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Abstract 13 

Lignin is a highly abundant polymer in plant cell walls that is essential for land plants’ ability to 14 

stand upright and transport water. Inside plant cells, lignin monomers, called monolignols, are 15 

made from phenylalanine via a multistep pathway. In the cell wall, monomers move freely, until 16 

they encounter stationary oxidative enzymes that determine where the lignin polymer forms. 17 

However, it remains unclear how lignin monomers are trafficked from inside the cell to the cell 18 

wall. Although multiple lines of circumstantial evidence implicate transporters, additional 19 

possible mechanisms include the diffusion of monomers across lipid bilayers and the release of 20 

monolignol glucosides stored in vacuoles. There are therefore potentially diverse and 21 

overlapping mechanisms of monolignol export. 22 

 23 

Highlights 24 

• Monomers are made inside of cells and exported to the wall by unknown mechanism(s). 25 

• Possible mechanisms include transporters such as ATP-binding cassette transporters. 26 

• Diffusion of monomers through membranes, driven by polymer formation, is possible. 27 

• In gymnosperms, monolignol glucosides represent a possible alternate route to lignin. 28 

• Cells can export lignin monomers into the shared walls of neighboring cells. 29 

 30 
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Introduction  32 

Lignin engineering in plant feedstocks has the potential to decrease recalcitrance and provide 33 

novel compounds that could be used as renewable bio-products [1]. The lignin heteropolymer is 34 

typically assembled from three types of monomers called monolignols: coniferyl alcohol, sinapyl 35 

alcohol and p-coumaryl alcohol, which are incorporated into the polymer as guaiacyl (G), 36 

syringyl (S) and p-hydroxyphenyl (H) units, respectively. Monolignols are produced within 37 

contributing cells, where gene expression determines the quality and quantity of the lignin 38 

polymer product in the cell wall [2–4]. In thick secondary cell walls, monolignols are oxidized 39 

by laccases and/or peroxidases to form radicals, which covalently link to the growing lignin 40 

polymer [5]. Although much is known about lignin monomer biosynthesis, and a picture of the 41 

mechanisms of polymerization is emerging, the mechanism(s) of export of monolignols from 42 

their site of synthesis inside the cell, across the cell membrane, and out into the developing 43 

secondary cell wall are not known. 44 

 45 

Mechanisms to export monomers from cells and incorporate the monomers into the lignin 46 

polymer must be flexible, as efforts to engineer new types of lignin for biofuels or renewable 47 

bioproducts have shown that plants will readily incorporate non-canonical [6,7] or exotic 48 

monomers into the lignin polymer [8,9]. Similar plasticity in the incorporation of unconventional 49 

monomers, such as hydroxycinnamaldehydes, has been seen in mutants, and these variant lignin 50 

mutants have the potential to be exploited to engineer lignin composition [10–13]. With the aim 51 

of achieving more economically processed biomass, lignins have been engineered to contain 52 

more labile ester linkages [8]. The consequence of lignin monomer export flexibility is increased 53 

feasibility for genetic engineering manipulations designed to achieve altered polymer length, 54 

reduced crosslinking to carbohydrates, incorporation of more labile linkages, and increased 55 

proportions of commercially attractive monomers [1]. Further lines of evidence for the diversity 56 

of monomers exported from cells are found in naturally occurring lignins, such as in the family 57 

Cactaceae, where some species have C-type lignin derived from caffeyl alcohol [7]. The 58 

majority of the plant body in C lignin-containing plants is made up of largely G/S lignin, 59 

indicating that the synthesis, export and polymerization machinery is capable of entirely different 60 

outputs in different tissues [7]. This flexibility extends even to the development of single seed 61 



coat cells, as was observed in Cleome hassleriana, in which early in development, G lignin is 62 

first deposited, followed by C lignin deposition during later stages [14].  63 

 64 

In addition to being flexible, monolignol export is also rapid. Despite a large flux of carbon to 65 

the extracellular lignin pool, which results in lignin representing 20-30% of the biomass dry 66 

weight, the accumulation of free monolignols in lignifying tissues is minimal. Using optimized 67 

liquid chromatography-tandem mass spectrometry with electrospray ionization, nanomole/gram 68 

fresh weight concentrations of coniferyl alcohol and sinapyl alcohol were detected in wild-type 69 

Arabidopsis lignifying stems [15]. Similarly, when radiolabeled phenylalanine was fed to 70 

developing Arabidopsis protoxylem tracheary elements [16] or pine tracheids and detected by 71 

microautoradiography [17], label was rapidly incorporated into the cell wall without 72 

accumulating inside the cells.  73 

 74 

Potential mechanisms of monolignol export 75 

The simplest explanation for monolignol export is that the monomers could diffuse across lipid 76 

bilayers, in a manner analogous to auxin, then become trapped in the cell wall by crosslinking 77 

into lignin. Supporting this hypothesis are experiments that demonstrate that monolignol-like 78 

molecules associate readily with lipid disks that approximate the composition of maize root cell 79 

membranes [18]. This suggests that membranes could be permeable to monolignols. For 80 

diffusion to occur spontaneously, it requires an energetically favorable gradient to drive net 81 

movement. The deposition of large quantities of immobile lignin-polymerizing laccases and 82 

peroxidases in secondary cell walls may lead to rapid polymerization of free monolignols [19], 83 

thereby creating a strong sink for monolignols and an energetically favorable gradient driving 84 

transport across the membrane, minimizing their intracellular accumulation. Similarly, if 85 

monolignols (or dimers) can diffuse across bilayers, then glucosylation in the cytoplasm and 86 

storage in the vacuole represents an additional mechanism to trap them [20]. 87 

 88 

The current paradigm is that if monolignols and monolignol glucosides are exported by active 89 

transport, then the transporters involved are likely of the ATP-binding cassette (ABC) transporter 90 

family [21–23]. The ABC transporter family is found ubiquitously in all types of organisms, in 91 

which they facilitate the transport of a diverse range of substrates across a variety of membranes 92 



in cells. Plants possess a relatively high number of ABC transporter genes that have been 93 

implicated in the transport of auxin, cytokinin, abscisic acid, cutin, wax and suberin components 94 

(reviewed by [24,25]. In order to broadly test if ABC transporters played a role in monolignol 95 

transport, inhibitor studies were conducted on membrane vesicles derived from vacuoles or 96 

plasma membranes of Arabidopsis [22]. Coniferyl alcohol transport in plasma membrane 97 

vesicles was inhibited by both the exclusion of ATP, which ABC transporters require, and the 98 

inclusion of vanadate, a P-type ATPase inhibitor [22]. Results from heterologous expression in 99 

yeast suggest that Arabidopsis ABCG29 is capable of transporting p-coumaryl alcohol, which 100 

polymerizes into H lignin units [23]. Mutants of abcg29 showed increased sensitivity to root 101 

growth inhibition by p-coumaryl alcohol, but the lignin in mutant lines was only modestly 102 

reduced in G, S, and H units [23]. The disconnect between the yeast assay showing p-coumaryl 103 

alcohol transport activity and the broad spectrum root lignin phenotype brings into question the 104 

specificity of ABCG29 and underscores the notion that significant portions of lignin precursors 105 

must be transported either by other transporters or other mechanisms. Recent findings in 106 

differentiating Arabidopsis tracheary element cell cultures suggest that a group of ABCG genes 107 

(ABCG11, ABCG22, ABCG29, and ABCG36) are co-expressed with MYB58, a transcription 108 

factor that controls monolignol biosynthetic gene expression [26]. A similar study compared the 109 

expression of transporters and cell wall regulators across organs of Arabidopsis plants. The study 110 

revealed that groups of ABCGs are co-regulated alongside transcripts associated with cell wall 111 

development in stems and roots [27]. This redundancy, combined with the ability of diffusion to 112 

compensate for reduced transport, may explain why strong stem lignin-deficient phenotypes have 113 

not been observed in ABCG single mutants [28].  114 

 115 

Monolignols and monolignol glucosides 116 

Monolignols in the cytoplasm can be glucosylated by cytoplasmic UDP-glucosyltransferases 117 

(UGT), forming monolignol glucosides. In eudicot species such as Arabidopsis, where 118 

monolignol glucosides are not thought to be a significant intermediate in lignification, pools of 119 

glucosides form primarily to detoxify the cytoplasm by removing free phenylpropanoid products 120 

and moving them to the vacuole [29]. The Arabidopsis UGT72E1, UGT72E2 and UGT72E3 are 121 

largely responsible for the glucosylation of sinapyl and coniferyl alcohol (reviewed by [29]). 122 

Arabidopsis triple ugt72e mutants had wild-type lignin, but coniferin and syringin were 123 



significantly reduced, although not eliminated, leaving open the possibility of other minor 124 

contributors to glucosylation [30]. Recently, the glucosyltransferase UGT72B1 was identified as 125 

an additional contributor to monolignol glucosylation in Arabidopsis, and the ugt72b1 mutants 126 

had intriguing and unexpected phenotypes that were interpreted as evidence of a role for 127 

UGT72B1 in monolignol homeostasis [31]. The pool of glucosides is balanced by cleavage 128 

through the action of β-glucosidases to yield free monolignols. In Arabidopsis, the β-129 

glucosidases BGLU45 and BGLU46 are responsible for the cleavage of coniferin and syringin 130 

[32]. The absence of lignin-deficient phenotypes in bglu45/46 mutants supports the assertion 131 

that, in Arabidopsis, monolignol glucosides are not intermediates in the developmental 132 

lignification pathway [33].  133 

 134 

In contrast to angiosperms, the coniferyl alcohol glucoside, coniferin, may represent a key 135 

intermediate in gymnosperm lignification. Using a combination of scanning electron microscopy 136 

and time-of-flight secondary ion mass spectrometry, Aoki et al., (2016) analyzed the distribution 137 

of coniferin across the cambial zone and into the developing secondary xylem of Gingko biloba. 138 

Coniferin was observed in the central region of cells, consistent with a vacuolar localization. The 139 

abundance of coniferin increased as the age of differentiating cells increased, up to the start of 140 

lignification, then dropped prior to and following cell death [34]. While more than one transport 141 

mechanism could be active, this supports the possibility that the ultimate export mechanism is 142 

simply cell death and lysis of the cell and tonoplast membranes. The contribution of ABC 143 

transporters to vacuolar coniferin uptake was also shown to be an energy-requiring transport 144 

activity [22]. Autoradiography studies using radioactively labelled phenylalanine in lignifying 145 

pine wood, prior to cell death, found that label was rapidly incorporated into the wall, but not 146 

into the vacuole, with a minority of signals found inside the cell [17]. It is possible that coniferin 147 

accumulates in vacuoles on a timescale too lengthy to be detected by such short-term assays, but 148 

at the end of the tracheid’s life, coniferin release, followed by glucosidase cleavage in the wall, 149 

may still be important to lignification.  150 

 151 

Monomers outside cells move to regions of active polymerization 152 

Monolignol export occurs at specific stages in the development of a lignifying cell. In both wood 153 

and the model plant Arabidopsis thaliana, the steps of lignification begin with lignin deposition 154 



in cell corners and the middle lamella, and this pattern has recently been mapped at high 155 

resolution using new biorthogonal fluorescent probes in flax [35]. This study, and others with 156 

‘click’ chemical or fluorescently tagged monolignols, indicate that monolignols diffuse freely 157 

through the cell wall [36,37]. 158 

 159 

During the secondary thickening of cell walls, the polysaccharide matrix is deposited before the 160 

deposition of lignin. Enzymes such laccases and peroxidases are also deposited in the 161 

polysaccharide matrix of the thickened cell wall, as evidenced by localization of fluorescently 162 

tagged laccases in Arabidopsis stem secondary cell walls [19]. Fluorescence recovery after 163 

photobleaching, which measures the mobility of the proteins, demonstrated that laccases were 164 

immobile within the secondary cell wall [19]. Following deposition of the thickened cell wall 165 

matrix, the final wave of lignification proceeds, often overlapping or following programmed cell 166 

death. 167 

 168 

The mechanisms through which the monolignols and other lignin precursors are exported to the 169 

cell wall becomes more multi-faceted when accounting for the complexity of lignifying cell 170 

types in diverse tissues. Xylem tissue is made up of multiple cell types including tracheary 171 

elements, xylary fibers, and non-lignifying xylary parenchyma cells. In planta, there is evidence 172 

that non-lignifying cells, such as xylary parenchyma cells, can synthesize monolignols and 173 

export lignin precursors to the cell walls of their lignifying neighbors, thereby supplementing the 174 

lignification process [16,38–40]. This “good neighbor” hypothesis could be applicable through 175 

many stages of lignification and diverse cell types. In contrast to the tracheary elements and 176 

fibers within vascular bundles, sclerenchymous interfascicular fibers in Arabidopsis stems have 177 

cell-autonomous lignification. When lignin biosynthesis enzymes are down-regulated in 178 

sclerenchyma fibers, the cell wall lignification is not rescued by any other cell type [16, 40], 179 

indicating that sclerenchyma fibers make their own monolignols and export them directly into 180 

their own cell walls. Xylary fibers and tracheary elements have a mixture of cell-autonomous 181 

and non-cell-autonomous lignification [16,40–42]. The implication of these studies is that 182 

monolignol export mechanisms in xylem tissues could depend on the cell type and stage of 183 

differentiation, with transporters, diffusion, or cell death ‘shortcuts’ happening over the life span 184 

of a lignifying, or good neighbor, cell. 185 



 186 

There is not yet a comprehensive model of the mechanisms of monolignol export. Amplifying 187 

the uncertainty in this field, extant published work relevant to the topic of monolignol transport 188 

has been done in a variety of systems and, as such, it is difficult to know how broadly applicable 189 

any given finding is. There are, however, promising avenues for further study of passive 190 

diffusion and candidate transporters. These proposed mechanisms are not mutually exclusive. It 191 

may be that different mechanisms predominate in different tissues, and in different 192 

developmental stages as sinks, such as polymerization in the wall, and sources, such as good 193 

neighbors, change.  194 

 195 

Acknowledgements  196 

Funding: This work was supported by a Discovery Grant to ALS from the Canadian Natural 197 

Sciences and Engineering Research Council [grant number RGPIN-2013-229548]. RS was 198 

funded in part by the DOE Great Lakes Bioenergy Research Center (DOE Office of Science DE-199 

SC0018409). 200 

 201 

 202 

 203 

 204 

 205 

 206 

 207 

 208 

 209 

 210 

 211 

 212 

 213 

 214 

 215 

 216 



 217 

 218 

 219 

References and recommended reading 220 

 221 

1.  Mottiar Y, Vanholme R, Boerjan W, Ralph J, Mansfield SD: Designer lignins : 222 

harnessing the plasticity of lignification. Curr Opin Biotechnol 2016, 37:190–200. 223 

2.  Zhao QA, Wang HZ, Yin YB, Xu Y, Chen F, Dixon RA: Syringyl lignin biosynthesis is 224 

directly regulated by a secondary cell wall master switch. Proc Natl Acad Sci U S A 225 

2010, 107:14496–14501. 226 

3.  Zhou J, Lee C, Zhong R, Ye Z: MYB58 and MYB63 are transcriptional activators of 227 

the lignin biosynthetic pathway during secondary cell wall formation in Arabidopsis. 228 

PLANT CELL ONLINE 2009, 21:248–266. 229 

4.  Wagner A, Tobimatsu Y, Phillips L, Flint H, Geddes B, Lu F, Ralph J: Syringyl lignin 230 

production in conifers: proof of concept in a Pine tracheary element system. Proc 231 

Natl Acad Sci U S A 2015, 112:6218–23. 232 

5.  Morreel K, Ralph J, Kim H, Lu F, Goeminne G, Ralph S, Messens E: Profiling of 233 

oligolignols reveals monolignol coupling conditions in lignifying Poplar xylem. Plant 234 

Physiol 2004, 136:3537–3549. 235 

6.  Ralph J, Lundquist K, Brunow G, Lu F, Kim H, Paul F, Marita JM, Hatfield RD, Ralph 236 

SA, Christensen JH, et al.: Lignins : Natural polymers from oxidative coupling of 4-237 

hydroxyphenyl- propanoids. Phytochemistry Reviews 2004, 3: 29-60. 238 

7.  Chen F, Tobimatsu Y, Jackson L, Nakashima J, Ralph J, Dixon RA: Novel seed coat 239 

lignins in the Cactaceae: Structure, distribution and implications for the evolution of 240 

lignin diversity. Plant J 2013, 73:201–211. 241 

8.  Wilkerson CG, Mansfield SD, Lu F, Withers S, Park J-Y, Karlen SD, Gonzales-Vigil E, 242 

Padmakshan D, Unda F, Rencoret J, et al.: Monolignol ferulate transferase introduces 243 

chemically labile linkages into the lignin backbone. Science 2014, 344:90–93. 244 

9.  Smith RA, Gonzales-Vigil E, Karlen SD, Park J-Y, Lu F, Wilkerson C, Samuels AL, 245 

Ralph J, Mansfield SD: Engineering monolignol p-coumarate conjugates into Poplar 246 

and Arabidopsis lignins. Plant Physiol 2015, 169:2992–3001. 247 



10.  Halpin C, Knight ME, Foxon GA, Campbell MM, Boudet AM, Boon JJ, Chabbert B, 248 

Tollier M ‐T, Schuch W: Manipulation of lignin quality by downregulation of 249 

cinnamyl alcohol dehydrogenase. Plant J 1994, 6:339–350. 250 

11.  Kim H, Ralph J, Lu F, Ralph SA, Boudet AM, MacKay JJ, Sederoff RR, Ito T, Kawai S, 251 

Ohashi H, et al.: NMR analysis of lignins in CAD-deficient plants. Part 1. 252 

Incorporation of hydroxycinnamaldehydes and hydroxybenzaldehydes into lignins. 253 

Org Biomol Chem 2003, 1:268–281. 254 

12.  Anderson NA, Tobimatsu Y, Ciesielski PN, Ximenes E, Ralph J, Donohoe BS, Ladisch 255 

M, Chapple C: Manipulation of guaiacyl and syringyl monomer biosynthesis in an 256 

Arabidopsis cinnamyl alcohol dehydrogenase mutant results in atypical lignin 257 

biosynthesis and modified cell wall structure. Plant Cell 2015, 27:2195–2209. 258 

13.  Van Acker R, Déjardin A, Desmet S, Hoengenaert L, Vanholme R, Morreel K, Laurans F, 259 

Kim H, Santoro N, Foster C, et al.: Different metabolic routes for coniferaldehyde and 260 

sinapaldehyde with CINNAMYL ALCOHOL DEHYDROGENASE1 deficiency. 261 

Plant Physiol 2017, 175: 1018-1039. 262 

14.  Tobimatsu Y, Chen F, Nakashima J, Escamilla-Treviño LL, Jackson L, Dixon RA, Ralph 263 

J: Coexistence but independent biosynthesis of catechyl and guaiacyl/syringyl lignin 264 

polymers in seed coats. Plant Cell 2013, 25:2587–600. 265 

15.  Jaini R, Wang P, Dudareva N, Chapple C, Morgan JA: Targeted metabolomics of the 266 

phenylpropanoid pathway in Arabidopsis thaliana using reversed phase liquid 267 

chromatography coupled with tandem mass spectrometry. Phytochem Anal 2017, 268 

28:267–276. 269 

16.  Smith RA, Schuetz M, Roach M, Mansfield SD, Ellis B, Samuels L: Neighboring 270 

parenchyma cells contribute to Arabidopsis xylem lignification, while lignification of 271 

interfascicular fibers is cell autonomous. Plant Cell 2013, 25:3988–3999. 272 

17.  Kaneda M, Rensing KH, Wong JCTT, Banno B, Mansfield SD, Samuels AL: Tracking 273 

monolignols during wood development in lodgepole pine. Plant Physiol 2008, 274 

147:1750–1760. 275 

18.  Boija E, Lundquist A, Edwards K, Johansson G: Evaluation of bilayer disks as plant 276 

cell membrane models in partition studies. Anal Biochem 2007, 364:145–152. 277 

19.  Chou E, Schuetz M, Hoffmann N, Watanabe Y, Sibout R, Samuels AL: Distribution, 278 



mobility and anchoring of lignin-related oxidative enzymes in Arabidopsis secondary 279 

cell walls. J Exp Bot 2018, 69:1849–1859. 280 

20.  Dima O, Morreel K, Vanholme B, Kim H, Ralph J, Boerjan W: Small glycosylated lignin 281 

oligomers are stored in Arabidopsis leaf vacuoles. Plant Cell 2015, 27:695–710. 282 

21.  Barros J, Serk H, Granlund I, Pesquet E: The cell biology of lignification in higher 283 

plants. Ann Bot 2015, 115:1053–1074. 284 

22.  Miao Y-C, Liu C-J: ATP-binding cassette-like transporters are involved in the 285 

transport of lignin precursors across plasma and vacuolar membranes. Proc Natl 286 

Acad Sci U S A 2010, 107:22728–33. 287 

23.  Alejandro S, Lee Y, Tohge T, Sudre D, Osorio S, Park J, Bovet L, Lee Y, Geldner N, 288 

Fernie AR, et al.: AtABCG29 is a monolignol transporter involved in lignin 289 

biosynthesis. Curr Biol 2012, 22:1207–1212. 290 

24.  Do THT, Martinoia E, Lee Y: Functions of ABC transporters in plant growth and 291 

development. Curr Opin Plant Biol 2018, 41:32–38. 292 

25.  Kang J, Park J, Choi H, Burla B, Kretzschmar T, Lee Y, Martinoia E: Plant ABC 293 

transporters. The Arabidopsis Book 2011, 9:1–25. 294 

26.  Takeuchi M, Kegasa T, Watanabe A, Tamura M, Tsutsumi Y: Expression analysis of 295 

transporter genes for screening candidate monolignol transporters using Arabidopsis 296 

thaliana cell suspensions during tracheary element differentiation. J Plant Res 2018, 297 

131:297–305. 298 

27.  Takeuchi M, Watanabe A, Tamura M, Tsutsumi Y: The gene expression analysis of 299 

Arabidopsis thaliana ABC transporters by real-time PCR for screening monolignol-300 

transporter candidates. J Wood Sci 2018, 0:1–8. 301 

28.  Kaneda M, Schuetz M, Lin BSP, Chanis C, Hamberger B, Western TL, Ehlting J, Samuels 302 

AL: ABC transporters coordinately expressed during lignification of Arabidopsis 303 

stems include a set of ABCBs associated with auxin transport. J Exp Bot 2011, 304 

62:2063–2077. 305 

29.  Le Roy J, Huss B, Creach A, Hawkins S, Neutelings G: Glycosylation is a major 306 

regulator of phenylpropanoid availability and biological activity in plants. Front 307 

Plant Sci 2016, 7:735. 308 

30.  Lanot A, Hodge D, Jackson RG, George GL, Elias L, Lim EK, Vaistij FE, Bowles DJ: 309 



The glucosyltransferase UGT72E2 is responsible for monolignol 4-O-glucoside 310 

production in Arabidopsis thaliana. Plant J 2006, 48:286–295. 311 

31.  Lin JS, Huang XX, Li Q, Cao Y, Bao Y, Meng XF, Li YJ, Fu C, Hou BK: UDP-312 

glycosyltransferase 72B1 catalyzes the glucose conjugation of monolignols and is 313 

essential for the normal cell wall lignification in Arabidopsis thaliana. Plant J 2016, 314 

88:26–42. 315 

* A UDP-glycosyltransferase UGT72B1 was characterized and found to be a monolignol 316 

glycosyltransferase. The single ugt72b1 mutant hyper-accumulated lignin and the lignin 317 

biosynthetic pathway was highly upregulated. This implicates ugt72b1in phenolic 318 

homeostasis. 319 

32.  Escamilla-Treviño LL, Chen W, Card ML, Shih MC, Cheng CL, Poulton JE: Arabidopsis 320 

thaliana β-Glucosidases BGLU45 and BGLU46 hydrolyse monolignol glucosides. 321 

Phytochemistry 2006, 67:1651–1660. 322 

33.  Chapelle A, Morreel K, Vanholme R, Le-Bris P, Morin H, Lapierre C, Boerjan W, 323 

Jouanin L, Demont-Caulet N: Impact of the absence of stem-specific β-glucosidases on 324 

lignin and monolignols. Plant Physiol 2012, 160:1204–17. 325 

34.  Aoki D, Hanaya Y, Akita T, Matsushita Y, Yoshida M, Kuroda K, Yagami S, Takama R, 326 

Fukushima K: Distribution of coniferin in freeze-fixed stem of Ginkgo biloba L. by 327 

cryo-TOF-SIMS/SEM. Sci Rep 2016, 6:1–9. 328 

**This paper characterizes the accumulation of coniferin starting shortly after differentiation of 329 

xylem at the vascular cambium up to tracheid cell death in developing Ginkgo biloba 330 

secondary xylem. No coniferin was observed in older xylem cells following programmed 331 

cell death suggesting it may have been incorporated into the wall. 332 

35.  Lion C, Simon C, Huss B, Blervacq AS, Tirot L, Toybou D, Spriet C, Slomianny C, 333 

Guerardel Y, Hawkins S, et al.: BLISS: A bioorthogonal dual-labeling strategy to 334 

unravel lignification dynamics in plants. Cell Chem Biol 2017, 24:326–338. 335 

*A novel tool for simultaneous imaging G and H lignin subunits was developed and 336 

demonstrated in flax stems. It was demonstrated to be superior to autofluorescence at 337 

staining areas of active lignification. Lignification was initiated in cell corners and middle 338 

lamella before proceeding into thickened secondary cell walls.  339 

36.  Pandey JL, Wang B, Diehl BG, Richard TL, Chen G, Anderson CT: A versatile click-340 



compatible monolignol probe to study lignin deposition in plant cell walls. PLoS One 341 

2015, 10:1–20. 342 

37.  Tobimatsu Y, Wagner A, Donaldson L, Mitra P, Niculaes C, Dima O, Kim JI, Anderson 343 

N, Loque D, Boerjan W, et al.: Visualization of plant cell wall lignification using 344 

fluorescence-tagged monolignols. Plant J 2013, 76:357–366. 345 

38.  Hosokawa M, Suzuki S, Umezawa T, Sato Y: Progress of lignification mediated by 346 

intercellular transportation of monolignols during tracheary element differentiation 347 

of isolated Zinnia mesophyll cells. Plant Cell Physiol 2001, 42:959–968. 348 

39.  Pesquet E, Zhang B, Gorzsas A, Puhakainen T, Serk H, Escamez S, Barbier O, Gerber L, 349 

Courtois-moreau C, Alatalo E, et al.: Non-cell-autonomous postmortem lignification of 350 

tracheary elements in Zinnia elegans. Plant Cell 2013, 25:1314–1328. 351 

40.  Smith RA, Schuetz M, Karlen SD, Bird D, Tokunaga N, Sato Y, Mansfield SD, Ralph J, 352 

Samuels AL: Defining the diverse cell populations contributing to lignification in 353 

Arabidopsis stems. Plant Physiol 2017, 174:1028–1036. 354 

** The knockdown of lignin synthesis and production of novel acylated units in non-lignifying 355 

parenchyma cells demonstrate that these non-lignifying cells contribute to tracheary 356 

element lignification in the vascular bundle. Additionally, it is demonstrated that 357 

interfascicular fibers are autonomous in their lignification.   358 

41.  Vargas L, Cesarino I, Vanholme R, Voorend W, de Lyra Soriano Saleme M, Morreel K, 359 

Boerjan W: Improving total saccharification yield of Arabidopsis plants by vessel-360 

specific complementation of caffeoyl shikimate esterase (cse) mutants. Biotechnol 361 

Biofuels 2016, 9:1–16. 362 

42.  De Meester B, de Vries L, Özparpucu M, Gierlinger N, Corneillie S, Pallidis A, Goeminne 363 

G, Morreel K, De Bruyne M, De Rycke RM, et al.: Vessel-specific reintroduction of 364 

CINNAMOYL-COA REDUCTASE1 (CCR1) in dwarfed ccr1 mutants restores 365 

vessel and xylary fiber integrity and increases biomass. Plant Physiol 2018, 176:611–366 

633. 367 

* The vessel-specific expression of cinnamoyl CoA reductase (CCR1) in the ccr1 mutant rescued 368 

the dwarfed stem and collapsed vasculature phenotype of ccr1 mutants. The sugar yield 369 

upon saccharification was increased 4-fold over wild type, presumably driven by the non-370 

vascular fibers with reduced lignification no longer suffering from dwarfism.  371 



 372 

Figure 1 Caption: 373 

 374 

A)  Monolignols are synthesized in the cytoplasm of plant cells by the largely characterized 375 

phenylpropanoid pathway. Possible routes for direct trafficking outside the cell include 376 

active transport via ABC transporters, diffusion through the membrane or diffusion 377 

facilitated by channels in the membrane. In gymnosperms, significant quantities of 378 

monolignol glucosides accumulate. A transporter, possibly an ABC transporter, facilitates 379 

uptake of glucosides into the vacuole. In vascular cells that are dead at maturity cell death 380 

ultimately releases all cellular contents. Once outside the cell monolignols may be 381 

polymerized immediately in the wall of the cell that generated them or, in certain cell 382 

types, diffuse to adjoining cell walls where they are polymerized.  383 

 384 

B  A schematic contrasting early lignification in cell corners and late lignification of highly 385 

thickened secondary walls of a plant cell (N=nucleus, V=vacuole, C=cytoplasm).  386 

i) Early in development at the initiation of lignification in the cell corners and middle 387 

lamella (white) only small quantities of oxidative enzymes (red beans) are present in the 388 

primary wall (dark grey) and cell corners. Transporters may be needed to drive the 389 

relatively small flux of monolignols across the membrane. 390 

ii) Energetically downhill monomer transport. Large quantities of laccases in the 391 

thickened secondary wall (light grey) provide a strong sink for monolignols outside the 392 

cell. The significant biosynthesis inside the cell and strong sink outside the cell could be 393 

the energetic driving force for diffusion of monolignols.  394 

   395 

C  Sequestration of monolignol glucosides occurs within the vacuole in gymnosperms. 396 

i) During the development of the cell monolignol glucosides accumulate in the vacuole of 397 

the cell. ii) Cell death releases the contents of the vacuole. iii) β-glucosidases (green 398 

triangles) release free monolignols in the cell wall that are available to be incorporated 399 

into the wall by oxidative enzymes (red beans). 400 

 401 

 402 








