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Summary 17 

Secondary walls are synthesized in specialized cells, such as tracheary elements and fibers, and 18 

their remarkable strength and rigidity provide strong mechanical support to the cells and the 19 

plant body. The main components of secondary walls are cellulose, xylan, glucomannan and 20 

lignin. Biochemical, molecular and genetic studies in the past decades have led to the discovery 21 

of most of the genes involved in the biosynthesis of secondary wall components. Cellulose is 22 

synthesized by cellulose synthase complexes in the plasma membrane and the recent success of 23 

in vitro synthesis of cellulose microfibrils by a single recombinant cellulose synthase isoform 24 

reconstituted into proteoliposomes opens new doors to further dissect the structure and functions 25 

of cellulose synthase complexes. A number of genes involved in the glycosyl backbone 26 

synthesis, glycosyl substitutions and acetylation of xylan and glucomannan have been genetically 27 

characterized and the biochemical properties of some of their encoded enzymes have been 28 
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investigated. The genes and their encoded enzymes participating in monolignol biosynthesis and 1 

modification have been extensively studied both genetically and biochemically. A full 2 

understanding of how secondary wall components are synthesized will ultimately enable us to 3 

produce plants with custom-designed secondary wall composition tailored to diverse 4 

applications.  5 

 6 

Key words: cellulose, cellulose synthase, glycosyltransferase, lignin, glucomannan, secondary 7 

wall, xylan 8 
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 18 

I. Introduction  19 

 Plant cells are encased in walls that define the shapes of cells, tissues, organs and 20 

ultimately the whole plant body. Cell walls are commonly classified into primary walls and 21 

secondary walls. Primary walls are laid down at the cell plate during cytokinesis and 22 

continuously deposited around the cells and modified during cell expansion and they are 23 

ubiquitous in all cell types. Secondary walls are deposited after cessation of cell expansion in 24 

specialized cell types, including tracheids, vessels, fibers and sclereids, which are collectively 25 

called sclerenchyma (Fig. 1). The most abundant source of secondary wall-containing cells is 26 

secondary xylem of gymnosperms (Fig. 1b) and angiosperms (Fig. 1c). Secondary wall-27 

containing cells are also found in some other specialized tissues, such as extraxylary fibers in 28 

stems (Fig. 1a, d, f, g) and seed pods, endodermis of roots, endothecium of anthers, fibers 29 
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(trichomes) of cotton seeds, and sclereids in leaves and seed coats (Fig. 1e) of some species 1 

(Mauseth, 1988). Being thick and rigid, secondary cell walls not only empower tracheids and 2 

vessels to resist the negative pressure generated by transpiration but also provide mechanical 3 

strength crucial for structural support and protection to the plant body. 4 

 Secondary cell walls are primarily composed of cellulose, hemicelluloses (xylan and 5 

glucomannan) and lignin (Fig. 1j), with a minor amount of structural proteins and enzymes. 6 

Cellulose is the most abundant polymer in secondary walls and can be visualized as microfibrils 7 

using field-emission scanning electron microscopy (Fig. 1i). Cellulose microfibrils in secondary 8 

walls are typically laid down in three distinct layers (Fig. 1h), i.e., the S1 layer having a crossed 9 

microfibril organization, the S2 layer being the thickest with microfibrils oriented nearly parallel 10 

to the cell elongation axis, and the S3 layer having microfibrils oriented in a flat helix (Timell, 11 

1967). The composition of secondary walls varies substantially among different species or 12 

different types of sclerenchyma cells. For example, the composition of wood differs between 13 

gymnosperms and angiosperms; the predominant hemicellulose in gymnosperm wood is 14 

galactoglucomannan and that in angiosperm wood is xylan (Timell, 1967). Other examples 15 

include cotton fibers comprising almost pure cellulose (Haigler et al., 2012), flax phloem fibers 16 

mainly consisting of cellulose, glucomannan and rhamnogalacturonan but little lignin (Fig. 1d) 17 

(Rihouey et al., 2017), and the gelatinous layer in tension wood of some angiosperms largely 18 

composed of highly crystalline cellulose microfibrils with little lignin (Timell, 1967). 19 

 Lignified secondary walls are only present in vascular plants, including seedless vascular 20 

plants (Fig. 1a), gymnosperms (Fig. 1b) and angiosperms (Fig. 1c), but not in bryophytes. The 21 

ability of land plants to deposit lignified secondary walls evolved during the Silurian period, 22 

about 430 million years ago, and the evolution of secondary wall-reinforced water-conducting 23 

tracheids overcame the problem of long-distance transport of water and nutrients, enabling 24 

vascular plants to conquer the terrestrial habitats (Raven et al., 1999). The biosynthesis of 25 

secondary walls necessitates the coordinated expression of genes in the biosynthetic pathways of 26 

cellulose, xylan, glucomannan and lignin, which is mediated by a transcriptional network 27 

encompassing a group of secondary wall NAC and MYB master transcriptional switches and 28 

their downstream targets (Zhong and Ye, 2014).  Although the moss Physcomitrella patens, a 29 

non-vascular plant species, has no lignified secondary walls, its genome harbors close homologs 30 

of a number of secondary wall biosynthetic genes (Liepman et al., 2007; Xu et al., 2009; 31 
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Kulkarni et al., 2012; Haghighat et al., 2016; Norris et al., 2017). It is, therefore, very likely that 1 

vascular plants co-opted these genes, via gene duplication and functional diversification, to 2 

synthesize secondary walls in the first-evolved water-conducting tracheids.  3 

 The evolution of the ability to construct xylem cells strengthened with secondary walls 4 

by vascular plants not only solved the problem of water transport but also enabled them to grow 5 

big and tall to build up an immense biomass. Plants on the biosphere account for about 450 6 

billion tons of carbon of biomass and represent over 80% of the estimated total biomass (about 7 

550 billion tons) of all organisms (Bar-On et al., 2018). It is estimated that of the 56 billion tons 8 

of carbon fixed annually by land plants, about half is stored in forest trees (Field et al., 1998). 9 

Therefore, secondary walls in the form of wood and fibers represent the most abundant biomass 10 

produced by plants and hence the most abundant reservoir of fixed carbon. Wood and fibers and 11 

their derived products have been widely used in our daily life, such as lumber, paper, cardboard, 12 

furniture, textiles and fuelwood. Recently, the lignocellulosic biomass has been exploited as a 13 

renewable source for the production of liquid biofuels. Extensive research has been carried out to 14 

elucidate the structure and biosynthesis of secondary walls in the hope of engineering the 15 

composition of wood and fibers tailored for our specific needs. In this review, we focus on the 16 

current understanding of genes and the biochemical properties of their encoded enzymes 17 

involved in the biosynthesis of secondary wall polymers, including cellulose, xylan, 18 

glucomannan and lignin.  19 

 20 

II. Cellulose biosynthesis 21 

1. Cellulose structure  22 

Cellulose, the load-bearing polymer that constitutes 40-50% of wood in gymnosperms 23 

and angiosperms, is a homopolymer of β-1,4-linked D-glucopyranosyl (Glu) residues with a 24 

degree of polymerization of about 10,000 (Timell, 1967) (Fig. 2a). The glucan chains are 25 

synthesized by cellulose synthase complexes in the plasma membrane (Fig. 2c), from which they 26 

are extruded and then coalesced into crystalline microfibrils via a network of intra- and 27 

intermolecular hydrogen bonds and van der Waals forces (review by Somerville, 2006). The 28 

diameter of cellulose microfibrils ranges from 2.2 to 3.6 nm, giving a cross sectional area of 29 

about 7 nm2 (Fernandes et al., 2011; Thomas et al., 2013). Wide-angle X-ray scattering and 30 

solid-state nuclear magnetic resonance studies indicate that each microfibril is composed of 18 or 31 
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24 glucan chains instead of 36 chains in a previously well-accepted model of microfibril that 1 

would have a cross sectional area of 11.6 nm2

Although cellulose microfibrils are present mostly in a crystalline form, a portion of them 8 

is less ordered (referred to as amorphous). The crystallinity of cellulose is determined by the 9 

proportion of crystalline to amorphous microfibrils and may differ among different cell types and 10 

even between different layers of secondary walls of the same cell type. Localization studies 11 

using the cellulose-binding modules CBM3a and CBM28 that are respectively specific for 12 

crystalline and amorphous cellulose revealed that while the S1 layer of fiber secondary walls in 13 

Arabidopsis was labeled by both CBM3a and CBM28, the S2 layer was predominantly labeled 14 

by CBM3a, indicating a higher cellulose crystallinity in the S2 layer than the S1 layer (Ruel et 15 

al., 2012). The crystalline structure of cellulose exists in two distinct crystalline allomorphs, i.e., 16 

cellulose Iα (triclinic) and Iβ (monoclinic), both of which have parallel glucan chains in a flat-17 

ribbon conformation but differ in hydrogen-bonding patterns between glucan chains (Sturcova et 18 

al., 2004). A Fourier transform infrared microscopic analysis of cellulose crystalline structure in 19 

cypress tracheids showed that the secondary wall cellulose predominantly existed in the Iβ 20 

crystalline form, whereas the primary wall cellulose was rich in the Iα crystalline form (Kataoka 21 

and Kondo, 1998). The mechanisms governing cellulose crystalline structure and crystallinity 22 

remain to be elucidated. 23 

 (Fernandes et al., 2011; Newman et al., 2013; 2 

Thomas et al., 2013). The 18-chain model is the best fit with a model of the cellulose synthase 3 

complex in which 18 cellulose synthase catalytic subunits form a rosette and each subunit 4 

produces one glucan chain although the exact number of chains produced by each rosette to 5 

coalesce into each microfibril remains to be determined (Newman et al., 2013; Nixon et al., 6 

2016). 7 

 24 

2. Cellulose synthase complexes 25 

 The plant genes encoding cellulose synthase catalytic subunits (CESAs) were first 26 

identified in cotton and rice based their sequence homology to bacterial cellulose synthases (Pear 27 

et al., 1996). Genetic analysis in Arabidopsis has led to the discovery that cellulose synthesis in 28 

secondary walls involves three functionally non-redundant secondary wall CESAs belonging to 29 

the glycosyltransferase (GT) family 2. Mutation of any of the three Arabidopsis secondary wall 30 

CESA genes, CESA4/IRREGULAR XYLEM5 (IRX5), CESA7/IRX3 and CESA8/IRX1, results in a 31 
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severe reduction in cellulose amount and secondary wall thickness, leading to weakened stem 1 

mechanical strength and an irregular xylem (collapsed vessel) phenotype (Turner and 2 

Somerville, 1997; Taylor et al., 1999, 2000, 2003). Mutations of these CESA genes appear to 3 

have little effect on the amount of cell wall xylose and phenolics (Turner and Somerville, 1997; 4 

Zhong et al., 2003), indicating that the impaired cellulose synthesis in these mutants does not 5 

affect the deposition of xylan and lignin, two other secondary wall polymers. This observation is 6 

in sharp contrast to the xylan-deficient mutants in which the impaired xylan synthesis causes a 7 

severe reduction in cellulose content. Orthologs of the Arabidopsis secondary wall CESA genes 8 

have been identified in a number of vascular plants and their functional roles in cellulose 9 

synthesis in xylem vessels and fibers have been confirmed by mutational and/or transgenic 10 

analyses in rice, poplar and Brachypodium (Tanaka et al., 2003; Aspeborg et al., 2005; Nairn and 11 

Haselkorn, 2005; Suzuki et al., 2006; Joshi et al., 2011; Kotaki et al., 2011; Handakumbura et 12 

al., 2013; Xi et al., 2017), demonstrating the functional conservation of secondary wall CESA 13 

genes in secondary wall synthesis in vascular plants.   14 

 Immunoprecipitation and fluorescence protein-tagging analyses indicate that the three 15 

Arabidopsis secondary wall CESA proteins interact with each other and the presence of all three 16 

CESAs is required for their assembly into complexes and their correct targeting to the plasma 17 

membrane (Taylor et al., 2000, 2003; Gardiner et al., 2003), which is consistent with the genetic 18 

data showing that the three CESA genes are non-redundantly required for secondary wall 19 

cellulose synthesis. A membrane-based yeast two-hybrid study confirmed that the three 20 

Arabidopsis secondary wall CESAs directly interacted with each other but only CESA4 was able 21 

to form homodimers although the exact nature of the organization of three distinct CESA 22 

subunits in the complexes remains to be examined (Timmers et al., 2009). Three distinct primary 23 

wall CESA subunits have also been demonstrated to physically interact in primary wall CESA 24 

complexes (Desprez et al., 2007). 25 

Early work using freezer fracture coupled with transmission electron microscopy 26 

revealed hexameric rosette complexes in close association with the ends of individual microfibril 27 

impressions on the plasma membrane of both algae and plant cells, and these rosette complexes 28 

with a diameter of about 20 nm visualized on the protoplasmic face of the fractured membrane 29 

bilayer were proposed to be cellulose synthesizing complexes responsible for cellulose 30 

microfibril synthesis (Giddings et al., 1980; Mueller and Brown, 1980) (Fig. 2c). Such rosette 31 
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complexes were also visualized in the plasma membrane of xylem cells undergoing secondary 1 

wall thickening (Herth, 1985; Haigler and Brown, 1986; Fujino and Itoh, 1998). A direct link of 2 

CESAs to these rosette complexes was demonstrated by immunogold labeling of freeze-fractured 3 

plasma membrane of the epicotyls of Azuki bean with antibodies against cotton CESA showing 4 

the association of gold particles with the rosette particles (Kimura et al., 1999). Based on the 18-5 

glucan chain microfibril model, it was predicted that each rosette particle was composed of three 6 

CESA subunits and a hexameric rosette contained 18 CESA subunits but the exact number of 7 

CESA subunits in each rosette is still unresolved (Newman et al., 2013). This hypothesis is 8 

further supported by stoichiometry analysis and computational modeling of CESAs. Quantitative 9 

immunoblotting analysis demonstrated that the three Arabidopsis secondary wall CESAs had an 10 

equimolar stoichiometry and computational modeling of CESAs showed that a six-fold assembly 11 

of CESA trimers had the best fit with the cellulose synthase rosette morphology (Hill et al., 12 

2014; Nixon et al., 2016). However, the catalytic activity and hence the contribution to the 13 

overall rate of cellulose synthesis of each CESA in the rosette complexes may differ as indicated 14 

by complementation analysis of Arabidopsis secondary wall CESAs (Kumar et al., 2018).  15 

Although an equimolar stoichiometry of three secondary wall CESAs also holds true in 16 

the developing xylem of Norway spruce, it does not in aspen. Instead, a 3:2:1 stoichiometry of 17 

the secondary wall PtCESA8a/b, PtCESA4 and PtCESA7a/b was observed in the developing 18 

xylem of aspen and an even more skewed stoichiometry, i.e., 8:3:1, was detected in aspen 19 

tension wood, raising a possibility of the existence of non-equimolar combination of three 20 

different CESAs in the rosette complexes (Zhang et al., 2018). It was recently demonstrated that 21 

a single PttCESA8 isoform heterologously expressed in yeast was sufficient to produce cellulose 22 

microfibrils in vitro (Purushotham et al., 2016; Cho et al., 2017). The molecular details about 23 

how homomeric and/or heteromeric CESAs are organized into a rosette particle and how six 24 

rosette particles are bridged together to form a rosette complex remain to be investigated.  25 

The six-particle rosette complexes have been observed in not only the plasma membrane 26 

but also Golgi cisternae and Golgi-derived vesicles during secondary wall thickening in 27 

tracheary elements transdifferentiated from cultured Zinnia mesophyll cells, indicating that 28 

CESA complexes are assembled in the Golgi and Golgi vesicles containing the CESA rosettes 29 

are then trafficked to the plasma membrane (Haigler and Brown, 1986). The trafficking of 30 

CESA-containing Golgi vesicles involves the actin cytoskeleton as disruption of actin by the 31 
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actin-depolymerizing drug cytochalasin B results in alterations in plasma membrane localization 1 

of the CESA complexes (Wightman and Turner, 2008) and patterned secondary wall deposition 2 

(Kobayashi et al., 1988). The CESA-containing vesicles are referred to as microtubule-3 

associated cellulose synthase compartments or small CESA compartments and their delivery to 4 

the plasma membrane is also guided by cortical microtubules (Crowell et al., 2009; Gutierrez et 5 

al., 2009). Mutations of two exocyst complex subunits, EXO70A1 and EXO84b, have been 6 

shown to cause mislocalization of CESAs and an altered secondary wall deposition (Li et al., 7 

2013; Vukašinović et al., 2017), indicating an importance of exocyst complexes in the trafficking 8 

of CESA complexes and cellulose synthesis. The trafficking of vesicles containing CESA 9 

complexes has recently been demonstrated to involve the cooperative actions of CSI1, 10 

PATROL1 and the exocyst complexes (Zhu et al., 2018). Two Arabidopsis Golgi-localized 11 

STELLO proteins, which are putative glycosyltransferases, are also implicated in the assembly 12 

and trafficking of CESA complexes (Zhang et al., 2016), but the underlying biochemical 13 

mechanism is unknown.  14 

 15 

3. Conserved domains and motifs in cellulose synthases 16 

  CESA proteins have a conserved domain structure, i.e., a short N terminal cytoplasmic 17 

domain containing a zinc finger motif followed sequentially by two transmembrane helices, a 18 

large cytoplasmic catalytic domain, six transmembrane helices and then a short C terminus (Fig. 19 

2b) (Pear et al., 1996; Delmer, 1999). The catalytic domain of CESAs harbors three conserved 20 

Asp-containing motifs designated as DDG, DCD and TED followed by a conserved QXXRW 21 

motif, a plant conserved region (P-CR) and a class-specific region (CSR) (Delmer, 1999; 22 

Vergara et al., 2001; Slabaugh et al., 2014). Crystal structure analysis of the bacterial cellulose 23 

synthase A (BCSA) has demonstrated that the DDG and DCD motifs coordinate UDP, the Asp 24 

residue in the TED motif acts as the catalytic base and the QXXRW motif forms a binding site 25 

for the terminal disaccharide of the glucan acceptor (Morgan et al., 2013). Computer modeling 26 

of the predicted catalytic domain of the cotton secondary wall GhCESA1 indicates that it has a 27 

similar structure with bacterial BCSA and its conserved DDG, DCD, TED and QXXRW motifs 28 

likely carry out the same functions (Sethaphong et al., 2013). The importance of these conserved 29 

motifs in secondary wall CESAs was demonstrated by genetic analysis in Arabidopsis. The irx1-30 

1 mutation, which changes the D to an N in the TED motif of CESA8, significantly reduces 31 
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cellulose deposition in the secondary walls and causes a collapsed vessel phenotype (Taylor et 1 

al., 2000). Complementation analysis showed that mutations of the conserved Asp residues in the 2 

DDG, DCD and TED motifs of the three Arabidopsis secondary wall CESAs rendered them 3 

unable to fully complement the cellulose-deficient phenotypes of their respective mutants 4 

(Kumar et al., 2018). Several other missense mutations in the catalytic domain of secondary wall 5 

CESAs also affect cellulose synthesis and the possible effects of these mutations on CESA 6 

structure and function were predicted based on the modeled GhCESA1 structure (Sethaphong et 7 

al., 2013; Slabaugh et al., 2014). One of these mutants, fra5, carrying a missense mutation in the 8 

catalytic domain of CESA7, exhibits a semidominant cellulose-deficient phenotype, indicating 9 

that the mutant protein is likely incorporated into the rosette complexes and inhibits the activities 10 

of other CESA subunits (Zhong et al., 2003). The plant conserved region and the class-specific 11 

region were proposed to be involved in protein-protein interactions between CESAs or between 12 

CESAs and their interacting proteins but their exact functions await further investigation 13 

(Slabaugh et al., 2014; Rushton et al., 2017).  14 

The N terminal cytoplasmic domain of CESAs, which contains a conserved cysteine-rich 15 

zinc finger motif able to bind Zn2+

 CESAs can be posttranslationally modified by phosphorylation and S-acylation. Mass 23 

spectrometry analysis of Arabidopsis CESA7 revealed two phosphorylation sites in the class-24 

specific region of its catalytic domain (Taylor, 2007). Although the significance of 25 

phosphorylation of secondary wall CESAs on their functions has not been examined, 26 

phosphorylation of a primary wall CESA, CESA3, has been demonstrated to be involved in fine-27 

tuning the microtubule-guided bidirectional mobility of 

 and dimerize via intermolecular disulfide bonds, was 16 

suggested to be involved in bridging CESAs to form the rosette complexes essential for 17 

aggregation of glucan chains into microfibrils (Kurek et al., 2002). This suggestion was 18 

corroborated by activity assays showing that while recombinant full -length aspen PttCESA8 is 19 

able to produce cellulose microfibrils in vitro, truncation of the N-terminal zinc finger motif 20 

results in a failure of aggregation of β-1,4-glucan chains into microfibrils (Purushotham et al., 21 

2016).  22 

CESA complexes (Chen et al., 2016). 28 

Secondary wall CESAs have also been shown to be S-acylated, i.e., modified by addition of an 29 

acyl group, such as palmitate or stearate, to a cysteine residue (Kumar et al., 2016). Four 30 

cysteines in the class-specific region of the catalytic domain and two cysteines at the C terminus 31 
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of CESA7 are found to be S-acylated. Although mutations of these cysteine residues do not 1 

appear to affect the assembly of CESA complexes in the Golgi, they hamper their trafficking to 2 

the plasma membrane, indicating that S-acylation plays an important role in the trafficking of 3 

CESA complexes from the Golgi to the plasma membrane (Kumar et al., 2016).  4 

 5 

4. Cellulose synthase activity and cellulose microfibril deposition 6 

It is difficult to purify secondary wall CESA complexes from plants for determination of 7 

their protein composition and activity (Atanassov et al., 2009). The recent finding that 8 

recombinant aspen secondary wall PttCESA8 expressed in yeast exhibits cellulose synthase 9 

activity in vitro represents a major breakthrough in elucidating the biochemical properties of 10 

CESAs (Purushotham et al., 2016; Cho et al., 2017). In the presence of UDP-Glc and divalent 11 

manganese cations, recombinant PttCESA8 reconstituted into proteoliposomes is able to produce 12 

cellulose microfibrils with a diameter similar to that of cellulose microfibrils from spruce wood 13 

and these microfibrils can further coalesce into higher-order macrofibrils (Fig. 2d), 14 

demonstrating that the single PttCESA8 isoform is sufficient for the synthesis of the β-1,4-15 

glucan chains and their aggregation into microfibrils in vitro (Purushotham et al., 2016; Cho et 16 

al., 2017). Some of the PttCESA8-produced microfibrils were seen to be associated with globular 17 

particles on the membrane sheet and these particles were proposed to represent PttCESA8 18 

complexes (Purushotham et al., 2016). Application of an improved imaging technique, such as 19 

the one used for imaging the initial stages of cellulose microfibril assembly on the surface of the 20 

plasma membrane of xylem (Haigler et al., 2014), may reveal the exact nature of the observed 21 

globular particles and the initial stages of microfibril assembly. Because genetic analysis in 22 

Arabidopsis indicates the requirement of all three secondary wall CESA subunits for the 23 

assembly of the CESA rosette complexes, it will be interesting to use recombinant proteins 24 

reconstituted into proteoliposomes to elucidate their biochemical activities.  25 

Cellulose microfibrils produced by the CESA complexes are laid down around the 26 

plasma membrane, which is achieved by the movement of CESA complexes through the plasma 27 

membrane presumably driven by the energy of glucan chain polymerization (Benziman et al., 28 

1980; Paredez et al., 2006). Early studies have shown an association of clusters of cellulose 29 

synthase rosette complexes and bands of cortical microtubules with the band-like secondary wall 30 

thickening in xylem cells (Hardham and Gunning, 1978; Herth, 1985; Oda et al., 2005; 31 
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Wightman and Turner, 2008). The importance of cortical microtubules in cellulose microfibril 1 

deposition was demonstrated by disruption of cortical microtubules by pharmacological drugs or 2 

genetic mutations, which results in alterations in the patterned secondary wall thickening, the 3 

localized cellulose synthase accumulation and the normal cellulose microfibril deposition (Burk 4 

et al., 2001, 2002; Roberts et al., 2004; Oda et al., 2005; Wightman and Turner, 2008). Imaging 5 

of the fluorescence protein-tagged Arabidopsis secondary wall CESA7 revealed that clusters of 6 

CESA complexes moved in the same direction along the cortical microtubule tracks in 7 

Arabidopsis epidermal cells induced to undergo transdifferentiation into xylem cells, leading to 8 

the suggestion that the coalescence of cellulose microfibrils into macrofibrils in secondary walls 9 

is attributed to the clustering of CESA complexes (Watanabe et al., 2015; Li et al., 2016). The 10 

alignment of CESAs with the underlying cortical microtubules is mediated by CSI1, a cellulose 11 

synthase-interactive protein, which was first discovered as a link between primary wall CESAs 12 

and cortical microtubules and subsequently shown to be required for the alignment of secondary 13 

wall CESAs with cortical microtubules during the early phase of xylem secondary wall 14 

thickening (Li et al., 2015; Schneider et al., 2017). CSI1 was recently found to guide the docking 15 

of the CESA complex-containing vesicles to specific plasma membrane domains through its 16 

interaction with microtubules (Zhu et al., 2018). Additional proteins, such as the KORRIGAN-17 

like glucanases, the COBRA-like glycosylphosphatidylinositol-anchored protein, and the 18 

chitinase-like proteins (CTLs), are proposed to be involved in modulating cellulose microfibril 19 

assembly and crystallinity (Liu et al., 2013; Sanchez-Rodriguez et al., 2012; Takahashi et al., 20 

2009). 21 

 22 

5. Supply of the UDP-Glc substrate 23 

CESAs utilize UDP-α-D-Glc as a substrate to synthesize β-1,4-linked glucan chains (Fig. 24 

2c). UDP-Glc is generated from sucrose, a major photosynthetic product transported from the 25 

source to the sink for carbon partitioning including cellulose biosynthesis (Mahboubi et al., 26 

2013). Sucrose can be directly converted to UDP-Glc and fructose by sucrose synthases. It can 27 

also be converted to UDP-Glc by the invertase-mediated pathway. In this pathway, sucrose is 28 

hydrolyzed by invertase to produce glucose and fructose, glucose is then phosphorylated by 29 

hexokinase to generate glucose-6-phosphate, and fructose is phosphorylated by fructokinase to 30 

produce fructose-6-phosphate that is further isomerized by phosphoglucose isomerase to produce 31 
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glucose-6-phosphate. Glucose-6-phosphate is then isomerized by phosphoglucomutase to 1 

produce glucose-1-phosphate, which is finally converted to UDP-Glc by UDP-glucose 2 

pyrophosphorylase (UGP) (Haigler et al., 2001; Bar-Peled and O’Neill, 2011). Although early 3 

studies on cellulose biosynthesis in cotton fibers suggested a role of sucrose synthase-mediated 4 

supply of UDP-Glc in cellulose biosynthesis (Haigler et al., 2001), genetic analysis in both 5 

Arabidopsis and aspen showed little effect of mutations or downregulation of sucrose synthase 6 

genes on cellulose synthesis and plant growth, indicating that sucrose synthases unlikely play a 7 

major role in supplying UDP-Glc for cellulose synthesis (Barratt et al., 2009; Gerber et al., 8 

2014). In contrast, simultaneous mutations of two Arabidopsis cytosolic invertase genes cause 9 

severe growth defects (Barratt et al., 2009) and further biochemical and imaging analyses 10 

revealed a deficiency in the production of UDP-Glc and cellulose and an alteration in cellulose 11 

microfibril organization (Barnes and Anderson, 2018). Downregulation of a wood-associated 12 

cytosolic invertase gene in aspen also leads to a reduction in the amount of crystalline cellulose 13 

and UDP-Glc in the wood of transgenic aspen (Rende et al., 2017). The available evidence 14 

indicates that the invertase-mediated pathway appears to be the predominant route for supplying 15 

UDP-Glc for cellulose biosynthesis.  16 

 17 

III. Xylan biosynthesis 18 

1. Xylan structure  19 

 Xylan is the second most abundant polysaccharide in the secondary walls of angiosperms 20 

constituting 19 to 35% of wood, but it only constitutes 7 to 14% of gymnosperm wood (Timell, 21 

1967). Xylan forms twofold helical screw ribbons to bind via hydrogen bonds to cellulose 22 

microfibrils, resulting in a structural network essential for secondary wall strength (Simmons et 23 

al., 2016). The importance of xylan in secondary wall strength is demonstrated in Arabidopsis 24 

xylan deficient mutants showing a reduction in cellulose content and secondary wall thickening, 25 

a decrease in stem strength, and collapsed xylem vessels (Zhong et al., 2005; Brown et al., 2007; 26 

Yuan et al., 2016a). Xylan impedes the access and hydrolysis of cellulose by hydrolases, thus 27 

contributing to biomass recalcitrance, i.e., resistance of conversion of biomass into fermentable 28 

sugars by cell wall-degrading enzymes (Selig et al., 2009). 29 

Xylan is made of a linear chain of β-1,4-linked xylosyl (Xyl)  residues with a degree of 30 

polymerization of 90 to 120 (Jacobs and Dahlman, 2002; Peña et al., 2007). The backbone Xyl 31 
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residues are often substituted with 2-O-linked α-D-glucuronic acid (GlcA)/4-O-methyl-α-D-1 

glucuronic acid (MeGlcA) and 2-O- and/or 3-O-linked α-L-arabinopyranose (Araf) (Fig. 3a). 2 

Depending on the nature of glycosyl substitutions, xylans are commonly named as 3 

glucuronoxylan, glucuronoarabinoxylan and arabinoxylan. Secondary walls in dicots and some 4 

non-grass monocots contain glucuronoxylan (Teleman et al., 2000; Peña et al., 2016), those in 5 

grass species and gymnosperms except Gnetophyta have glucuronoarabinoxylan (Verbruggen et 6 

al., 1998; Höije et al., 2006; Busse-Wicher et al., 2016), and cereal grains contain arabinoxylan 7 

(Hoffmann et al., 1991; McCleary et al., 2015). The 3-O-linked Araf side chains of grass xylans 8 

can be further substituted at O-2 with another Araf or Xyl to form Araf-Araf or Araf-Xyl 9 

disaccharide side chains (Verbruggen et al., 1998; Höije et al., 2006; Mazumder and York, 2010) 10 

and at O-5 with ferulic acid or p-coumaric acid (Hartley et al., 1990). The ferulic acid esters are 11 

implicated in crosslinking grass xylans through oxidative or photochemical dimerization 12 

(Markwalder and Neukom, 1975; Hartley et al., 1990) and may act as initiation sites for 13 

lignification thereby leading to crosslinking xylans to lignins (Ralph et al., 1995). The p-14 

coumaric acid esters may also crosslink xylans through photochemical dimerization (Hartley et 15 

al., 1990). The backbone Xyl residues of rice xylan may also be directly decorated at O-2 with 16 

Xyl (Zhong et al., 2018b) (Fig. 3a). Other disaccharide substituents, including α-1,2-linked 17 

GlcA/MeGlcA substituted at O-2 with galactose or Araf, have also been detected in xylans from 18 

some species of dicots and monocots (Shatalov et al., 1999; Zhong et al., 2014; Peña et al., 19 

2016). A unique tetrasaccharide sequence, β-D-xylopyranosyl-(1→3)-α-L-rhamnopyranosyl-20 

(1→2)-α-D-galactopyranosyl uronic acid-(1→4)-D-xylopyranose, is present at the reducing end 21 

of xylans from gymnosperms, dicots and some species of monocots but not that of xylans from 22 

grasses (Johansson and Samuelson, 1977; Andersson et al., 1983; Peña et al., 2007, Lee et al., 23 

2009a; Peña et al., 2016).  24 

Xylans from bryophytes, seedless vascular plants and angiosperms are acetylated at O-2 25 

and/or O-3 (Fig. 3a). The degree of xylan acetylation, i.e., the relative molar ratio of total acetyl 26 

groups to total Xyl residues, ranges from 20 to 60% in various species (Teleman et al., 2000, 27 

2002; Evtuguin et al., 2003; Yuan et al., 2013; Chong et al., 2014; Haghighat et al., 2016; Zhong 28 

et al., 2008a). Xylans from gymnosperms except Gnetophyta lack acetylation (Timell, 1967; 29 

Busse-Wicher et al., 2016). Xylan acetylation is essential for secondary wall assembly as 30 

exemplified by the Arabidopsis esk1 tbl32 tbl33 triple mutant with a severe reduction in xylan 31 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

acetylation, which displays a drastic decrease in cellulose and xylan content, a disorganization of 1 

secondary wall structure, and severely collapsed xylem vessels (Yuan et al. 2016a). In addition, 2 

an altered xylan conformation was observed in the esk1 mutant with reduced xylan acetylation 3 

(Grantham et al., 2017).  4 

 The glycosyl substitutions and acetylation of xylans from gymnosperms and angiosperms 5 

occur predominantly in motifs with even spacing but motifs with an irregular distribution of 6 

glycosyl substitutions have also been observed (Jacobs et al., 2001; Yuan et al., 2013; Busse-7 

Wicher et al., 2016; Martínez-Abad et al., 2017). Molecular dynamic simulations suggest that 8 

the glycosyl substitutions and acetylation of xylan stabilize its conformational transition from a 9 

threefold screw in solution to a twofold helical screw ribbon when docking onto the hydrophilic 10 

and hydrophobic surfaces of cellulose microfibrils (Simmons et al., 2016; Martínez-Abad et al., 11 

2017).  12 

 13 

2. Xylan biosynthesis 14 

Xylan backbone synthesis

Recombinant Arabidopsis IRX10 and IRX10L proteins and their orthologs from moss 29 

and algae expressed in mammalian HEK293 cells or yeast exhibit xylosyltransferase activities 30 

capable of transferring Xyl from UDP-Xyl onto xylooligomers, leading to the proposal that 31 

  Xylan, including its β-1,4-xylan backbone, glycosyl 15 

substituents and acetyl groups, is synthesized in the Golgi apparatus and then secreted via 16 

vesicles into the cell walls. Genetic and biochemical analyses revealed that the β-1,4-xylan 17 

backbone synthesis is mediated by a xylan synthase complex composed of family GT47 proteins 18 

(IRX10/IRX10L) and two functionally non-redundant groups of family GT43 proteins 19 

(IRX9/IRX9L and IRX14/IRX14L) (Fig. 3b). The Arabidopsis irx10 irx10l, irx9 and irx14 20 

mutants exhibit similar phenotypes, including severe reductions in xylan content and chain 21 

length, xylan xylosyltransferase activity, cellulose content and secondary wall thickness (Brown 22 

et al., 2007, 2009; Peña et al., 2007; Wu et al., 2009, 2010; Lee et al., 2007a, 2010). Orthologs 23 

of IRX9, IRX10 and IRX14 were also shown to be required for xylan synthesis in poplar, rice 24 

and wheat (Lee et al., 2011a; Chen et al., 2013; Lovegrove et al., 2013; Ratke et al., 2018). 25 

IRX9, IRX10 and IRX14 orthologs in asparagus and wheat have been demonstrated to be 26 

assembled into a complex in the endoplasmic reticulum and then targeted to the Golgi, where 27 

xylan synthesis occurs (Jiang et al., 2016; Zeng et al., 2016).  28 A
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IRX10 and IRX10L are xylan synthases (Jensen et al., 2014, 2018; Urbanowicz et al., 2014). 1 

Although microsomes from tobacco BY2 cells co-expressing Arabidopsis IRX9 and IRX14 2 

showed xylan xylosyltransferase activities (Lee et al., 2012b), recombinant IRX9 and IRX14 3 

proteins expressed in HEK293 cells did not (Urbanowicz et al., 2014). It was proposed that IRX9 4 

and IRX14 might serve as structural proteins for the assembly of xylan synthase complex (Ren et 5 

al., 2014; Zeng et al., 2016), but their exact functions remain to be examined. It is worth noting 6 

that the Arabidopsis irx10 irx10l double mutant still produces a low level of xylan (Brown et al., 7 

2009), indicating that IRX10 and IRX10L may not be the sole xylosyltransferases responsible for 8 

xylan backbone synthesis.  9 

GlcA side chain addition onto xylan  The α-1,2-GlcA substitutions of xylan are catalyzed 10 

by Golgi-localized xylan glucuronyltransferases (GUXs) belonging to the GT8 family (Fig. 3b) 11 

(Mortimer et al., 2010). Simultaneous mutations of three Arabidopsis GUX genes (GUX1, GUX2 12 

and GUX3) result in a complete loss of GlcA residues in xylan but only a mild alteration in 13 

secondary wall thickening and stem strength (Lee et al., 2012a). Microsomes from tobacco 14 

leaves or BY2 cells expressing GUXs from Arabidopsis and spruce have been shown to exhibit 15 

xylan glucuronyltransferase activities (Lee et al., 2012a; Rennie et al., 2012; Lyczakowski et al., 16 

2017).  17 

GlcA methylation  The GlcA substituents of xylan are often methylated at O-4, which is 18 

catalyzed by Golgi-localized glucuronoxylan methyltransferases (GXMs) belonging to the DUF 19 

(domain of unknown function) 579 family (Fig. 3b) (Lee et al., 2012c; Urbanowicz et al., 2012). 20 

Simultaneous mutations of three Arabidopsis GXM genes (GXM1, GXM2 and GXM3) cause a 21 

complete loss of methylated GlcA side chains in xylan but no alterations in xylan content and 22 

secondary wall thickening (Yuan et al., 2014a). Recombinant GXMs from Arabidopsis, poplar 23 

and Selaginella exhibit methyltransferase activities capable of transferring methyl groups from 24 

S-adenosylmethionine onto the GlcA side chains of xylooligomers (Lee et al., 2012c; 25 

Urbanowicz et al., 2012; Yuan et al., 2014b; Haghighat et al., 2016). Simultaneous mutations of 26 

two other DUF579 genes, IRX15 and IRX15L, lead to a reduction in xylan content and a 27 

disorganization of secondary walls without affecting the GlcA methylation of xylan (Brown et 28 

al., 2011; Jensen et al., 2011), thus they are unlikely methyltransferases and their biochemical 29 

functions await further studies.  30 
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Family GT61 glycosyltransferases and glycosyl substitutions of grass xylan  The α-1,3-1 

Araf substitutions of xylan in grasses is catalyzed by Golgi-localized arabinosyltransferases 2 

(XATs) belonging to the clade A of the GT61 family (Fig. 3b). RNAi downregulation of a wheat 3 

GT61 gene, TaXAT1, causes a decrease in α-1,3-Araf substitutions in xylan of wheat endosperm 4 

and overexpression of TaXAT2, and their close rice homologs, OsXAT2 and OsXAT3, in 5 

Arabidopsis results in addition of Araf residues onto xylan (Anders et al., 2012). Recombinant 6 

OsXAT2 expressed in human embryonic kidney (HEK) 293 cells was biochemically proven to 7 

be a α-1,3-arabinosyltransferase catalyzing the transfer of Araf from UDP-Araf onto 8 

xylooligomers (Zhong et al., 2018b). Another rice GT61 member, XYXT1, was found to be a 9 

xylan β-1,2-xylosyltransferase capable of adding Xyl side chains directly onto the xylan 10 

backbone at O-2 (Zhong et al., 2018b). Although arabinosyltransferases and xylosyltransferases 11 

responsible for the formation of Araf-Araf and Xyl-Araf disaccharide substituents in grass xylan 12 

have not yet been biochemically characterized, members in the clade A of the GT61 family are 13 

strong candidates. It has been shown that mutation of the rice XAX (xylosyl arabinosyl 14 

substitution of xylan) gene causes a reduction in the Xyl-Araf disaccharide substituents in xylan, 15 

indicating its involvement in Xyl substitutions of 3-O-linked Araf side chains in rice xylan 16 

(Chiniquy et al., 2012). It is currently unknown whether GT61 members also mediate xylan 17 

arabinosylation in gymnosperms. 18 

Hydroxycinnamate esterification of grass xylan  Members of a grass-specific clade of the 19 

BAHD acyltransferase superfamily were proposed to be candidates of acyltransferases 20 

responsible for ferulic acid (FA) and p-coumaric acid (pCA) esterification at O-5 of the Araf side 21 

chains in grass xylan (Figs. 3 and 4) (Mitchell et al., 2007). It should be pointed out that an 22 

Arabidopsis BAHD is also grouped together with this grass-specific clade (Fig. 4). Although 23 

most members in this clade were proven to be acyltransferases catalyzing the FA and pCA 24 

esterification of monolignols (Fig. 4), a rice BAHD acyltransferase gene and its close homologs 25 

from Brachypodium and Setaria were shown to alter the level of hydroxycinnamates in cell wall 26 

polysaccharides when overexpressed or downregulated and hence were proposed to be involved 27 

in the FA and pCA esterification of grass xylan (Bartley et al., 2013; Buanafina et al., 2016; de 28 

Souza et al., 2018). Because BAHD acyltransferases are cytosol-localized, the FA and pCA 29 

esterification of xylan, if mediated by BAHDs, would involve the transfer of FA and pCA from 30 

FA-CoA and pCA-CoA onto UDP-Araf to generate UDP-Araf-FA and UDP-Araf-pCA in the 31 
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cytosol, which are then transported into the Golgi for xylan synthesis. This would necessitate 1 

UDP-Araf-FA and UDP-Araf-pCA transporters in the Golgi membrane and Golgi-localized 2 

arabinosyltransferases catalyzing the transfer of Araf-FA and Araf-pCA from UDP-Araf-FA and 3 

UDP-Araf-pCA onto xylan. An alternative route for the FA and pCA esterification of xylan is 4 

that FA-CoA and pCA-CoA are directly transported into the Golgi by transporters and then used 5 

as substrates by Golgi-localized acyltransferases for the transfer of FA and pCA onto the Araf 6 

residues of xylan. Identification of the putative transporters and biochemical proof of the 7 

acyltransferases will further our understanding of the mechanism underlying the FA and pCA 8 

esterification of xylan. 9 

Xylan reducing end sequence synthesis  The synthesis of the xylan reducing end 10 

tetrasaccharide sequence, β-D-Xylp-(1→3)-α-L-Rhap-(1→2)-α-D-GalpA-(1→4)-D-Xylp, 11 

requires at least four GTs and genetic analysis in Arabidopsis has revealed the involvement of 12 

three groups of GTs, FRA8 (fragile fiber8)/F8H (FRA8 homolog), IRX8 and PARVUS (Fig. 3b). 13 

Mutations of these GTs all cause a loss of the reducing end sequence in xylan, a reduction in 14 

xylan content and secondary wall thickening, and collapsed xylem vessels (Zhong et al., 2005; 15 

Brown et al., 2007; Lee et al., 2007b, 2009b; Peña et al. 2007). A role of poplar FRA8 and IRX8 16 

orthologs in the synthesis of wood xylan was also demonstrated by RNAi downregulation of 17 

their expression in transgenic poplar plants (Lee et al., 2009a, 2011a; Li et al., 2011). FRA8 is a 18 

member of the GT47 family with an inverting catalytic mechanism and is likely involved in the 19 

transfer of Xyl to Rha or Rha to GalA. PARVUS and IRX8 are members of the GT8 family with 20 

a retaining catalytic mechanism and likely mediate the transfer of the reducing end Xyl to an 21 

unknown acceptor and GalA to the reducing end Xyl, respectively (Peña et al. 2007; Lee et al., 22 

2007b). Biochemical studies of their enzymatic activities using recombinant proteins are needed 23 

to ascertain their specific functions in the synthesis of the xylan reducing end sequence. 24 

Although the exact function of the xylan reducing end sequence is not known, it likely acts as a 25 

primer for xylan synthesis. Unlike the synthesis of cellulose and glucomannan, which does not 26 

require any acceptors when synthesized in vitro by recombinant cellulose synthase and mannan 27 

synthase, respectively (Liepman et al. 2005; Purushotham et al., 2016), the synthesis of xylan by 28 

recombinant IRX10L xylosyltransferase in vitro requires a xylooligomer acceptor (Urbanowicz 29 

et al., 2014).  30 
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Xylan acetylation

Genetic analysis in Arabidopsis has also demonstrated the involvement of two other 24 

groups of proteins in xylan acetylation. Mutation of AXY9 (altered xyloglucan9) causes a 25 

reduction in the acetylation of both xylan and xyloglucan but its biochemical function is 26 

currently unknown (Schultink et al. 2015). Biochemical studies showed that recombinant AXY9 27 

did not exhibit any acetyltransferase activity and it was proposed that AXY9 might act as an 28 

intermediate transferring acetyl groups from an acetyl donor to O-acetyltransferases responsible 29 

for the acetylation of xylan and xyloglucan (Zhong et al. 2018e). Simultaneous mutations of four 30 

Arabidopsis RWA (reduced wall acetylation) genes lead to an overall reduction in the acetylation 31 

  The acetylation of xylan includes 2-O- and 3-O-monoacetylation, 2,3-1 

di-O-acetylation, and 3-O-acetylation of 2-O-GlcA-substituted Xyl residues (Fig. 3a). Genetic 2 

analysis in Arabidopsis has shown that a group of nine xylan O-acetyltransferases (XOATs) 3 

belonging to the DUF231 family mediate xylan acetylation. There are 46 members in the 4 

Arabidopsis DUF231 family, including the Trichome Birefringence (TBR) protein and 45 TBR-5 

like proteins (TBLs) (Bischoff et al., 2010). Of the nine XOATs, ESK1/XOAT1 plays a 6 

dominant role in 2-O- and 3-O-monacetylation and 2,3-di-O-acetylation, and TBL32/XOAT6 7 

and TBL33/XOAT7 are specifically responsible for 3-O-acetylation of 2-O-GlcA-substituted 8 

Xyl residues (Xiong et al. 2013; Yuan et al. 2013, 2016a, 2016b, 2016c). The biochemical 9 

functions of XOATs in catalyzing the regiospecific acetylation of xylan were demonstrated by 10 

activity assays of HEK293-expressed recombinant XOATs from Arabidopsis, poplar and rice 11 

(Urbanowicz et al. 2014; Zhong et al. 2017a, 2018a, 2018c) (Fig. 3b). XOATs contain the 12 

conserved GDS and DXXH motifs that are found in bacterial glycan O-acetyltransferases, such 13 

as AlgX. The Ser residue in the GDS motif together with the His and Asp residues in the DXXH 14 

motif of AlgX were shown to form a Ser-His-Asp catalytic triad required for its activity (Riley et 15 

al., 2013). Site-directed mutagenesis of Arabidopsis XOAT1 also demonstrated the requirement 16 

of these residues for its activity (Zhong et al., 2017a), indicating that XOATs likely employ a 17 

similar Ser-His-Asp catalytic triad for their mechanism of action. The rice BC1 (brittle culm1) 18 

protein, which is a Golgi-localized acetylesterase belonging to the GDSL lipases/esterase family, 19 

was proposed to be involved in maintaining the proper acetylation level of xylan and its mutation 20 

caused altered secondary wall patterning (Zhang et al., 2017). Because no close homologs of 21 

BC1 are present in the Arabidopsis genome, it is unclear whether deacetylation of xylan in the 22 

Golgi is a common mechanism in plants.  23 
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of both xylan and xyloglucan (Lee et al. 2011b, 2014; Manabe et al., 2013) and RNAi 1 

downregulation of RWA orthologs in poplar results in a decrease in xylan acetylation (Pawar et 2 

al., 2017). The RWA proteins contain multiple transmembrane helices but lack the putative 3 

acetyltransferase domain found in their fungal homolog, CAS1 (capsule synthesis gene1), which 4 

is involved in the acetylation of the capsule polysaccharide glucuronoxylomannan (Gille and 5 

Pauly, 2012). RWAs were proposed to be putative transporters mediating the transport of the 6 

acetyl donor, acetyl CoA, from the cytosol to the Golgi but their activities remain to be tested.   7 

 8 

3. Supply of the nucleotide sugar substrates 9 

Nucleotide sugars, such as UDP-Xyl, UDP-GlcA and UDP-Araf, are the sugar donors to 10 

glycosyltransferases for β-1,4-xylan backbone synthesis and glycosyl substitutions (Fig. 5). 11 

Starting from UDP-Glc, UDP-GlcA is synthesized by UDP-Glc 6-dehydrogenase in the cytosol 12 

and transported into the Golgi by UDP-uronic acid transporters (Saez-Aguayo et al., 2017). 13 

UDP-GlcA in both the cytosol and the Golgi can be converted to UDP-Xyl by UDP-Xyl 14 

synthases (UXSs) (Bar-Peled and O’Neill, 2011). Genetic analysis in Arabidopsis has 15 

demonstrated that mutations of genes encoding the cytosol-localized UXSs but not the Golgi-16 

localized UXSs result in a reduction in xylan content (Kuang et al., 2016; Zhong et al., 2017b) 17 

and that mutations of UDP-Xyl transporters (UXTs) also cause a defect in xylan synthesis (Zhao 18 

et al., 2018), indicating that the main supply of UDP-Xyl for xylan synthesis is synthesized in 19 

the cytosol and then transported through UXTs into the Golgi for xylan synthesis. UDP-20 

Arabinopyranose (Arap) can be formed from UDP-Xyl in both the cytosol and the Golgi by 21 

cytosol-localized UDP-Glc 4-epimerase and Golgi-localized UDP-Xyl 4-epimerase, respectively 22 

(Bar-Peled and O’Neill, 2011). UDP-Araf is converted from UDP-Arap by the cytosol-localized 23 

UDP-Ara mutase and then transported by UDP-Araf transporters into the Golgi for Arabinoxylan 24 

synthesis (Rautengarten et al., 2017). It is currently unknown which pool of UDP-Arap, the 25 

cytosol or the Golgi one, is used as the supply of UDP-Araf for Arabinoxylan synthesis. If the 26 

Golgi pool of UDP-Arap is used, a putative UDP-Arap transporter is needed for its transport 27 

from the Golgi to the cytosol where UDP-Ara mutase is located (Fig. 5).  28 

 29 

IV. Glucomannan biosynthesis 30 

1. Glucomannan structure  31 
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Glucomannan is a polymer of β-1,4-linked Glc and mannosyl (Man) residues with a ratio 1 

of Glc to Man being about 1:2-4 in the wood of gymnosperms and angiosperms (Capek et al., 2 

2000; Lundqvist et al., 2002; Teleman et al., 2003). Although glucomannan is a minor 3 

hemicellulose constituting only 3 to 4% of wood in angiosperms, it is a major hemicellulose 4 

constituting about 12 to 18% of wood in gymnosperms (Timell, 1967). Gymnosperm 5 

glucomannan is commonly named galactoglucomannan because about 3% of its mannosyl 6 

residues are substituted at O-6 with α-Gal (Capek et al., 2000; Lundqvist et al., 2002) (Fig. 6a). 7 

Mannan polymers (mannans, glucomannans and galactomannans) are also deposited abundantly 8 

as storage polysaccharides in the endosperm cell walls of seeds in some species, such as palm, 9 

locust bean and guar, and in the corms of voodoo lily (Amorphophallus konjac) (Melton et al., 10 

2009). Glucomannan is acetylated predominantly at O-2 and O-3 of mannosyl residues with a 11 

degree of acetyl substitutions of about 0.3 (Lundqvist et al., 2002; Teleman et al., 2003). Like 12 

xylan, glucomannan is also thought to crosslink cellulose microfibrils during secondary wall 13 

assembly. Glucomannan has been demonstrated to have a strong affinity for cellulose (Iwata et 14 

al., 1998) and induce a coalescence of cellulose microfibrils and a reduction of crystallinity 15 

(Whitney et al., 1998). However, an absence of secondary wall glucomannan in the Arabidopsis 16 

mannan synthase triple mutant has no discernable effect on stem strength (Goubet et al., 2009). 17 

Because xylan is the major secondary wall hemicellulose in Arabidopsis stems, it is likely that 18 

glucomannan only plays a minor role in secondary wall assembly in Arabidopsis. It will be 19 

interesting to genetically dissect the functional roles of glucomannan in gymnosperm wood in 20 

which glucomannan is the predominant hemicellulose.  21 

 22 

2. Glucomannan biosynthesis 23 

The synthesis of the β-1,4-glucomannan backbone is catalyzed by mannan synthases, 24 

which are members of the cellulose synthase-like family A (CSLA) of glycosyltransferase family 25 

2 (Fig. 6b). When supplied with GDP-Man and GDP-Glc, CSLAs from both angiosperms and 26 

gymnopserms are able to produce β-1,4-linked polymers composed of Glc and Man, 27 

demonstrating that CSLAs are mannan synthases responsible for the synthesis of glucomannan 28 

polymers (Dhugga et al., 2004; Liepman et al., 2005; Suzuki et al., 2006; Liepman et al., 2007). 29 

Glucomannan biosynthesis may require Mannan Synthesis-Related (MSR) proteins since 30 

mutations of two MSR genes in Arabidopsis led to a reduction in both mannan synthase activity 31 
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and the glucomannan level (Wang et al., 2013). Although galactosyltransferases mediating the 1 

galactosyl substitutions of glucomannan in gymnosperm wood have not been characterized, a 2 

member of the GT34 glycosyltransferase family was demonstrated to be a galactosyltransferase 3 

catalyzing the addition of α-1,6-linked galactosyl side chains onto the backbone of mannan in 4 

fenugreek (Edward et al., 1999) (Fig. 6b). Genes encoding O-acetyltransferases (MOATs) 5 

catalyzing glucomannan acetylation have been identified in Arabidopsis and Amorphophallus 6 

konjac (Zhong et al., 2018d) (Fig. 6b). MOATs belong to the DUF231 family as do xylan O-7 

acetyltransferases. Recombinant MOATs exhibit O-acetyltransferase activity capable of 8 

transferring acetyl groups onto both O-2 and O-3 of mannosyl residues and RNAi inhibition of 9 

the expression of four Arabidopsis MOAT genes results in a drastic reduction in the degree of 10 

acetyl substitutions in glucomannan, indicating that MOATs are responsible for 2-O- and 3-O-11 

acetylation of glucomannan.  12 

 13 

V. Lignin biosynthesis 14 

1. Lignin structure  15 

 Lignin is a complex polyphenolic polymer impregnated into the cellulose and 16 

hemicellulose network, conferring increased mechanical strength, rigidity and hydrophobicity to 17 

the secondary walls. It comprises 19 to 33% of wood in gymnosperms and angiosperms (Timell, 18 

1967). The importance of lignin in secondary wall strength is manifested in lignin deficient 19 

mutants showing collapsed xylem vessels and impaired assembly of cellulose microfibrils in the 20 

S2 layer of secondary walls (Zhong et al., 1998; Ruel et al., 2009) (Fig. 7a-d), a phenotype also 21 

seen in xylan deficient mutants (Yuan et al., 2016a). The recalcitrance of lignin polymer to 22 

degradation impedes biomass utilization for pulping and biofuel production. Lignin is formed by 23 

oxidative radical coupling in muro of three monolignols, p-coumaryl alcohol, coniferyl alcohol 24 

and sinapyl alcohol, which are referred to as p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) 25 

lignin units, respectively, in the lignin polymer. The proportion of these units in lignin varies 26 

considerably among different species and even different cell types in the same species. In 27 

general, lignin from gymnosperms consists of G units but lacks S units, and that from 28 

angiosperms is predominantly composed of G and S units. Although H lignin units are generally 29 

minor ones in angiopserms, grass lignin has relatively more H units compared with lignin from 30 

other angiosperms (see a review on lignin composition by Bonawitz and Chapple, 2010). In 31 
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addition to the three canonical monolignols, two hydroxycinnamyl alcohols, i.e., caffeyl alcohol 1 

and 5-hydroxyconiferyl alcohol, can also be incorporated into lignin as catechyl units and 5-2 

hydroxyguaiacyl units, respectively (Wagner et al., 2011; Ralph et al., 2001; Chen et al., 2012). 3 

A homopolymer of caffeyl alcohol, called C-lignin, is deposited to high concentrations in the 4 

seed coats of both monocot and dicot species (Chen et al., 2012). 5 

Monolignols can be acylated by acetate, pCA, FA and p-hydroxybenzoate in the cytosol 6 

and the acylated monolignols are then transported into the cell walls and incorporated into the 7 

lignin polymer (Fig. 7). Lignin from angiosperms but not gymnosperms is acylated by acetate at 8 

the γ-carbon of lignin side chains with a degree of acetylation ranging from 1 to 60% (del Río et 9 

al., 2007, 2008). Lignin from grasses and other members of the commelinid monocot clade is 10 

acylated by pCA at the γ-carbon of lignin side chains, mostly on S units, with a degree of pCA-11 

acylation ranging from 0.3 to 80% (del Río et al., 2008; Karlen et al., 2018). Acylation by FA 12 

and p-hydroxybenzoate at the γ-carbon of lignin side chains was also detected in lignin from 13 

angiosperms (Lu et al., 2015; Karlene et al., 2016). In addition, lignin from grasses has been 14 

found to contain units of tricin, a flavonoid monomer, that

 17 

 co-polymerizes with monolignols 15 

(Lan et al., 2016).  16 

2. Lignin biosynthesis  18 

 Monolignol biosynthesis  Monolignols are synthesized in the cytosol through the plant 19 

phenylpropanoid pathway and then transported into the cell walls for polymerization into lignin 20 

(see a review on monoligonol biosynthesis by Bonawitz and Chapple, 2010) (Fig. 7). Starting 21 

with phenylalanine, cinnamic acid is formed via deamination by phenylalanine ammonia lyase 22 

(PAL). Cinnamic acid is then sequentially modified via 4-hydroxylation and CoA thioester 23 

formation by cinnamate 4-hydroxylase (C4H) and 4-coumarate CoA ligase (4CL), respectively, 24 

to generate p-coumaroyl CoA, which is the common precursor for the synthesis of diverse 25 

phenylpropanoids, such as flavonoids, isoflavonoids, anthocyanins, coumarins, quinones, 26 

phytoalexins, and monolignols. p-Coumaroyl CoA is converted to p-coumaryl alcohol, one of the 27 

three monolignols, through conversion of the side chain carboxyl to an aldehyde group by 28 

cinnamoyl CoA reductase (CCR) and then to an alcohol group by cinnamyl alcohol 29 

dehydrogenase (CAD). p-Coumaroyl CoA also undergoes a series of hydroxylation and O-30 

methylation of the aromatic ring followed by conversion of the side chain carboxyl to an alcohol 31 
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group, leading to the production of two other monolignols, i.e., coniferyl alcohol and sinapyl 1 

alcohol (Fig. 7). The 3-hydroxylation and O-methylation of p-coumaroyl CoA start with its 2 

conversion by hydroxycinnamoyl CoA:shikimate hydroxycinnamoyl transferase (HCT) into p-3 

coumaroyl shikimate, which is 3-hydroxylated by p-coumaroyl shikimate 3’-hydroxylase (C3’H) 4 

to produce caffeoyl shikimate. Caffeoyl shikimate is then converted by HCT to caffeoyl CoA 5 

that is methylated at O-3 by caffeoyl CoA O-methyltransferase (CCoAOMT) to form feruloyl 6 

CoA. After the conversion of feruloyl CoA by CCR to coniferaldehyde, it is then 5-hydroxylated 7 

and O-methylated by ferulate 5-hydroxylase (F5H) and caffeic acid O-methyltransferase 8 

(COMT) to produce 5-hydroxyconiferaldehyde and sinapaldehyde, respectively (Fig. 7).  9 

Conversion of caffeoyl shikimate to caffeoyl CoA may also be carried out by an 10 

alternative route, i.e., first to caffeic acid by caffeoyl shikimate esterase (CSE) and then to 11 

caffeoyl CoA by 4CL (Fig. 7), as demonstrated in Arabidopsis, poplar and Medicago truncatula 12 

by mutation or down-regulation of CSE resulting in a reduction in lignin biosynthesis (Vanholme 13 

et al., 2013; Ha et al., 2016; Saleme et al., 2017). However, no CSE orthologs were found in the 14 

genomes of Brachypodium distachyon and corn, and little CES activities were detected in these 15 

species (Ha et al., 2016), suggesting that the role of CSE in lignification may not be universal in 16 

all plant species. Other bypasses in the monolignol biosynthetic pathway may also occur when 17 

some intermediate steps of the pathway are blocked. For example, it was suggested that in the 18 

CCoAOMT-deficient plants, caffeoyl CoA may be reduced by CCR to caffealdehyde, which can 19 

be 3-O-methylated by COMT to form coniferaldehyde (Do et al., 200) or converted by CAD to 20 

caffeyl alcohol that is incorporated into lignin as catechyl units (Wagner et al., 2011). In the 21 

COMT-deficient plants that are specifically blocked in the production of sinapyl alcohol and thus 22 

S lignin units, the COMT substrate 5-hydroxyconiferaldehyde is converted by CAD to 5-23 

hydroxyconiferaldehyde, which is incorporated into lignin as novel 5-hydroxyguaiacyl units 24 

(Ralph et al., 2001).      25 

All enzymes and their corresponding genes responsible for the biosynthesis of 26 

monolignols have been extensively characterized and their roles in the synthesis and structure of 27 

lignin have been genetically investigated using knockout and/or knockdown studies (see the 28 

comprehensive reviews by Bonawitz and Chapple, 2010 and Mottiar et al., 2016). In Arabidopsis 29 

and poplar, all monolignol biosynthetic genes have been characterized (Rae et al., 2003; Shi et 30 

al., 2010) and their corresponding mutants/downregulated plants and associated phenotypes have 31 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved 

been comprehensively analyzed (Vanholme et al., 2012; Wang et al., 2018). A severe reduction 1 

in lignin synthesis often leads to a retardation in plant growth and in some cases, this growth 2 

defect could be partially alleviated by altering signaling pathways. For example, the stunted 3 

growth of Arabidopsis HCT-deficient plants, which is accompanied with an elevation of the 4 

stress hormone salicylic acid, can be partially rescued by a disruption of salicylic acid production 5 

(Gallego-Giraldo et al., 2011). Simultaneous mutations of two subunits of the transcriptional 6 

coactivator complex Mediator, MED5a and MED5b, partially restored the growth defect the 7 

Arabidopsis ref8 mutant deficient in C3’H (Bonawitz et al., 2014). It is not known whether the 8 

growth defects caused by mutations of other lignin biosynthetic genes could also be partially 9 

restored by these two seemingly different rescue pathways.  10 

 Monolignol biosynthetic enzymes have been proposed to be organized into metabolons 11 

for efficient channeling of intermediates between sequential enzymes. A study of four sequential 12 

enzymes, C4H, 4CL, HCT and C3’H, in the pathway has shown that the two cytochrome P450s, 13 

C4H and C3’H, colocalize in the endoplasmic reticulum (ER) and the soluble HCT and 4CL are 14 

drawn in close proximity to the ER membrane by C3’H (Bassard et al., 2012). Further protein-15 

protein interaction analysis in Arabidopsis revealed direct interaction of the three P450 enzymes 16 

in the pathway, i.e., C4H, C3’H and F5H, with two membrane steroid-binding proteins (MSBPs) 17 

whose downregulation resulted in a mild reduction in lignin content (Gou et al., 2018). It was 18 

suggested that the monolignol biosynthetic P450 enzyme complex may act as the nucleation sites 19 

to organize the pathway enzymes into metabolons. The monolignol pathway enzymes may also 20 

be regulated posttranlationally, e.g., by protein phosphorylation (Wang et al., 2015) or Kelch 21 

repeat F-box (KFB) proteins-mediated proteolytic turnover through the ubiquitination-26S 22 

proteasome pathway (Zhang et al., 2013), to influence monolignol biosynthesis.   23 

 Monolignol acylation  The acylation of monolignols by pCA and FA has been shown to 24 

be mediated by cytosol-localized p-coumaroyl-CoA monolignol transferases (PMTs) and 25 

feruloyl-CoA monolignol transferases (FMTs), respectively (Fig. 7), that belong to a grass-26 

specific clade of the BAHD acyltransferase superfamily (Fig. 4). Several PMTs from rice, maize 27 

and Brachypodium have been characterized biochemically and/or genetically (Withers et al., 28 

2012; Marita et al., 2014; Petrik et al., 2014) and heterologous expression of these grass-specific 29 

PMTs in transgenic poplar or Arabidopsis plants led to incorporation of p-coumaroylated 30 

monolignols into lignin (Smith et al., 2015; Sibout et al., 2016). A feruloyl-CoA monolignol 31 
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transferase was first identified in Angelica sinensis and its overexpression in transgenic poplar 1 

plants resulted in incorporation of feruloylated monolignols into lignin that becomes less 2 

recalcitrant to chemical depolymerization (Wilkerson et al., 2014). Overexpression of a rice 3 

BAHD acyltransferase, OsFMT1/OsAT5, in rice leads to an increase in the amount of 4 

feruloylated lignin units in the cell walls (Karlen et al., 2016), indicating that it is a putative 5 

feruloyl-CoA monolignol transferase but the biochemical proof is still lacking. Acyltransferases 6 

and their corresponding genes responsible for acetylation and p-hydroxybenzoylation of 7 

monolignols used for lignin biosynthesis have yet to be determined.  8 

 Monolignol transport  The transport of monolignols across the plasma membrane could 9 

be accomplished by passive diffusion and/or active transport through plasma membrane-10 

localized transporters (Kaneda et al., 2008) (Fig. 7). The ATP-binding cassette (ABC) 11 

transporter activities in the plasma membrane of Arabidopsis leaves have been shown to be able 12 

to transport monolignols (Miao and Liu, 2010) and one of the Arabidopsis ABC transporters, 13 

AtABCG29, stimulates the transport of p-coumaryl alcohol when expressed in yeast cells 14 

(Alejandro et al., 2012), implying the involvement of ABC transporters in monolignol transport. 15 

However, little ATP-dependent transporter activity for monolignols was detected in membrane 16 

vesicles from the differentiating xylem of poplar, cypress and pine (Tsuyama et al., 2013). It is 17 

interesting to note that although wild-type poplar and Arabidopsis do not produce p-18 

coumaroylated monolignols and presumably do not have the corresponding transporters, p-19 

coumaroylated monolignols produced in poplar and Arabidopsis by overexpression of grass 20 

PMTs are incorporated into lignin (Smith et al., 2015; Sibout et al., 2016), indicating that the p-21 

coumaroylated monolignols produced in the cytosol are readily transported to the cell walls for 22 

polymerization. How monolignols are transported across the plasma membrane remains an 23 

enigma. 24 

 Monolignol oxidation and polymerization  Monolignols in the cell walls are oxidized by 25 

laccases and peroxidases to form monolignol radicals, which are then polymerized into lignin 26 

non-enzymatically by radical coupling (Bonawitz and Chapple, 2010) (Fig. 7). One of the 27 

prominent radical coupling sites is the 4-O-position of monolignols and blocking the 4-O-28 

position of monolignols from radical coupling by methylation with an engineered monolignol 4-29 

O-methyltransferase in transgenic plants effectively reduces lignification (Zhang et al., 2012). 30 

Genetic analysis has provided convincing evidence demonstrating the essential roles of laccases 31 
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in lignification in Arabidopsis and poplar (Berthet et al., 2011; Lu et al., 2013; Zhao et al., 1 

2013). Several Arabidopsis peroxidase genes have also been shown to be involved in 2 

lignification, but their mutations only mildly affected lignin content (Herrero et al., 2013; 3 

Shigeto et al., 2014, 2015). It remains to be investigated whether laccases play a more dominant 4 

role than peroxidases in lignification and whether they may play differential roles in different 5 

cell types.  6 

 7 

VI. Concluding remarks 8 

 Extensive biochemical, molecular and genetic studies in the past decades have uncovered 9 

most of the genes participating in the biosynthesis of secondary wall components, including 10 

cellulose, xylan, glucomannan and lignin. The recent breakthrough in the establishment of an in 11 

vitro activity assay of recombinant PttCESA8 reconstituted into proteoliposomes (Purushotham 12 

et al., 2016) paves the way to investigate many outstanding questions about the structure and 13 

functions of CESAs, such as how CESA proteins interact with each other to assemble into 14 

complexes, why different CESA isoforms are required for the assembly of the rosette complexes, 15 

how heteromeric CESA complexes differ from homomeric CESA complexes in terms of the rate 16 

of glucan synthesis and the assembly of glucan chains, what are functions of the different motifs 17 

in the catalytic domain of CESAs, and how other cellulose synthesis-related proteins, such as 18 

Korrigan, COBRA-like proteins and chitinase-like proteins, affect cellulose synthesis and 19 

cellulose microfibril assembly. A number of xylan biosynthetic genes have been identified by 20 

genetic analysis, but biochemical characterization of their encoded enzymes is generally lacking. 21 

With the successful application of heterologous expression systems, such as the mammalian 22 

HEK293 cells, for the generation of recombinant plant glycosyltransferases (Urbanowicz et al., 23 

2014; Zhong et al., 2018a), a more complete picture of the biochemical activities and substrate 24 

specificities of xylan biosynthetic enzymes is expected to emerge in the near future. The 25 

functions of lignin biosynthetic genes and the biochemical properties of their encoded enzymes 26 

have been thoroughly studied and the knowledge gained has enabled researchers to custom-27 

design lignin composition in transgenic plants, such as the “designer lignin” for increased 28 

degradability tailored for biofuel production (Mottiar et al., 2016). Such an application of 29 

“designer lignin” best exemplifies the importance of understanding the molecular and 30 

biochemical mechanisms underlying secondary wall biosynthesis. Further investigation of the 31 
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biochemical functions and properties of secondary wall biosynthetic enzymes will undoubtedly 1 

lead to a full understanding of how secondary wall components are synthesized and assembled, 2 

which will provide knowledge basis to custom-design secondary wall composition tailored to our 3 

diverse needs.  4 
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 23 

Fig. 1 Examples of secondary wall-containing cell types in different plant species and the 24 

structure of secondary walls in Arabidopsis fibers. (a–e) Cross sections of (a) a stem of 25 

Selaginella moellendorffii showing the cortical sclerenchyma thickened with secondary walls, 26 

(b) pine wood showing water-conducting tracheids, (c) yellow poplar wood showing vessels, 27 

xylary fibers and ray parenchyma, (d) a flax stem showing nonlignified phloem fibers (stained 28 

green), and (e) a jojoba seed showing a layer of sclereids thickened with secondary walls in the 29 

seed coat. (f, g) An Arabidopsis plant (f), and a cross section of its stem showing interfascicular 30 

fibers (g). (h) Transmission electron micrograph of fiber cell walls in the boxed area of (g) 31 
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showing layered deposition of secondary walls (S1–S3). (i) Field-emission scanning electron 1 

micrograph of the boxed area from (h) showing cellulose microfibrils. (j) A model of secondary 2 

walls showing cellulose microfibrils, xylan, glucomannan and lignin. The sections in (a–e, g) 3 

were stained with safranin and fast green and the lignified cell walls stained red. cs, cortical 4 

sclerenchyma; ep, epidermis; pf, phloem fiber; rp, ray parenchyma; sc, seed coat; tr, tracheids; 5 

ve, vessel; xf, xylary fiber. 6 

 7 

Fig. 2 Diagrams of cellulose synthase topology and cellulose synthesis. (a) Structure of a β-1,4-8 

glucan oligomer. (b) Schematic of the predicted topology of a cellulose synthase (CESA) protein 9 

showing an N-terminal cytoplasmic domain containing a zinc finger motif followed by two 10 

transmembrane helices, a large cytoplasmic catalytic domain and six additional transmembrane 11 

helices. The conserved DDG, DCD, TED and QXXRW motifs as well as a plant conserved 12 

region (P-CR) and a class-specific region (CSR) are indicated. (c) A model of the cellulose 13 

synthase complex (CSC) in the plasma membrane and the pathways of UDP-Glc synthesis from 14 

sucrose. The inset shows a hexameric cellulose synthase rosette complex visualized by freeze-15 

fracture transmission electron microscopy (image from Nixon et al., 2016). CINV, cytosolic 16 

invertase; FK, fructokinase; HXK, hexokinase; PGI, phosphoglucoisomerase; PGM, 17 

phosphoglucomutase; SUS, sucrose synthase; UGP, UDP-glucose pyrophosphorylase. (d) 18 

Transmission electron micrograph of cellulose microfibrils produced in vitro by recombinant 19 

poplar PttCESA8 reconstituted into proteoliposomes (image from Cho et al., 2017).    20 

 21 

Fig. 3 (a) Diagrams depicting the the structural features of xylans with various glycosyl and 22 

acetyl substitutions, and (b) a list of enzymes that have been shown to be involved in xylan 23 

synthesis. Ac, acetyl; Araf, arabinofuranose; FA, ferulic acid; GlcA, glucuronic acid; Me, 24 

methyl; Xyl, xylose.  25 

 26 

Fig. 4 Phylogenetic relationships of a subclade of rice BAHD acyltransferases implicated in the 27 

acylation of lignin and xylan together with their orthologs that have been genetically studied in 28 

other grass species. The grass species include Brachypodium distachyon (Bd), Oryza sativa (Os), 29 

Setaria viridis (Sv) and Zea mays (Zm). AsFMT from Angelica sinensis (As), a dicot species, 30 

and AT3G62160 (shaded) from Arabidopsis are also included. The phylogenetic tree was 31 
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constructed with the neighbor-joining algorithm and the 0.1 scale represents 10% change. The 1 

number at each node indicates the percentage of the bootstrap values from 1000 replicates. The 2 

BAHD members involved in monolignol acylation with p-coumaric acid (pCA) or ferulic acid 3 

(FA) are shown in red, and those implicated in grass xylan acylation with pCA or FA are shown 4 

in blue.   5 

 6 

Fig. 5 Schematic of the conversion of nucleotide sugars involved in xylan synthesis and their 7 

transport across the Golgi membrane. UAfT, UDP-Araf transporter; UAM, UDP-Ara mutase; 8 

UGD, UDP-Glc 6-dehydrogenase; UGE, UDP-glucose 4-epimerase; UUAT, UDP-uronic acid 9 

transporter; UXE, UDP-Xyl 4-epimerase; UXS, UDP-Xyl synthase; UXT, UDP-Xyl transporter.  10 

 11 

Fig. 6 (a) Diagrams depicting the the structural features of glucomannan and 12 

galactoglucomannan, and (b) a list of enzymes involved in mannan synthesis. Ac, acetyl; Gal, 13 

galactose; Glc, glucose; Man, mannose. 14 

 15 

Fig. 7 Schematic of the lignin biosynthetic pathway. Monolignols (p-coumaryl, coniferyl and 16 

sinapyl alcohols) are synthesized from L-phenylalanine by the phenylpropanoid pathway and 17 

they can be further acylated by acetate, p-coumarate and ferulate. Monolignols and their acylated 18 

forms are transported through the plasma membrane into the cell walls where they are oxidized 19 

by laccases and peroxidases to form free radicals that then polymerize into lignin. The images in 20 

the inset show the collapsed xylem vessels (arrows) in the stem of a transgenic tobacco plant 21 

with antisense downregulation of CCoAOMT (b) compared with wild-type (WT) xylem vessels 22 

(a), and the disorganization of secondary walls in xylem vessels of the Arabidopsis ccr1 mutant 23 

(d) compared with secondary walls of wild-type vessels (c). Images in (a, b) are from Zhong et 24 

al. (1998) and those in (c, d) are from Ruel et al. (2009). 4CL, 4-coumarate CoA ligase; C3’H, p-25 

coumaroyl shikimate 3’-hydroxylase; C4H, cinnamate 4-hydroxylase; CAD, cinnamyl alcohol 26 

dehydrogenase; CCoAOMT, caffeoyl CoA O-methyltransferase; CCR, cinnamoyl CoA 27 

reductase; COMT, caffeic acid O-methyltransferase; CSE, caffeoyl shikimate esterase; F5H, 28 

ferulate 5-hydroxylase; FMT, feruloyl-CoA monolignol transferase; HCT, hydroxycinnamoyl 29 

CoA:shikimate hydroxycinnamoyl transferase; OAT, O-acetyltransferase; PAL, phenylalanine 30 

ammonia lyase; and PMT, p-coumaroyl-CoA monolignol transferases.  31 
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