAC4 to reduce lignin deposition in Arabidopsis, poplar, and cotton plants (Lu et al., 2013; Wang et al., 2014; Wei et al., 2021). Similarly, maize miR528 negatively regulates lignin deposition in vascular tissues by targeting ZmLAC3 and ZmLAC5 (Sun et al., 2018). These instances of miRNA-mediated regulation of the lignin biosynthetic pathway describe a fine-tuning of lignin biosynthesis in response to developmental cues and environmental stresses in plants.





Importance of lignin in the drought responses of plants

Lignin deposition in vascular cells is important not only for long-distance water transport but also for recovery from drought. In plants, the concentration of lignin is higher in vascular tissue such as the secondary cell wall of TEs as well as primary cell walls and cell corners of xylem cells (Serk et al., 2015). To address the impact of drought on lignin deposition, changes in lignin deposition have been investigated in plants (Table 1). Overall, drought generally increased total lignin content in several plant species (Fan et al., 2006; Gu et al., 2020; Sharma et al., 2020; Liu et al., 2021b). Analysis of tissue-specific lignin deposition showed that lignin accumulates in xylem cells or xylary fibers in response to drought treatment (Fan et al., 2006; Srivastava et al., 2015; Sharma et al., 2020; Liu et al., 2021b). It has been proposed that increased lignification in xylem cells enhances drought tolerance in plants. In normal conditions, water is driven from the soil, through the plant, and to the atmosphere through differences in water potential. Drought decreases the water potential of soil, creating a deficit between water supply in the roots and demand from the leaves. Increases in this difference in water potential cause the inward collapse of TEs, disrupting plant hydraulic conductivity (Cochard et al., 2004; Voelker et al., 2011). The accumulation of lignin increases the strength of TEs, resulting in enhanced resistance to drought-mediated xylem collapse. Recently, Menard et al. reported that the degree of lignin deposition controls the biomechanics of TEs, which are important for maintaining water transport systems during and after drought. The authors found that TEs can withstand drought better than parenchymatic cells. Moreover, the degree of post-mortem lignification of TEs was positively correlated with TE resistance to collapse induced by air drying (Ménard et al., 2022). In addition, the composition of lignin polymers is another potentially important determinant of drought tolerance (Pesquet et al., 2019). In particular, GCHO in TE cell walls was found to significantly affect plant recovery from drought. Higher accumulation of GCHO in a cad4 cad5 double mutant increased drought tolerance by reducing inward collapse and enhancing recovery of the initial structure of TEs (Ménard et al., 2022). These findings suggest that modulating the ratio of lignin subunits, as well as lignin content, is important for drought tolerance in plants. Further detailed analyses investigating the impact of drought on lignin chemistry are required to expand our understanding of physical adaptation to drought in plants.


Table 1 | Effect of drought treatments on lignin deposition in plants.







Drought-mediated regulation of lignin biosynthesis

In plants, drought triggers a series of physiological and biochemical changes, some of which alter lignin biosynthesis and deposition. When placed under drought or water deficit conditions, several plants have shown an increase in lignin content that is potentially achieved through transcriptional regulation of phenylpropanoid or lignin formation genes (Gu et al., 2020; Sharma et al., 2020; Liu et al., 2021b) (Table 1). For example, Arabidopsis CCoAOMT is induced under drought conditions, and its mutation caused plants to become hypersensitive to drought (Chun et al., 2021). In rice, drought induced the up-regulation of OsCCR10, which can mediate production of G subunits via reduction of feruloyl-CoA (Bang et al., 2022). In watermelon, CmCAD2 and CmCAD3, which are responsible for the biosynthesis of S and G subunits, are important for drought tolerance (Liu et al., 2020). In maize, drought enhanced lignin deposition in roots by inducing CCR1 and CCR2 expression (Fan et al., 2006). Drought stress also induced expression of phenylpropanoid biosynthesis genes such as CAD and CYP and triggered the accumulation of associated proteins in maize leaves (Hu et al., 2009). Similarly, drought treatment enhanced CCR protein accumulation and stem lignin deposition in Leucaena leucocephala (Srivastava et al., 2015). Likewise, drought acts as an input for the activation of several phenylpropanoid biosynthesis genes. However, relatively little is known about the molecular signaling involved in drought-mediated lignin deposition in plants.

It has been proposed that ABA acts as a link between drought and secondary cell wall development (Liu et al., 2021a; Ramachandran et al., 2021). ABA treatment is known to enhance xylem differentiation by inducing expression of NAC transcription factors related to secondary cell wall formation (Jensen et al., 2010; Chen et al., 2020; Ramachandran et al., 2021). Ramachandran et al. (2021) found that VND2, VND3, and VND7 are involved in ABA-mediated changes to xylem development. ABA-dependent early inner xylem cell differentiation was not visible in vnd2 vnd3 and vdn1 vnd2 vdn3 mutant plants, suggesting that VND2 and VND3 are required to regulate the plasticity of the xylem differentiation rate under drought conditions (Ramachandran et al., 2021). On the other hand, VND7 mediates the ABA-dependent conversion of xylem cells into a protoxylem morphology. Enhanced xylem differentiation may reduce the chance that water transport is interrupted under drought conditions (Tang et al., 2018). In addition to affecting xylem differentiation genes, exogenous ABA treatment also induced the expression of genes related to cellulose [CELLULOSE SYNTHASEA4 (CESA4), CESA7, and CESA8] and lignin formation (LAC11 and LAC17), resulting in ectopic lignin deposition in cotyledons and stimulation of the development of lignified xylem cells in roots (Ramachandran et al., 2021). On the other hand, inhibition of ABA synthesis or disruption of ABA signaling reduced expression of multiple phenylpropanoid biosynthetic genes (PAL1, C4H, and CCR1) and their upstream regulators (SND1, NST1, MYB46, and MYB83), resulting in reduced lignin deposition and secondary cell wall development (Liu et al., 2021a). These observations propose a possible connection between ABA signaling and lignin deposition in plants. Specifically, ABA-dependent phosphorylation seems to play a central role in ABA-mediated lignin deposition. ABA-dependent Snrk2 kinases (Snrk2.2, Snrk2.3, and Snrk2.6) physically interact with NST1, a master regulator of secondary cell wall development and lignin deposition. In this interaction, ABA-dependent Snrk2 kinases phosphorylate NST1 at Ser316, leading to the activation of NST1 (Liu et al., 2021a). The Ser residues are highly conserved among NST1 in dicots but not in monocots, suggesting that ABA–Snrk2-dependent regulation of xylem differentiation and corresponding lignin deposition might function exclusively in dicots.

In addition to playing a role in vascular tissue development and lignin deposition, ABA is also involved in signaling related to Casparian strips (Wang et al., 2019). The deposition of the Casparian strip in the endodermal cell wall prevents apoplastic diffusion of water and solutes (Geldner, 2013). Lignin deposition in Casparian strip is controlled by Casparian strip membrane domain proteins (CASPs), peroxidase, and ENHANCED SUBERIN1 (ESB1) (Roppolo et al., 2011; Hosmani et al., 2013; Lee et al., 2013). To maintain Casparian strip functionality, plants operate Schengen pathway, which consists of CASPARIAN STRIP INTEGRITY FACTORS 1 (CIF1), CIF2, and SCHENGEN3 (SGN3), to boost Casparian strip deposition (Doblas et al., 2017; Nakayama et al., 2017; Fujita et al., 2020). Once the Casparian strip is sealed, CIF signal peptides are blocked, thus inactivating the Schengen pathway. When a Casparian strip is damaged, internal CIFs are released, activating the Schengen pathway. Mutation of MYB36 or ESB1 was reported to produce impaired Casparian strip, reflecting that the Schengen pathway was constitutively active, while mutation of SGN3 resulted in discontinuous lignification of Casparian strip (Reyt et al., 2021). In an myb36 mutant, lignification was observed at the cell corners of endodermal cells. However, the cell corner–specific lignification was no more visible in sgn3 myb36 double mutants. These observations indicate that SNG3 mediates compensatory lignification in cell corners and that MYB36 mediates endodermal lignification (Reyt et al., 2021). Further, the lack of lignification in the Casparian strip or cell corners significantly increased the permeability of root apoplasts, indicating that lignification in Casparian strip is crucial for establishing a diffusion barrier. Interestingly, a sgn3 myb36 double mutant displayed severe growth retardation under low-humidity conditions, but grew normally under high humidity, suggesting that reduced leaf transpiration is a key mechanism in mitigating the loss of Casparian strip integrity by maintaining root ionic homeostasis (Reyt et al., 2021). Since leaf transpiration is largely controlled by ABA, it is possible that ABA links loss of Casparian strip integrity and stomatal closure. Wang et al. (2019) found that ABA is involved in the regulation of stomatal closure mediated by the Schengen pathway. Enhanced stomatal closure in an esb1-1 mutant was suppressed by introduction of a dominant negative allele of the ABA signaling regulator ABA-INSENSITIVE 1 (ABI1) (Wang et al., 2019). These observations suggest that ABA is required not only for xylem cell differentiation and lignin deposition but also for the regulation of stomatal closure induced by the loss of diffusion barrier Casparian strip.





Utilizing the lignin biosynthesis transcriptional network to enhance drought tolerance

The effects of drought on lignin deposition have been extensively studied at the level of transcriptional regulation of lignin biosynthetic genes. These studies have reported that expression of lignin biosynthetic genes and their upstream regulators is induced by drought and ABA, and that their overexpression confers drought tolerance by increasing lignin deposition in plants (Lee et al., 2016; Tu et al., 2020; Bang et al., 2022; Jung et al., 2022) (Table 2). For example, the increased expression of some lignin biosynthetic genes (PAL, 4CL, CCoAOMT, and CAD) has been observed in wild watermelon (Citrullus lanatus) during the intermediate and final stages of drought stress (Yoshimura et al., 2008; Moura et al., 2010). Overexpression of CmCAD2 or CmCAD3 in oriental melon enhanced drought tolerance by stimulating lignin accumulation (Liu et al., 2020). CmCAD2 and CmCAD3 are also required for formation of the Casparian strip and sclerenchyma cells in roots, suggesting that overexpression of CmCAD2 or CmCAD3 contributes to drought tolerance via stabilizing internal water content (Liu et al., 2020). Similarly, overexpression of rice OsCCR10 conferred drought tolerance through enhanced lignin deposition, whereas CRISPR/Cas9-mediated mutation of OsCCR10 decreased lignin accumulation and drought tolerance (Bang et al., 2022). OsCCR10 is predominantly expressed in roots and further up-regulated by drought and ABA. An in vitro enzyme assay showed that OsCCR10 generates H and G subunits by reducing coumaryl-CoA and feruloyl-CoA. Consistent with the in vitro analysis, OsCCR10-overexpressing plants accumulated more H and G units. Interestingly, ectopic expression of OsCCR10 increased lignin deposition in roots, but not in leaves and stems. This result can be explained by the reduced substrate availability in leaves and stems due to tissue-specific expression of other lignin biosynthetic genes (Barros et al., 2015). Drought-inducible expression of CCR genes is mediated by NAC- and CCCH-type transcription factors. In rice, overexpression of the drought-inducible OsNAC5 gene greatly increased root-mediated drought tolerance by enlarging xylem and aerenchyma (Jeong et al., 2013). OsCCR10 has been reported to act as a direct target of OsNAC5, suggesting that OsNAC5-mediated up-regulation of OsCCR10 contributes to increased xylem development through the accumulation of lignin (Bang et al., 2022). It has also been reported that drought treatment promoted the accumulation of lignin in Populous ussuriensis (Li et al., 2022). They proposed that PuC3H35, which encodes a CCCH-type transcription factor and whose expression was induced in roots under drought conditions, positively regulates lignin accumulation in P. ussuriensis. Specifically, PuC3H35 stimulated lignin accumulation through direct activation of early Arabidopsis Aluminum induced 1 (PuEARLI1) expression. Like Arabidopsis EARLI1 (Shi et al., 2011), PuEARLI1 acts as a positive regulator of PuCCR genes (PuCCR1, PuCCR2, PuCCR16, and PuCCR17). Overexpression of either PuC3H35 or PuEARL1 conferred drought tolerance to plants by increasing lignin accumulation in roots (Li et al., 2022).


Table 2 | Modification of lignin deposition and its effect on drought tolerance.



In addition to up-regulating individual lignin biosynthetic genes, overexpressing certain transcription factors that induce lignin accumulation has successfully enhanced drought tolerance in several plant species. For example, in rice, overexpression of the drought-induced OsERF71 enhanced lignin deposition and up-regulated several genes involved in phenylpropanoid biosynthesis and lignin formation, such as PAL, C4H, CCR, CAD, and PRX (Lee et al., 2016). Among these genes, CCR, C4H, and CAD were found to be direct targets of OsERF71 (Lee et al., 2016). In apple, MdMYB88 and MdMYB124 were identified as positive regulators of root architecture and hydraulic conductivity under long-term drought stress. Overexpression of MdMYB88 or MdMYB124 enhanced drought tolerance by promoting lignin deposition and xylem cell formation (Geng et al., 2018). Changes to lignin deposition and xylem development are mediated by up-regulation of MdVND6 and MdMYB46. Setaria italica SiMYB56 also promoted drought tolerance by activating expression of the phenylpropanoid genes 4CL5 and F5H1 (Xu et al., 2020). In addition to these transcription factors regulating lignin biosynthesis, transcription factors involved in lignin formation can also be used to develop drought tolerant plants. In cassava plants, silencing of MeRAV5 reduced drought tolerance via the accumulation of hydrogen peroxide and decrease in lignin (Yan et al., 2021). In this case, MeRAV5 physically interacted with MePOD to increase its enzymatic activity. On the other hand, two drought-induced NAC transcription factors, OsNAC17 and VvNAC17, promoted lignin accumulation by regulating PRX genes in rice and grapevine, respectively (Tu et al., 2020; Jung et al., 2022). Similarly, OsTF1L, a rice HD-Zip transcription factor, also directly up-regulated expression of PRX genes and conferred drought tolerance when overexpressed (Bang et al., 2019). In addition, VlbZIP30 is known to bind to the G-box in PRX promoters to promote lignin formation (Tu et al., 2020). These findings indicate that drought-mediated regulation of the polymerization and biosynthesis of lignin can be used to improve drought tolerance in plants.





Concluding remarks and future perspectives

As a result of biochemical and genetic studies, the lignin biosynthetic pathway has been well established. Now, research efforts have turned toward elucidating the molecular regulatory mechanisms of lignin biosynthesis and deposition to better understand the physiological changes caused by developmental cues and environmental stresses. The lignin biosynthesis pathway is complex and controlled by various internal and external signals. Currently, the NAC–MYB transcriptional regulatory network is understood to be a master switch in secondary cell wall development and lignin biosynthesis. At the same time, it is obvious that there exist additional regulatory branches that modulate the NAC–MYB master switch in response to developmental cues. However, how these external signals enter into the lignin biosynthetic pathway is poorly understood. The discovery that ABA signaling regulates the NST1-mediated transcriptional network via phosphorylation represents a huge step toward linking lignin biosynthesis with abiotic stresses (Liu et al., 2021a). It is worth noting that SnRK-mediated phosphorylation of NST1 seems to be conserved only in dicot plants. This trend raises the question of how monocots regulate lignin biosynthesis in response to abiotic stress. In addition to phosphorylation, S-nitrosylation and ubiquitination can participate in regulating the lignin biosynthesis transcriptional network (Kawabe et al., 2018; Zheng et al., 2019; Sulis and Wang, 2020). Further identification of posttranslational regulation associated with lignin biosynthesis will improve our understanding of developmental and environmental regulation of this pathway.

Even though increased lignin deposition is often beneficial for plant survival (Lee et al., 2019), changes in lignin content can also hinder plant growth and development (Bonawitz and Chapple, 2013; Perkins et al., 2020). For example, it has been reported that MYB58- and MYB63-overexpressing plants showed growth arrest due to overaccumulation of monolignol glycosides. However, this growth retardation was rescued by ectopic expression of LAC4 or LAC17 in Arabidopsis (Perkins et al., 2020). These results suggest that growth limitations brought about by modulation of the lignin biosynthetic pathway can be mitigated through co-activation of rate-limiting enzymes. Therefore, genetic engineering that enhances lignin deposition without inducing growth retardation and yield penalties can be accomplished by systemic modulation of lignin biosynthesis and polymerization pathways. However, there also exist several successful cases, especially in rice, in which overexpression of lignin biosynthetic enzymes or their transcriptional regulators increased drought tolerance without causing growth retardation and yield penalties (Lee et al., 2016; Bang et al., 2022). These cases suggest that the capacity for monolignol biosynthesis and polymerization may differ between plant species. We must also consider that lignin biosynthesis is tightly connected with the biosynthesis of other secondary metabolites (Vanholme et al., 2012; Bonawitz et al., 2014; Lam et al., 2022). When metabolic flow is driven into lignin biosynthesis, it can decrease the content of flavonoids or stilbenes, which are important for plant growth and environmental adaption. For example, suppression of CmCAD2 and CmCAD3 resulted in increase of cinnamic acid and ferulic acid, which are important precursors for phenylpropanoid derivatives (Liu et al., 2020). In addition, since cis-cinnamic acid acts as an inhibitor for auxin efflux, the accumulation of cis-cinnamic acid in plants alters auxin accumulation (Steenackers et al., 2017). Endogenous or exogenous auxin increases drought tolerance of plants by regulating root architecture, ABA-responsive gene expression, and reactive oxygen species metabolism (Shi et al., 2014; Sadok and Schoppach, 2019). These results suggest that metabolic consequences should be considered when modulating lignin deposition through the phenylpropanoid biosynthesis pathway. Metabolic profiling of lignin products and other related secondary metabolites, together with growth and yield analyses, will strengthen the value of lignin-mediated drought tolerant crop development.





Author contributions

SJC and JSS planned and designed all aspects of the manuscript. SJC, ZL, EJ, SK, and JSS collected information and wrote the manuscript. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by a grant from the New Breeding Technologies Development Program (Project No. PJ01654103) through the Rural Development Administration (RDA), Regional Innovation Strategy through the National Research Foundation of Korea (NRF), funded by Ministry of Education (MOE). This work was also supported by a National Research Foundation of Korea (NRF) grant funded by the Korean Government (MSIT) (NRF-2021R1F1A1060339).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

 Bang, S. W., Choi, S., Jin, X., Jung, S. E., Choi, J. W., Seo, J. S., et al. (2022). Transcriptional activation of rice CINNAMOYL-CoA REDUCTASE 10 by OsNAC5, contributes to drought tolerance by modulating lignin accumulation in roots. Plant Biotechnol. J. 20, 736–747. doi: 10.1111/pbi.13752

 Bang, S. W., Lee, D. K., Jung, H., Chung, P. J., Kim, Y. S., Choi, Y. D., et al. (2019). Overexpression of OsTF1L, a rice HD-zip transcription factor, promotes lignin biosynthesis and stomatal closure that improves drought tolerance. Plant Biotechnol. J. 17, 118–131. doi: 10.1111/pbi.12951

 Barros, J., Escamilla-Trevino, L., Song, L., Rao, X., Serrani-Yarce, J. C., Palacios, M. D., et al. (2019). 4-coumarate 3-hydroxylase in the lignin biosynthesis pathway is a cytosolic ascorbate peroxidase. Nat. Commun. 10, 1994. doi: 10.1038/s41467-019-10082-7

 Barros, J., Serk, H., Granlund, I., and Pesquet, E. (2015). The cell biology of lignification in higher plants. Ann. Bot. 115, 1053–1074. doi: 10.1093/aob/mcv046

 Barros, J., Serrani-Yarce, J. C., Chen, F., Baxter, D., Venables, B. J., and Dixon, R. A. (2016). Role of bifunctional ammonia-lyase in grass cell wall biosynthesis. Nat. Plants 2, 16050. doi: 10.1038/nplants.2016.50

 Berthet, S., Demont-Caulet, N., Pollet, B., Bidzinski, P., Cézard, L., Le Bris, P., et al. (2011). Disruption of LACCASE4 and 17 results in tissue-specific alterations to lignification of Arabidopsis thaliana stems. Plant Cell 23, 1124–1137. doi: 10.1105/tpc.110.082792

 Bevan, M., Shufflebottom, D., Edwards, K., Jefferson, R., and Schuch, W. (1989). Tissue- and cell-specific activity of a phenylalanine ammonia-lyase promoter in transgenic plants. EMBO J. 8, 1899–1906. doi: 10.1002/j.1460-2075.1989.tb03592.x

 Bhuiyan, N. H., Selvaraj, G., Wei, Y., and King, J. (2009). Gene expression profiling and silencing reveal that monolignol biosynthesis plays a critical role in penetration defence in wheat against powdery mildew invasion. J. Exp. Bot. 60, 509–521. doi: 10.1093/jxb/ern290

 Blaschek, L., Champagne, A., Dimotakis, C., Nuoendagula,, Decou, R., Hishiyama, S., et al. (2020). Cellular and genetic regulation of coniferaldehyde incorporation in lignin of herbaceous and woody plants by quantitative wiesner staining. Front. Plant Sci. 11, 109. doi: 10.3389/fpls.2020.00109

 Blaschek, L., Murozuka, E., Serk, H., Ménard, D., and Pesquet, E. (2023). Different combinations of laccase paralogs nonredundantly control the amount and composition of lignin in specific cell types and cell wall layers in arabidopsis. Plant Cell 35, 889–909. doi: 10.1093/plcell/koac344

 Blaschek, L., and Pesquet, E. (2021). Phenoloxidases in plants–how structural diversity enables functional specificity. Front. Plant Sci. 12, 754601. doi: 10.3389/fpls.2021.754601

 Bonawitz, N. D., and Chapple, C. (2013). Can genetic engineering of lignin deposition be accomplished without an unacceptable yield penalty? Curr. Opin. Biotechnol. 24, 336–343. doi: 10.1016/j.copbio.2012.11.004

 Bonawitz, N. D., Kim, J. I., Tobimatsu, Y., Ciesielski, P. N., Anderson, N. A., Ximenes, E., et al. (2014). Disruption of mediator rescues the stunted growth of a lignin-deficient arabidopsis mutant. Nature 509, 376–380. doi: 10.1038/nature13084

 Carraro, E., and Di Iorio, A. (2022). Eligible strategies of drought response to improve drought resistance in woody crops: a mini-review. Plant Biotech. Rep. 16, 265–282. doi: 10.1007/s11816-021-00733-x

 Cesarino, I. (2019). Structural features and regulation of lignin deposited upon biotic and abiotic stresses. Curr. Opin. Biotechnol. 56, 209–214. doi: 10.1016/j.copbio.2018.12.012

 Chang, A., Lim, M.-H., Lee, S.-W., Robb, E. J., and Nazar, R. N. (2008). Tomato phenylalanine ammonia-lyase gene family, highly redundant but strongly underutilized. J. Biol. Chem. 283, 33591–33601. doi: 10.1074/jbc.M804428200

 Chen, K., Guo, Y., Song, M., Liu, L., Xue, H., Dai, H., et al. (2020). Dual role of MdSND1 in the biosynthesis of lignin and in signal transduction in response to salt and osmotic stress in apple. Hort Res. 7, 204. doi: 10.1038/s41438-020-00433-7

 Chun, H. J., Lim, L. H., Cheong, M. S., Baek, D., Park, M. S., Cho, H. M., et al. (2021). Arabidopsis CCoAOMT1 plays a role in drought stress response via ROS- and ABA-dependent manners. Plants (Basel) 10, 831. doi: 10.3390/plants10050831

 Cochard, H., Froux, F., Mayr, S., and Coutand, C. (2004). Xylem wall collapse in water-stressed pine needles. Plant Physiol. 134, 401–408. doi: 10.1104/pp.103.028357

 Cosio, C., Ranocha, P., Francoz, E., Burlat, V., Zheng, Y., Perry, S. E., et al. (2017). The class III peroxidase PRX17 is a direct target of the MADS-box transcription factor AGAMOUS-LIKE15 (AGL15) and participates in lignified tissue formation. New Phytol. 213, 250–263. doi: 10.1111/nph.14127

 Doblas, V. G., Smakowska-Luzan, E., Fujita, S., Alassimone, J., Barberon, M., Madalinski, M., et al. (2017). Root diffusion barrier control by a vasculature-derived peptide binding to the SGN3 receptor. Science 355, 280–284. doi: 10.1126/science.aaj1562

 Fan, L., Linker, R., Gepstein, S., Tanimoto, E., Yamamoto, R., and Neumann, P. M. (2006). Progressive inhibition by water deficit of cell wall extensibility and growth along the elongation zone of maize roots is related to increased lignin metabolism and progressive stelar accumulation of wall phenolics. Plant Physiol. 140, 603–612. doi: 10.1104/pp.105.073130

 Fraser, C. M., and Chapple, C. (2011). The phenylpropanoid pathway in arabidopsis. Arabidopsis Book 9, e0152. doi: 10.1199/tab.0152

 Fujita, S., De Bellis, D., Edel, K. H., Köster, P., Andersen, T. G., Schmid-Siegert, E., et al. (2020). SCHENGEN receptor module drives localized ROS production and lignification in plant roots. EMBO J. 39, e103894. doi: 10.15252/embj.2019103894

 Fukushima, K., and Terashima, N. (1991). Heterogeneity in formation of lignin. Wood Sci. Technol. 25, 371–381. doi: 10.1007/BF00226177

 Geldner, N. (2013). The endodermis. Annu. Rev. Plant Biol. 64, 531–558. doi: 10.1146/annurev-arplant-050312-120050

 Geng, D., Chen, P., Shen, X., Zhang, Y., Li, X., Jiang, L., et al. (2018). MdMYB88 and MdMYB124 enhance drought tolerance by modulating root vessels and cell walls in apple. Plant Physiol. 178, 1296–1309. doi: 10.1104/pp.18.00502

 Geng, P., Zhang, S., Liu, J., Zhao, C., Wu, J., Cao, Y., et al. (2019). MYB20, MYB42, MYB43, and MYB85 regulate phenylalanine and lignin biosynthesis during secondary cell wall formation. Plant Physiol. 182, 1272–1283. doi: 10.1104/pp.19.01070

 Gou, M., Ran, X., Martin, D. W., and Liu, C.-J. (2018). The scaffold proteins of lignin biosynthetic cytochrome P450 enzymes. Nat. Plants 4, 299–310. doi: 10.1038/s41477-018-0142-9

 Gu, H., Wang, Y., Xie, H., Qiu, C., Zhang, S., Xiao, J., et al. (2020). Drought stress triggers proteomic changes involving lignin, flavonoids and fatty acids in tea plants. Sci. Rep. 10, 15504. doi: 10.1038/s41598-020-72596-1

 Hänninen, T., Kontturi, E., and Vuorinen, T. (2011). Distribution of lignin and its coniferyl alcohol and coniferyl aldehyde groups in picea abies and pinus sylvestris as observed by raman imaging. Phytochemistry 72, 1889–1895. doi: 10.1016/j.phytochem.2011.05.005

 Hatton, D., Sablowski, R., Yung, M.-H., Smith, C., Schuch, W., and Bevan, M. (1995). Two classes of cis sequences contribute to tissue-specific expression of a PAL2 promoter in transgenic tobacco. Plant J. 7, 859–876. doi: 10.1046/j.1365-313X.1995.07060859.x

 Herrero, J., Fernández-Pérez, F., Yebra, T., Novo-Uzal, E., Pomar, F., Pedreño, M.Ã., et al. (2013). Bioinformatic and functional characterization of the basic peroxidase 72 from Arabidopsis thaliana involved in lignin biosynthesis. Planta 237, 1599–1612. doi: 10.1007/s00425-013-1865-5

 Hoffmann, N., Benske, A., Betz, H., Schuetz, M., and Samuels, A. L. (2020). Laccases and peroxidases co-localize in lignified secondary cell walls throughout stem development. Plant Physiol. 184, 806–822. doi: 10.1104/pp.20.00473

 Hosmani, P. S., Kamiya, T., Danku, J., Naseer, S., Geldner, N., Guerinot, M. L., et al. (2013). Dirigent domain-containing protein is part of the machinery required for formation of the lignin-based casparian strip in the root. Proc. Natl. Acad. Sci. U.S.A. 110, 14498–14503. doi: 10.1073/pnas.1308412110

 Hu, Y., Li, W. C., Xu, Y. Q., Li, G. J., Liao, Y., and Fu, F. L. (2009). Differential expression of candidate genes for lignin biosynthesis under drought stress in maize leaves. J. Appl. Genet. 50, 213–223. doi: 10.1007/BF03195675

 Huang, P., Yoshida, H., Yano, K., Kinoshita, S., Kawai, K., Koketsu, E., et al. (2018). OsIDD2, a zinc finger and INDETERMINATE DOMAIN protein, regulates secondary cell wall formation. J. Integr. Plant Biol. 60, 130–143. doi: 10.1111/jipb.12557

 Jensen, M. K., Kjaersgaard, T., Nielsen, M. M., Galberg, P., Petersen, K., O'shea, C., et al. (2010). The arabidopsis thaliana NAC transcription factor family: structure-function relationships and determinants of ANAC019 stress signalling. Biochem. J. 426, 183–196. doi: 10.1042/bj20091234

 Jeong, J. S., Kim, Y. S., Redillas, M. C. F. R., Jang, G., Jung, H., Bang, S. W., et al. (2013). OsNAC5 overexpression enlarges root diameter in rice plants leading to enhanced drought tolerance and increased grain yield in the field. Plant Biotechnol. J. 11, 101–114. doi: 10.1111/pbi.12011

 Jin, H., Cominelli, E., Bailey, P., Parr, A., Mehrtens, F., Jones, J., et al. (2000). Transcriptional repression by AtMYB4 controls production of UV-protecting sunscreens in arabidopsis. EMBO J. 19, 6150–6161. doi: 10.1093/emboj/19.22.6150

 Jung, S. E., Kim, T. H., Shim, J. S., Bang, S. W., Bin Yoon, H., Oh, S. H., et al. (2022). Rice NAC17 transcription factor enhances drought tolerance by modulating lignin accumulation. Plant Sci. 323, 111404. doi: 10.1016/j.plantsci.2022.111404

 Kawabe, H., Ohtani, M., Kurata, T., Sakamoto, T., and Demura, T. (2018). Protein s-nitrosylation regulates xylem vessel cell differentiation in arabidopsis. Plant Cell Physiol. 59, 17–29. doi: 10.1093/pcp/pcx151

 Kim, W. C., Kim, J. Y., Ko, J. H., Kang, H., and Han, K. H. (2014). Identification of direct targets of transcription factor MYB46 provides insights into the transcriptional regulation of secondary wall biosynthesis. Plant Mol. Biol. 85, 589–599. doi: 10.1007/s11103-014-0205-x

 Ko, J. H., Kim, W. C., and Han, K. H. (2009). Ectopic expression of MYB46 identifies transcriptional regulatory genes involved in secondary wall biosynthesis in arabidopsis. Plant J. 60, 649–665. doi: 10.1111/j.1365-313X.2009.03989.x

 Lam, P. Y., Lui, A. C. W., Wang, L., Liu, H., Umezawa, T., Tobimatsu, Y., et al. (2021). Tricin biosynthesis and bioengineering. Front. Plant Sci. 12, 733198. doi: 10.3389/fpls.2021.733198

 Lam, P. Y., Wang, L., Lui, A. C. W., Liu, H., Takeda-Kimura, Y., Chen, M. X., et al. (2022). Deficiency in flavonoid biosynthesis genes CHS, CHI, and CHIL alters rice flavonoid and lignin profiles. Plant Physiol. 188, 1993–2011. doi: 10.1093/plphys/kiab606

 Lawlor, D. W. (2013). Genetic engineering to improve plant performance under drought: physiological evaluation of achievements, limitations, and possibilities. J. Exp. Bot. 64, 83–108. doi: 10.1093/jxb/ers326

 Lee, M.-H., Jeon, H. S., Kim, S. H., Chung, J. H., Roppolo, D., Lee, H.-J., et al. (2019). Lignin-based barrier restricts pathogens to the infection site and confers resistance in plants. EMBO J. 38, e101948. doi: 10.15252/embj.2019101948

 Lee, D.-K., Jung, H., Jang, G., Jeong, J. S., Kim, Y. S., Ha, S.-H., et al. (2016). Overexpression of the OsERF71 transcription factor alters rice root structure and drought resistance. Plant Physiol. 172, 575–588. doi: 10.1104/pp.16.00379

 Lee, Y., Rubio, M. C., Alassimone, J., and Geldner, N. (2013). A mechanism for localized lignin deposition in the endodermis. Cell 153, 402–412. doi: 10.1016/j.cell.2013.02.045

 Li, X., Chen, W., Zhao, Y., Xiang, Y., Jiang, H., Zhu, S., et al. (2013). Downregulation of caffeoyl-CoA O-methyltransferase (CCoAOMT) by RNA interference leads to reduced lignin production in maize straw. Genet. Mol. Biol. 36, 540–546. doi: 10.1590/s1415-47572013005000039

 Li, D., Yang, J., Pak, S., Zeng, M., Sun, J., Yu, S., et al. (2022). PuC3H35 confers drought tolerance by enhancing lignin and proanthocyanidin biosynthesis in the roots of Populus ussuriensis. New Phytol. 233, 390–408. doi: 10.1111/nph.17799

 Liu, W., Jiang, Y., Jin, Y., Wang, C., Yang, J., and Qi, H. (2021b). Drought-induced ABA, H2O2 and JA positively regulate CmCAD genes and lignin synthesis in melon stems. BMC Plant Biol. 21, 83. doi: 10.1186/s12870-021-02869-y

 Liu, W., Jiang, Y., Wang, C., Zhao, L., Jin, Y., Xing, Q., et al. (2020). Lignin synthesized by CmCAD2 and CmCAD3 in oriental melon (Cucumis melo l.) seedlings contributes to drought tolerance. Plant Mol. Biol. 103, 689–704. doi: 10.1007/s11103-020-01018-7

 Liu, C., Ma, D., Wang, Z., Chen, N., Ma, X., and He, X. Q. (2022). MiR395c regulates secondary xylem development through sulfate metabolism in poplar. Front. Plant Sci. 13, 897376. doi: 10.3389/fpls.2022.897376

 Liu, C., Yu, H., Rao, X., Li, L., and Dixon, R. A. (2021a). Abscisic acid regulates secondary cell-wall formation and lignin deposition in Arabidopsis thaliana through phosphorylation of NST1. Proc. Natl. Acad. Sci. U.S.A. 118, e2010911118. doi: 10.1073/pnas.2010911118

 Lowry, B., Lee, D., and Hébant, C. (1980). The origin of land plants; a new look at an old problem. Taxon 29, 183–197. doi: 10.2307/1220280

 Lu, S., Li, Q., Wei, H., Chang, M. J., Tunlaya-Anukit, S., Kim, H., et al. (2013). Ptr-miR397a is a negative regulator of laccase genes affecting lignin content in Populus trichocarpa. Proc. Natl. Acad. Sci. U.S.A. 110, 10848–10853. doi: 10.1073/pnas.1308936110

 Malinovsky, F. G., Fangel, J. U., and Willats, W. G. T. (2014). The role of the cell wall in plant immunity. Front. Plant Sci. 5, 178. doi: 10.3389/fpls.2014.00178

 McCarthy, R. L., Zhong, R., Fowler, S., Lyskowski, D., Piyasena, H., Carleton, K., et al. (2010). The poplar MYB transcription factors, PtrMYB3 and PtrMYB20, are involved in the regulation of secondary wall biosynthesis. Plant Cell Physiol. 51, 1084–1090. doi: 10.1093/pcp/pcq064

 McCarthy, R. L., Zhong, R., and Ye, Z. H. (2009). MYB83 is a direct target of SND1 and acts redundantly with MYB46 in the regulation of secondary cell wall biosynthesis in arabidopsis. Plant Cell Physiol. 50, 1950–1964. doi: 10.1093/pcp/pcp139

 Ménard, D., Blaschek, L., Kriechbaum, K., Lee, C. C., Serk, H., Zhu, C., et al. (2022). Plant biomechanics and resilience to environmental changes are controlled by specific lignin chemistries in each vascular cell type and morphotype. Plant Cell 34, 4877–4896. doi: 10.1093/plcell/koac284

 Mitsuda, N., Iwase, A., Yamamoto, H., Yoshida, M., Seki, M., Shinozaki, K., et al. (2007). NAC transcription factors, NST1 and NST3, are key regulators of the formation of secondary walls in woody tissues of arabidopsis. Plant Cell 19, 270–280. doi: 10.1105/tpc.106.047043

 Mitsuda, N., Seki, M., Shinozaki, K., and Ohme-Takagi, M. (2005). The NAC transcription factors NST1 and NST2 of arabidopsis regulate secondary wall thickenings and are required for anther dehiscence. Plant Cell 17, 2993–3006. doi: 10.1105/tpc.105.036004

 Moura, J. C., Bonine, C. A., De Oliveira Fernandes Viana, J., Dornelas, M. C., and Mazzafera, P. (2010). Abiotic and biotic stresses and changes in the lignin content and composition in plants. J. Integr. Plant Biol. 52, 360–376. doi: 10.1111/j.1744-7909.2010.00892.x

 Nakashima, K., Yamaguchi-Shinozaki, K., and Shinozaki, K. (2014). The transcriptional regulatory network in the drought response and its crosstalk in abiotic stress responses including drought, cold, and heat. Front. Plant Sci. 5, 170. doi: 10.3389/fpls.2014.00170

 Nakayama, T., Shinohara, H., Tanaka, M., Baba, K., Ogawa-Ohnishi, M., and Matsubayashi, Y. (2017). A peptide hormone required for casparian strip diffusion barrier formation in arabidopsis roots. Science 355, 284–286. doi: 10.1126/science.aai9057

 Naseer, S., Lee, Y., Lapierre, C., Franke, R., Nawrath, C., and Geldner, N. (2012). Casparian strip diffusion barrier in arabidopsis is made of a lignin polymer without suberin. Proc. Natl. Acad. Sci. U.S.A. 109, 10101–10106. doi: 10.1073/pnas.1205726109

 Ohashi-Ito, K., Oda, Y., and Fukuda, H. (2010). Arabidopsis VASCULAR-RELATED NAC-DOMAIN6 directly regulates the genes that govern programmed cell death and secondary wall formation during xylem differentiation. Plant Cell 22, 3461–3473. doi: 10.1105/tpc.110.075036

 Perkins, M. L., Schuetz, M., Unda, F., Smith, R. A., Sibout, R., Hoffmann, N. J., et al. (2020). Dwarfism of high-monolignol arabidopsis plants is rescued by ectopic LACCASE overexpression. Plant Direct 4, e00265. doi: 10.1002/pld3.265

 Pesquet, E., Wagner, A., and Grabber, J. H. (2019). Cell culture systems: invaluable tools to investigate lignin formation and cell wall properties. Curr. Opin. Biotechnol. 56, 215–222. doi: 10.1016/j.copbio.2019.02.001

 Petrik, D. L., Karlen, S. D., Cass, C. L., Padmakshan, D., Lu, F., Liu, S., et al. (2014). P-Coumaroyl-CoA:monolignol transferase (PMT) acts specifically in the lignin biosynthetic pathway in brachypodium distachyon. Plant J. 77, 713–726. doi: 10.1111/tpj.12420

 Preston, J., Wheeler, J., Heazlewood, J., Li, S. F., and Parish, R. W. (2004). AtMYB32 is required for normal pollen development in Arabidopsis thaliana. Plant J. 40, 979–995. doi: 10.1111/j.1365-313X.2004.02280.x

 Pu, Y., Chen, F., Ziebell, A., Davison, B. H., and Ragauskas, A. J. (2009). NMR characterization of C3H and HCT down-regulated alfalfa lignin. Bioenergy Res. 2, 198. doi: 10.1007/s12155-009-9056-8

 Ramachandran, P., Augstein, F., Mazumdar, S., Nguyen, T. V., Minina, E. A., Melnyk, C. W., et al. (2021). Abscisic acid signaling activates distinct VND transcription factors to promote xylem differentiation in arabidopsis. Curr. Biol. 31, 3153–3161.e3155. doi: 10.1016/j.cub.2021.04.057

 Rao, X., and Dixon, R. A. (2018). Current models for transcriptional regulation of secondary cell wall biosynthesis in grasses. Front. Plant Sci. 9, 399. doi: 10.3389/fpls.2018.00399

 Renault, H., Alber, A., Horst, N. A., Basilio Lopes, A., Fich, E. A., Kriegshauser, L., et al. (2017). A phenol-enriched cuticle is ancestral to lignin evolution in land plants. Nat. Commun. 8, 14713. doi: 10.1038/ncomms14713

 Reyt, G., Ramakrishna, P., Salas-González, I., Fujita, S., Love, A., Tiemessen, D., et al. (2021). Two chemically distinct root lignin barriers control solute and water balance. Nat. Commun. 12, 2320. doi: 10.1038/s41467-021-22550-0

 Rohde, A., Morreel, K., Ralph, J., Goeminne, G., Hostyn, V., De Rycke, R., et al. (2004). Molecular phenotyping of the pal1 and pal2 mutants of Arabidopsis thaliana reveals far-reaching consequences on phenylpropanoid, amino acid, and carbohydrate metabolism. Plant Cell 16, 2749–2771. doi: 10.1105/tpc.104.023705

 Roppolo, D., De Rybel, B., Dénervaud Tendon, V., Pfister, A., Alassimone, J., Vermeer, J. E., et al. (2011). A novel protein family mediates casparian strip formation in the endodermis. Nature 473, 380–383. doi: 10.1038/nature10070

 Sadok, W., and Schoppach, R. (2019). Potential involvement of root auxins in drought tolerance by modulating nocturnal and daytime water use in wheat. Ann. Bot. 124, 969–978. doi: 10.1093/aob/mcz023

 Schilmiller, A. L., Stout, J., Weng, J. K., Humphreys, J., Ruegger, M. O., and Chapple, C. (2009). Mutations in the cinnamate 4-hydroxylase gene impact metabolism, growth and development in arabidopsis. Plant J. 60, 771–782. doi: 10.1111/j.1365-313X.2009.03996.x

 Serk, H., Gorzsás, A., Tuominen, H., and Pesquet, E. (2015). Cooperative lignification of xylem tracheary elements. Plant Signal Behav. 10, e1003753. doi: 10.1080/15592324.2014.1003753

 Shadle, G., Chen, F., Srinivasa Reddy, M. S., Jackson, L., Nakashima, J., and Dixon, R. A. (2007). Down-regulation of hydroxycinnamoyl CoA: shikimate hydroxycinnamoyl transferase in transgenic alfalfa affects lignification, development and forage quality. Phytochem 68, 1521–1529. doi: 10.1016/j.phytochem.2007.03.022

 Sharma, N. K., Gupta, S. K., Dwivedi, V., and Chattopadhyay, D. (2020). Lignin deposition in chickpea root xylem under drought. Plant Signal Behav. 15, 1754621. doi: 10.1080/15592324.2020.1754621

 Sharma, D., Tiwari, M., Pandey, A., Bhatia, C., Sharma, A., and Trivedi, P. K. (2016). MicroRNA858 is a potential regulator of phenylpropanoid pathway and plant development. Plant Physiol. 171, 944–959. doi: 10.1104/pp.15.01831

 Shi, H., Chen, L., Ye, T., Liu, X., Ding, K., and Chan, Z. (2014). Modulation of auxin content in arabidopsis confers improved drought stress resistance. Plant Physiol. Biochem. 82, 209–217. doi: 10.1016/j.plaphy.2014.06.008

 Shi, Y., Zhang, X., Xu, Z. Y., Li, L., Zhang, C., Schläppi, M., et al. (2011). Influence of EARLI1-like genes on flowering time and lignin synthesis of Arabidopsis thaliana. Plant Biol. (Stuttg) 13, 731–739. doi: 10.1111/j.1438-8677.2010.00428.x

 Shigeto, J., Itoh, Y., Hirao, S., Ohira, K., Fujita, K., and Tsutsumi, Y. (2015). Simultaneously disrupting AtPrx2, AtPrx25 and AtPrx71 alters lignin content and structure in arabidopsis stem. J. Integr. Plant Biol. 57, 349–356. doi: 10.1111/jipb.12334

 Shigeto, J., Nagano, M., Fujita, K., and Tsutsumi, Y. (2014). Catalytic profile of arabidopsis peroxidases, AtPrx-2, 25 and 71, contributing to stem lignification. PloS One 9, e105332. doi: 10.1371/journal.pone.0105332

 Srivastava, S., Vishwakarma, R. K., Arafat, Y. A., Gupta, S. K., and Khan, B. M. (2015). Abiotic stress induces change in cinnamoyl CoA reductase (CCR) protein abundance and lignin deposition in developing seedlings of Leucaena leucocephala. Physiol. Mol. Biol. Plants 21, 197–205. doi: 10.1007/s12298-015-0289-z

 Steenackers, W., Klíma, P., Quareshy, M., Cesarino, I., Kumpf, R. P., Corneillie, S., et al. (2017). Cis-cinnamic acid is a novel, natural auxin efflux inhibitor that promotes lateral root formation. Plant Physiol. 173, 552–565. doi: 10.1104/pp.16.00943

 Stewart, J. J., Akiyama, T., Chapple, C., Ralph, J., and Mansfield, S. D. (2009). The effects on lignin structure of overexpression of ferulate 5-hydroxylase in hybrid poplar. Plant Physiol. 150, 621–635. doi: 10.1104/pp.109.137059

 Sulis, D. B., and Wang, J. P. (2020). Regulation of lignin biosynthesis by post-translational protein modifications. Front. Plant Sci. 11, 914. doi: 10.3389/fpls.2020.00914

 Sun, Q., Liu, X., Yang, J., Liu, W., Du, Q., Wang, H., et al. (2018). MicroRNA528 affects lodging resistance of maize by regulating lignin biosynthesis under nitrogen-luxury conditions. Mol. Plant 11, 806–814. doi: 10.1016/j.molp.2018.03.013

 Tak, H., Negi, S., and Ganapathi, T. R. (2017). Overexpression of MusaMYB31, a R2R3 type MYB transcription factor gene indicate its role as a negative regulator of lignin biosynthesis in banana. PLoS One 12, e0172695. doi: 10.1371/journal.pone.0172695

 Takahashi, F., Kuromori, T., Urano, K., Yamaguchi-Shinozaki, K., and Shinozaki, K. (2020). Drought stress responses and resistance in plants: from cellular responses to long-distance intercellular communication. Front. Plant Sci. 11, 556972. doi: 10.3389/fpls.2020.556972

 Tang, N., Shahzad, Z., Lonjon, F., Loudet, O., Vailleau, F., and Maurel, C. (2018). Natural variation at XND1 impacts root hydraulics and trade-off for stress responses in arabidopsis. Nat. Commun. 9, 3884. doi: 10.1038/s41467-018-06430-8

 Tardieu, F., Simonneau, T., and Muller, B. (2018). The physiological basis of drought tolerance in crop plants: a scenario-dependent probabilistic approach. Annu. Rev. Plant Biol. 69, 733–759. doi: 10.1146/annurev-arplant-042817-040218

 Taylor-Teeples, M., Lin, L., De Lucas, M., Turco, G., Toal, T. W., Gaudinier, A., et al. (2015). An arabidopsis gene regulatory network for secondary cell wall synthesis. Nature 517, 571–575. doi: 10.1038/nature14099

 Tester, M., and Langridge, P. (2010). Breeding technologies to increase crop production in a changing world. Science 327, 818–822. doi: 10.1126/science.1183700

 Tu, M., Wang, X., Yin, W., Wang, Y., Li, Y., Zhang, G., et al. (2020). Grapevine VlbZIP30 improves drought resistance by directly activating VvNAC17 and promoting lignin biosynthesis through the regulation of three peroxidase genes. Hort Res. 7, 150. doi: 10.1038/s41438-020-00372-3

 Vanholme, R., Cesarino, I., Rataj, K., Xiao, Y., Sundin, L., Goeminne, G., et al. (2013). Caffeoyl shikimate esterase (CSE) is an enzyme in the lignin biosynthetic pathway in arabidopsis. Science 341, 1103–1106. doi: 10.1126/science.1241602

 Vanholme, R., Demedts, B., Morreel, K., Ralph, J., and Boerjan, W. (2010). Lignin biosynthesis and structure. Plant Physiol. 153, 895–905. doi: 10.1104/pp.110.155119

 Vanholme, R., Storme, V., Vanholme, B., Sundin, L., Christensen, J. H., Goeminne, G., et al. (2012). A systems biology view of responses to lignin biosynthesis perturbations in arabidopsis. Plant Cell 24, 3506–3529. doi: 10.1105/tpc.112.102574

 Voelker, S. L., Lachenbruch, B., Meinzer, F. C., Kitin, P., and Strauss, S. H. (2011). Transgenic poplars with reduced lignin show impaired xylem conductivity, growth efficiency and survival. Plant Cell Environ. 34, 655–668. doi: 10.1111/j.1365-3040.2010.02270.x

 Wagner, A., Tobimatsu, Y., Phillips, L., Flint, H., Torr, K., Donaldson, L., et al. (2011). CCoAOMT Suppression modifies lignin composition in Pinus radiata. Plant J. 67, 119–129. doi: 10.1111/j.1365-313X.2011.04580.x

 Wang, P., Calvo-Polanco, M., Reyt, G., Barberon, M., Champeyroux, C., Santoni, V., et al. (2019). Surveillance of cell wall diffusion barrier integrity modulates water and solute transport in plants. Sci. Rep. 9, 4227. doi: 10.1038/s41598-019-40588-5

 Wang, H.-Z., and Dixon, R. A. (2012). On–off switches for secondary cell wall biosynthesis. Mol. Plant 5, 297–303. doi: 10.1093/mp/ssr098

 Wang, X., Yao, S., Htet, W. P. P. M., Yue, Y., Zhang, Z., Sun, K., et al. (2022). MicroRNA828 negatively regulates lignin biosynthesis in stem of populus tomentosa through MYB targets. Tree Physiol. 42, 1646–1661. doi: 10.1093/treephys/tpac023

 Wang, C. Y., Zhang, S., Yu, Y., Luo, Y. C., Liu, Q., Ju, C., et al. (2014). MiR397b regulates both lignin content and seed number in arabidopsis via modulating a laccase involved in lignin biosynthesis. Plant Biotechnol. J. 12, 1132–1142. doi: 10.1111/pbi.12222

 Wang, H., Zhao, Q., Chen, F., Wang, M., and Dixon, R. A. (2011). NAC domain function and transcriptional control of a secondary cell wall master switch. Plant J. 68, 1104–1114. doi: 10.1111/j.1365-313X.2011.04764.x

 Wanner, L. A., Li, G., Ware, D., Somssich, I. E., and Davis, K. R. (1995). The phenylalanine ammonia-lyase gene family in Arabidopsis thaliana. Plant Mol. Biol. 27, 327–338. doi: 10.1007/bf00020187

 Wei, T., Tang, Y., Jia, P., Zeng, Y., Wang, B., Wu, P., et al. (2021). A cotton lignin biosynthesis gene, GhLAC4, fine-tuned by ghr-miR397 modulates plant resistance against Verticillium dahliae. Front. Plant Sci. 12, 743795. doi: 10.3389/fpls.2021.743795

 Weng, J.-K., and Chapple, C. (2010). The origin and evolution of lignin biosynthesis. New Phytol. 187, 273–285. doi: 10.1111/j.1469-8137.2010.03327.x

 Wu, Z., Wang, N., Hisano, H., Cao, Y., Wu, F., Liu, W., et al. (2019). Simultaneous regulation of F5H in COMT-RNAi transgenic switchgrass alters effects of COMT suppression on syringyl lignin biosynthesis. Plant Biotechnol. J. 17, 836–845. doi: 10.1111/pbi.13019

 Xiao, S., Hu, Q., Shen, J., Liu, S., Yang, Z., Chen, K., et al. (2021). GhMYB4 downregulates lignin biosynthesis and enhances cotton resistance to Verticillium dahliae. Plant Cell Rep. 40, 735–751. doi: 10.1007/s00299-021-02672-x

 Xie, M., Zhang, J., Tschaplinski, T. J., Tuskan, G. A., Chen, J.-G., and Muchero, W. (2018). Regulation of lignin biosynthesis and its role in growth-defense tradeoffs. Front. Plant Sci. 9, 1427. doi: 10.3389/fpls.2018.01427

 Xu, W., Tang, W., Wang, C., Ge, L., Sun, J., Qi, X., et al. (2020). SiMYB56 confers drought stress tolerance in transgenic rice by regulating lignin biosynthesis and ABA signaling pathway. Front. Plant Sci. 11, 785. doi: 10.3389/fpls.2020.00785

 Yamaguchi, M., Mitsuda, N., Ohtani, M., Ohme-Takagi, M., Kato, K., and Demura, T. (2011). VASCULAR-RELATED NAC-DOMAIN7 directly regulates the expression of a broad range of genes for xylem vessel formation. Plant J. 66, 579–590. doi: 10.1111/j.1365-313X.2011.04514.x

 Yan, Y., Wang, P., Lu, Y., Bai, Y., Wei, Y., Liu, G., et al. (2021). MeRAV5 promotes drought stress resistance in cassava by modulating hydrogen peroxide and lignin accumulation. Plant J. 107, 847–860. doi: 10.1111/tpj.15350

 Yang, L., Zhao, X., Ran, L., Li, C., Fan, D., and Luo, K. (2017). PtoMYB156 is involved in negative regulation of phenylpropanoid metabolism and secondary cell wall biosynthesis during wood formation in poplar. Sci. Rep. 7, 41209. doi: 10.1038/srep41209

 Yoshimura, K., Masuda, A., Kuwano, M., Yokota, A., and Akashi, K. (2008). Programmed proteome response for drought avoidance/tolerance in the root of a C3 xerophyte (wild watermelon) under water deficits. Plant Cell Physiol. 49, 226–241. doi: 10.1093/pcp/pcm180

 Zhan, C., Li, Y., Li, H., Wang, M., Gong, S., Ma, D., et al. (2022). Phylogenomic analysis of phenylalanine ammonia-lyase (PAL) multigene family and their differential expression analysis in wheat (Triticum aestivum l.) suggested their roles during different stress responses. Front. Plant Sci. 13, 982457. doi: 10.3389/fpls.2022.982457

 Zhang, Y., Butelli, E., Alseekh, S., Tohge, T., Rallapalli, G., Luo, J., et al. (2015). Multi-level engineering facilitates the production of phenylpropanoid compounds in tomato. Nat. Commun. 6, 8635. doi: 10.1038/ncomms9635

 Zhang, S., Yang, J., Li, H., Chiang, V. L., and Fu, Y. (2021). Cooperative regulation of flavonoid and lignin biosynthesis in plants. Crit. Rev. Plant Sci. 40, 109–126. doi: 10.1080/07352689.2021.1898083

 Zhao, Q. (2016). Lignification: flexibility, biosynthesis and regulation. Trends Plant Sci. 21, 713–721. doi: 10.1016/j.tplants.2016.04.006

 Zhao, C., Craig, J. C., Petzold, H. E., Dickerman, A. W., and Beers, E. P. (2005). The xylem and phloem transcriptomes from secondary tissues of the arabidopsis root-hypocotyl. Plant Physiol. 138, 803–818. doi: 10.1104/pp.105.060202

 Zhao, C., Lasses, T., Bako, L., Kong, D., Zhao, B., Chanda, B., et al. (2017). XYLEM NAC DOMAIN1, an angiosperm NAC transcription factor, inhibits xylem differentiation through conserved motifs that interact with RETINOBLASTOMA-RELATED. New Phytol. 216, 76–89. doi: 10.1111/nph.14704

 Zhao, Q., Nakashima, J., Chen, F., Yin, Y., Fu, C., Yun, J., et al. (2013). Laccase is necessary and nonredundant with peroxidase for lignin polymerization during vascular development in arabidopsis. Plant Cell 25, 3976–3987. doi: 10.1105/tpc.113.117770

 Zheng, L., Chen, Y., Ding, D., Zhou, Y., Ding, L., Wei, J., et al. (2019). Endoplasmic reticulum–localized UBC34 interaction with lignin repressors MYB221 and MYB156 regulates the transactivity of the transcription factors in Populus tomentosa. BMC Plant Biol. 19, 97. doi: 10.1186/s12870-019-1697-y

 Zhong, R., Demura, T., and Ye, Z. H. (2006). SND1, a NAC domain transcription factor, is a key regulator of secondary wall synthesis in fibers of arabidopsis. Plant Cell 18, 3158–3170. doi: 10.1105/tpc.106.047399

 Zhong, R., Kandasamy, M. K., and Ye, Z. H. (2021). XND1 regulates secondary wall deposition in xylem vessels through the inhibition of VND functions. Plant Cell Physiol. 62, 53–65. doi: 10.1093/pcp/pcaa140

 Zhong, R., Mccarthy, R. L., Haghighat, M., and Ye, Z. H. (2013). The poplar MYB master switches bind to the SMRE site and activate the secondary wall biosynthetic program during wood formation. PLoS One 8, e69219. doi: 10.1371/journal.pone.0069219

 Zhong, R., Richardson, E. A., and Ye, Z. H. (2007a). The MYB46 transcription factor is a direct target of SND1 and regulates secondary wall biosynthesis in arabidopsis. Plant Cell 19, 2776–2792. doi: 10.1105/tpc.107.053678

 Zhong, R., Richardson, E. A., and Ye, Z. H. (2007b). Two NAC domain transcription factors, SND1 and NST1, function redundantly in regulation of secondary wall synthesis in fibers of arabidopsis. Planta 225, 1603–1611. doi: 10.1007/s00425-007-0498-y

 Zhong, R., and Ye, Z. H. (2012). MYB46 and MYB83 bind to the SMRE sites and directly activate a suite of transcription factors and secondary wall biosynthetic genes. Plant Cell Physiol. 53, 368–380. doi: 10.1093/pcp/pcr185

 Zhou, J., Lee, C., Zhong, R., and Ye, Z. H. (2009). MYB58 and MYB63 are transcriptional activators of the lignin biosynthetic pathway during secondary cell wall formation in arabidopsis. Plant Cell 21, 248–266. doi: 10.1105/tpc.108.063321

 Zhou, M., Zhang, K., Sun, Z., Yan, M., Chen, C., Zhang, X., et al. (2017). LNK1 and LNK2 corepressors interact with the MYB3 transcription factor in phenylpropanoid biosynthesis. Plant Physiol. 174, 1348–1358. doi: 10.1104/pp.17.00160

 Zhu, Q., Dabi, T., Beeche, A., Yamamoto, R., Lawton, M. A., and Lamb, C. (1995). Cloning and properties of a rice gene encoding phenylalanine ammonia-lyase. Plant Mol. Biol. 29, 535–550. doi: 10.1007/bf00020983




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Choi, Lee, Kim, Jeong and Shim. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Modulation of lignin biosynthesis for drought tolerance in plants

      

        		

          Introduction

        



        		

          The importance of lignin in plants

        



        		

          Lignin biosynthesis

        



        		

          Transcriptional regulation of lignin biosynthesis in plants

        



        		

          Importance of lignin in the drought responses of plants

        



        		

          Drought-mediated regulation of lignin biosynthesis

        



        		

          Utilizing the lignin biosynthesis transcriptional network to enhance drought tolerance

        



        		

          Concluding remarks and future perspectives

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1116426-g002.jpg
ron






OEBPS/Images/table2.jpg
Plant species Lignin Drought Lignified tissue Genes involved in lignin Reference
content tolerance deposition
Rice OsERF71 Increased Increased Roots OsPAL, Lee et al.,
(Oryza sativa) (overexpression) (between metaxylem and OsC4H, 2016
stele) OsCCR1, OsCCR10,
OsCAD,
OsPRX
Rice OsNAC17 Increased Increased Leaves and roots OsPAC7, OsCCR29, OsPRX22, Jung et al,,
(Oryza sativa) (overexpression) OsPRX131, 2022
0OsCADSD
Rice OsCCR10 Increased Increased Stems and roots OsCCR10 Bang et al.,
(Oryza sativa) (overexpression) (metaxylem, xylem fiber, 2022
sclerenchyma)
Rice OsTFIL Increased Increased Shoots OsPRX2, Bang et al.,
(Oryza sativa) (overexpression) (epidermis, sclerenchyma, OsPRX22, 2019
xylem) OsPRX38,
OsCAD6,
OsCAD7,
OsCOMTL5
Grapevine VIbZIP30 Increased Increased Stems VvPRX4, VvPRX72 Tu et al,
(Vitis vinifera) (overexpression) (secondary xylem) 2020
Oriental melon CmCAD2 Reduced Reduced Stems N.D. Liu et al.,
(Cucumis melo) (suppression) (xylem) 2020
Oriental melon CmCAD3 Reduced Reduced Stems N.D. Liu et al,,
(Cucumis melo) (suppression) (xylem) 2020
Apple MdMYB88 Increased Increased Roots MAVND6, MAMYB46 Geng et al,,
(Malus x domestica) (overexpression) 2018
Apple MdMYB124 Increased Increased Roots MAVND6, MdMYB46 Geng et al.,
(Malus x domestica) (overexpression) 2018
Populus ussuriensis PuC3H35 Increased Increased Roots PuEARLI1 Li et al,, 2022
(overexpression) (xylem)
Foxtail millet SiMYB56 Increased Increased N.D. OsPAL, OsC4H, Os4CL5, OsCCR10, Xuetal,
(Setaria italica) (overexpression) OsCAD, OsF5H1 2020
Cassava (Manihot MeRAV5 Reduced Reduced N.D. MeCAD Yan et al,,
esculenta) (suppression) 2021
Arabidopsis AtCAD4, AtCADS, Reduced Increased N.D. AtCAD4, AtCADS, Ménard et al.,
(Arabidopsis AtFAHI (increased AtFAHI 2022
thaliana) (knockout) Xcno)

N.D., Not determined.
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Plant species

Treatment

Lignin content

Lignified
tissue

Genes involved in lignin
deposition

Reference

Tea tree
(Camellia sinensis)

Chickpea

(Cicer arietinum)

Oriental melon
(Cucumis melo)

Maize
(Zea mays)

Maize
(Zea mays)

‘White popinac (Leucaena
leucocephala)

Arabidopsis
(Arabidopsis thaliana)

N.D., Not determined.

Withholding
‘water

Withholding

‘water

8% PEG6000

PEG6000
(-0.5 MPa)

16%
PEG6000

1% mannitol

1 uM ABA

Increased

Increased

Increased

Increased

Higher in drought tolerant
inbred lines

Higher than control plants

Increased

N.D.

Roots
(metaxylem,
protoxylem)

Stems
(metaxylem,
protoxylem)

Roots
(xylem fiber)

N.D.

Stems and roots
(xylem and xylem
fibers)

Roots
(inner metaxylem
position)

CsPAL, CsCCR,
CsPRX

CaLACs

CmPAL,CmC4H, Cm4CL, CmCCR,
CmCOMT, CmPOD, CmLAC

ZmCCR

ZmCAD,

ZmCOMT

LICCR

VND2, VND3, VDN7

Gu et al,, 2020

Sharma et al.,
2020

Liu et al,, 2021b

Fan et al., 2006

Hu et al,, 2009

Srivastava et al.,
2015

Ramachandran
et al, 2021





