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Abstract  

The plant secondary cell wall is a complex structure composed of polysaccharides and lignin, 

and is a key evolutionary innovation of vascular land plants. Although cell wall composition 

is well understood, the cross-linking of the different polymers is only now yielding to 

investigation. Cross-linking between hemicelluloses and lignin occurs via two different 

mechanisms: incorporation into lignin by radical coupling of ferulate substitutions on xylan 

in commelinid monocots, and incorporation of hemicellulosic glycosyl residues by re-

aromatisation of lignification intermediates. Recent genetic evidence indicates that 

hemicellulose:lignin cross-linking has a substantial impact on plant cell wall recalcitrance. 

Engineering plant biomass with modified frequencies of cross-links will have significant 

impacts on biomass utilisation. 

Introduction 

Together, lignin and hemicelluloses can comprise 40-70% of plant biomass by weight. Both 

polymers are deposited during secondary cell wall formation. Lignin and hemicelluloses 

interact with each other and cellulose in the cell wall and affect emergent properties of 

plant biomass such as mechanical strength, flexibility and recalcitrance to enzymatic 

digestion. Understanding how lignin and hemicelluloses interact with each other may 

enable us to tailor such properties for different products in an emerging sustainable 

economy in diverse areas such as construction, materials, and chemical feedstocks.  
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Lignin is a phenolic polymer found in the cell walls of vascular plants, mainly in the 

thickened secondary walls of xylem vessels and tracheids (which transport water) and 

sclerenchyma and xylem fibres (which provide stem mechanical support) [1,2]. Lignin is 

derived from monolignols synthesised via the phenylpropanoid pathway. There are three 

canonical monolignols: p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol. However, 

an array of additional monomers are incorporated into lignin in many species, highlighting 

the flexibility in the polymerisation reactions that generate lignin [1]. For example monocots 

incorporate tricin, whereas some species have been shown to incorporate hydroxystilbenes 

[3,4]. Once synthesised in the cytosol, the monolignols and other monomers are exported to 

the cell wall [1]. In the wall, monolignol radicals are generated by laccase and peroxidase 

enzymes. Monolignol radicals couple combinatorially, forming oligolignols, which can also 

form radicals to then polymerise further by endwise radical coupling with further monomer 

radicals [5]. In this way, large polymers with a variety of linkages are formed. The 

polymerisation and structural diversity of lignins are reviewed elsewhere in this issue.  

In the lignified cells of seed plants, the major hemicelluloses are xylan and 
galactoglucomannan (figure 1) [6]. Hemicelluloses are polysaccharides that usually have an 
equatorial β-1,4-linked glycosyl residue backbone [6]. This means they have similar 
backbone linkages as the glucan chains that make up crystalline cellulose. The backbone 
structure may enable binding to cellulose, in a similar fashion to the binding of glucan chains 
in the cellulose microfibril [7,8]. Hemicelluloses are synthesised in the Golgi apparatus and 
secreted into the cell wall during secondary wall deposition [9]. Xylan and 
galactoglucomannan are synthesised at a similar time as cellulose, whereas at least some of 
the lignification occurs after polysaccharide synthesis [10]. 

Xylan is a significant component of all vascular plant secondary cell walls [6]. It is the main 

hemicellulose in angiosperm (hardwood) secondary cell walls, contributing 20-40% of 

biomass weight. Xylan can also constitute up to 15% of gymnosperm (softwood) cell walls. 

The backbone consists of β-1,4 linked xylosyl residues. The hydroxyl groups on carbon-2 or -

3 of the xylosyl residues are often substituted [6], but these substitutions are diverse, and 

vary phylogenetically [6,11]. The different substitutions affect the self-association properties 

of the xylan polymer, and also its interaction with cellulose and lignin [8,12]. The only xylan 

substitution ubiquitous in vascular plant cell walls is 2-linked glucuronic acid (in most species 

this is 4-O-methylated), suggesting particular importance. Eudicot xylans are acetylated, 

whereas monocot xylans are acetylated and highly arabinosylated. The conifers, which make 

up the majority of gymnosperm species, are devoid of xylan acetylation and have only 

arabinosyl and glucuronosyl substituents on their xylan [11].  Feruloylated and p-

coumaroylated arabinosyl substitutions of the xylan backbone are thought to be confined to 

the commelinid monocots (including grasses such as the crops rice, maize, wheat and 

sugarcane) [13]. There is some indirect evidence of ferulate in conifer primary cell walls, and 

this may also be true of secondary cell walls, but the identity of the feruloylated wall 

component remains to be demonstrated [14].  

Softwood cell wall hemicelluloses are dominated by galactoglucomannan, which forms 15-

25% of their cell walls by weight, see figure 1 [6]. Galactoglucomannan is a lower proportion 

(up to 5% by weight) of angiosperm cell walls. The galactoglucomannan backbone is 



composed of around 80% mannosyl residues, and the rest are glucosyl residues [15]. 

Carbons 2 and 3 of the mannosyl residues can be acetylated, and carbon 6 can be 

galactosylated. The extent to which galactoglucomannans vary in structure phylogenetically 

remains to be determined. 

Hemicelluloses and lignin covalently cross-link in the plant cell wall. Cross-linking arises from 

two characteristics of lignin polymerisation in the wall. Firstly, due to weak substrate 

specificity, laccases and peroxidases have oxidative effects on monolignol-related 

compounds, such as the ferulate substitutions of commelinid monocot xylan [16,17]. In 

addition, oxidised monolignols may oxidise other phenolic compounds, producing radicals 

non-enzymatically [18]. Generated radicals of feruloylated xylan enable coupling of xylan 

with monolignols and growing lignin polymers (Figure 2A). Secondly, the coupling of 

monolignols via their β carbon (the majority of linkages in native lignins [19]) produces a 

quinone methide intermediate. To form the mature lignin polymer, re-aromatisation of the 

quinone methide by nucleophilic addition at the α position must occur [20]. This addition is 

most likely to occur with water acting as the nucleophile, but could occur with any 

polysaccharide hydroxyl or carboxylic acid (Figure 2B) [20,21].  

In this review we discuss the recent and historic evidence for the two modes of 

hemicellulose:lignin cross-linking. We also discuss the biological significance of cross-linking 

hemicelluloses with lignin and the possibility for altering the properties of cell walls by 

genetically altering the structure of hemicelluloses or lignin. 

In commelinid monocots, feruloylated arabinosyl substitutions of xylan enable cross-

linking between xylan and lignin by radical coupling. 

One of the characteristic features of commelinid monocot secondary cell walls is the 

presence of 5-O-feruloylated and 5-O-p-coumaroylated α-1,3 arabinosyl substitutions on the 

xylan backbone [6]. Ferulate is produced by oxidation of coniferaldehyde from the general 

phenylpropanoid pathway [22]. It has been well established that two or more ferulate 

substitutions of xylan can undergo radical coupling in a manner analogous to lignification, 

forming xylan:xylan cross-links [23]. Due to this propensity for radical coupling with other 

ferulate substitutions and the structural similarity of ferulate to monolignols it was 

hypothesised that xylan ferulate substitutions can participate in lignin polymerisation 

reactions, and that such cross-links may be important for cell wall properties [24]. 

Studies of in vitro lignification reactions of feruloylated arabinose and monolignols 

demonstrated that ferulate could couple with coniferyl alcohol at the 4, 5 and 8 positions of 

the ferulate [24]. Further studies showed that feeding maize suspension cell systems with 

monolignols and hydrogen peroxide reduced the amount of alkali-labile ferulates on xylan, 

indicating the ferulate substitutions were incorporated into the lignin polymers [25]. These 

studies provided evidence that ferulate substitutions are compatible with radical coupling 

reactions, suggesting ferulate-mediated xylan:lignin cross-linking may occur in vivo. In 1995, 

Nuclear Magnetic Resonance (NMR) analysis was used to definitively demonstrate that 

ferulate was 8-β coupled to coniferyl and sinapyl alcohol in vivo [26]. Other linkages were 

found in gas-chromatography/mass-spectrometry (GC/MS) analysis, identifying coniferyl 



alcohol β-O-4 linked to ferulate, as in figure 2A [27]. This in vivo evidence shows that 

ferulate substitutions participate in the radical coupling reactions of lignification. It has also 

been demonstrated that diferulates incorporate into lignin in vitro, suggesting even more 

complex structures involving multiple xylan molecules linked to each other can cross-link to 

lignin [28]. Quantification of ether-linked ferulates in grass cell walls, which includes 

xylan:xylan cross-links and xylan:lignin cross-links, suggests that 20-80% of ferulate is ether-

linked [29,30].  

There is significant evidence suggesting that ferulate-mediated xylan:lignin cross-linking is 

important for recalcitrance to enzymatic degradation. Studies of in vitro lignification systems 

have shown that ferulate-mediated xylan:lignin cross-linking impedes the degree of 

enzymatic digestion[31]. In vivo evidence comes from a maize mutant (sfe) with reduced 

feruloylation. The sfe mutant has higher in vitro rumen digestibility [30,32]. Consistent with 

this, in animal feeding trials the sfe mutant led to reduced feeding but increased milk 

production, suggesting it is more digestible in vivo [33]. Collectively, these studies suggest 

that the level of ferulate linked xylan to lignin has a biological function in the enzymatic 

recalcitrance of cell walls. 

Modulating ferulate-mediated xylan:lignin cross-linking could be an important strategy for 

tailoring commelinid monocot biomass for commercial uses, like feed or fuel production. As 

ferulate substitutions participate in the radical coupling reactions of lignification, and the 

radical generation can occur non-enzymatically, modulating lignin structure to prevent 

ferulate-mediated xylan:lignin cross-linking may not work. However, it should be possible to 

target xylan biosynthetic enzymes to reduce the level of α-1,3 arabinosylation or the 

feruloylation of arabinoxylan. Family 61 glycosyl transferase enzymes (GT61) add arabinosyl 

substitutions to the xylan backbone [34]. RNAi knockdown of the GT61 XAT1 reduced the 

amount of ferulate in soluble arabinoxylan of wheat endosperm [35]. In rice, a GT61 

knockout mutant, xax1, was found to have 60% reduced feruloylation and 50% reduced p-

coumaroylation of xylan [36]. These alterations in xax1 cell wall composition led to a 

significant decrease in recalcitrance. Unfortunately, the xax1 mutant is dwarfed, so general 

reduction of XAX1 activity is not a suitable engineering strategy. It is unclear why the plant is 

dwarfed, but it may be due to a loss of wall strength in specific cells such as xylem vessels. A 

more complex genetic strategy such as vessel complementation has been effective in 

rescuing the dwarf phenotypes of some Arabidopsis xylan and lignin mutants while 

maintaining reduced recalcitrance, and may be a solution for grass cell wall modification 

[37,38]. 

Based on high relative expression in grasses of GT61s and other xylan synthesis genes, it was 

proposed that BAHD acyltransferases are good candidates for feruloylation of the arabinosyl 

substitutions on xylan [39]. It remains unclear how these cytosolic enzymes are involved in 

xylan synthesis, but feruloylation of the UDP-arabinose sugar nucleotide, which is then 

transported into the Golgi for xylan synthesis, is possible [40]. Consistent with this, using an 

RNA interference (RNAi) approach four BAHD genes were downregulated in rice, resulting in 

a 20% decrease in feruloylation of xylan [41]. In addition, the feruloylation level in 

Brachypodium distachyon correlates with BAHD gene expression and overexpression of one 



BAHD gene increased xylan feruloylation [42,43]. Recently, a single BAHD acyltransferase 

gene was used as an RNAi target in Setaria viridis [44], resulting in a decrease of 

unetherified ferulate by 70-90% and of ferulate dimers by over 50%. Lignin-etherified 

ferulates were not measured. Importantly, the authors found an increase in sugar release by 

saccharification of 40-60%. The Setaria plants showed normal biomass production, 

suggesting BAHD enzymes are a promising target for reducing recalcitrance in commelinid 

monocots. 

Reduction of feruloylation of xylan leads to improved digestibility of grasses, and so is a 

promising approach for engineering reduced hemicellulose:lignin links. As some 

modifications lead to growth impairment or to minor changes in cell walls, a moderate 

reduction of the feruloylation and genetic redundancy of the BAHD enzymes needs to be 

considered in grass engineering approaches. 

Nucleophilic moieties present in hemicelluloses can participate in lignification reactions, 

cross-linking hemicelluloses and lignin  

In eudicots, arabinosyl substitutions are not found on secondary wall xylan, and in 

gymnosperms secondary wall arabinosyl substitutions may not be feruloylated, so linkage 

through ferulate esters is not a major hemicellulose:lignin linkage in these clades. However, 

nucleophilic groups of xylan and galactoglucomannan have been proposed to re-aromatise 

the quinone methide intermediate of lignols that are coupling at the β position. Depending 

on whether the nucleophile is a hydroxyl or carboxylic acid this reaction would form ether or 

ester linkages to lignin.  

Recently, an ether hemicellulose:lignin cross-link was verified in vivo; by sequential 

extractions and enzyme digestions, a fragment of galactoglucomannan cross-linked to lignin 

was extracted from Japanese red pine [45]. Using multidimensional NMR experiments, it 

was possible to identify with unambiguous multi-bond correlations that the carbon 6 of a 

backbone mannosyl residue was ether-linked to the α carbon of a β-O-4-linked unit of lignin, 

as in figure 2B. It will be important to investigate whether other hydroxyls of 

galactoglucomannan or xylan can also form α ethers. Currently, there is no conclusive data 

to suggest that these α ethers have a biological function in cell walls, as has been 

demonstrated for ferulate-mediated xylan:lignin cross-links in grass biomass recalcitrance.  

There is indirect evidence that glucuronic acid substitutions on xylan can also act as a 

nucleophile in the described reaction, and that glucuronic acid-mediated xylan:lignin cross-

linking may occur. The presence of esterified glucuronic acid substitutions of xylan has been 

described in wood [46]. NMR has also been used to assign glucuronic acid-mediated 

xylan:lignin α or γ ester bond signals based on similarity with model compounds, but the 

experiments were performed on complex mixtures, making the spectra difficult to interpret 

[47,48]. Other indirect evidence for glucuronic acid-mediated xylan:lignin cross-linking 

comes from identification of glucuronyl esterase activities in carbohydrate esterase family 

15 (CE15), which act on model compounds [49]. When tested on proposed xylan:lignin 

complexes extracted from wood, the enzymes increase the amount of carboxylic acid 

groups and hydroxyl groups, suggesting the hydrolysis of esters [48]. Moreover, the 



glucuronyl esterases decrease the molecular weight distribution of proposed xylan:lignin 

complexes in size exclusion chromatography, and synergistically boost GH10 xylanase 

activity on xylan:lignin complexes [50].  

Additional indirect evidence for glucuronic acid-mediated xylan:lignin cross-links is the 

finding that glucuronic acid is important for biomass recalcitrance in Arabidopsis [51]. 

Enzymatic saccharification of the gux1 gux2 mutant, which lacks glucuronic acid on 

secondary cell wall xylan, shows that up to twice as much glucose is released and five times 

more xylose in limited-saccharification studies. This difference could be due to the 

generation of glucuronic acid-mediated xylan:lignin cross-links in wild type but not gux1 

gux2 mutants, but might also be a consequence of other changes to the wall such as the 

mode of xylan-binding to cellulose or changes in the charge of xylan. However, other 

Arabidopsis xylan substitution mutants, including a reduced acetylation mutant with xylan 

that no longer binds to cellulose, have little effect on cell wall recalcitrance, suggesting 

glucuronic acid is uniquely important [8,51].  

Glucuronic acid removal seems to be an effective route to reduced recalcitrance. However 

hydroxyl groups are inherent to hemicelluloses, so engineering hemicellulose synthesis is a 

poor route to preventing hemicellulose:lignin ether cross-linking. On the other hand, 

substantially altering lignin composition may prevent such cross-linking. During monolignol 

synthesis, prior to methylation by caffeic acid O-methyl transferase (COMT), the phenyl ring 

is first hydroxylated by p-coumaroyl quinate/shikimate 3’-hydroxylase (C3’H) and (in the 

case of converting coniferyl alcohol to sinapyl alcohol) ferulate 5-hydroxylase (F5H). When 

COMT activity is reduced, plants produce an unconventional monolignol with an additional 

ring hydroxyl, 5-hydroxyconiferyl alcohol [52]. Lignin containing caffeyl alcohol, another 

unconventional monolignol with an additional ring hydroxyl, is synthesised in the seedcoats 

of some species [53]. During radical coupling at the β-position of such catechol units, the 

hydroxyl of the phenyl ring in the polymerising lignin acts as an internal nucleophile that 

attacks the quinone methide intermediate, producing benzodioxane units, see figure 3 [52–

54]. Polysaccharides are not able to cross-link to the lignin by nucleophilic attack of the 

quinone methide as they cannot compete with such intramolecular trapping. COMT 

downregulation significantly reduces recalcitrance to enzymatic digestion and increases the 

proportion of benzodioxane units in the lignin of multiple species [54–57]. A reduction in 

hemicellulose:lignin cross-linking remains to be demonstrated, but altering COMT 

expression is a viable route to producing plants with reduced recalcitrance. In vitro, 

phenylpropanoid conjugates, e.g., rosmarinic acid, have been used as monolignol 

alternatives that also produce benzodioxane units in the resultant lignin [58]. Engineering 

rosmarinic acid synthesis into plants would require introducing additional genes such as 

rosmarinic acid synthase [59]. 

There are alternative routes for reducing hemicellulose:lignin cross-links. For instance, 

mutants in cinnamyl alcohol dehydrogenase (CAD) enzymes cannot reduce the aldeyhyde of 

monolignol precursors to a hydroxyl, so incorporate hydroxycinnamaldehydes into their 

lignin. When coupling at the 8 position (equivalent to the β position of a monolignol, see 

figure 3D), the hydroxycinnamaldehydes eliminate a proton rather than undergoing 



nucleophilic attack of the quinone methide [52]. In vivo this results in the presence of an 

unsaturated bond between carbons 7 and 8 in the 8-O-4 and 8-8 linkages [52]. Multiple 

studies have shown that CAD mutation or downregulation reduces recalcitrance or 

increases extractability of hemicelluloses or lignin, but any reduction in hemicellulose:lignin 

crosslinking remains to be investigated [60–65]. The recalcitrance differences observed in 

CAD and COMT mutants may be partially explained by reductions in lignin content.   

Conclusions 

Two mechanisms for cross-linking of hemicelluloses and lignin have been described: radical 

coupling resulting in ferulate-mediated xylan:lignin cross-linking, and re-aromatisation of 

the quinone methide intermediate by polysaccharide nucleophiles, leading to formation of 

ether or ester bonds between hemicelluloses and lignin. There is an emerging body of 

evidence that suggests both modes of cross-linking have a role in the recalcitrance of plant 

cell walls. However, open questions remain, specifically in regard to re-aromatisation of 

lignification intermediates by hemicelluloses. It will be important to characterise the 

structural diversity of these cross-links and address the extent and functionality of this type 

of cross-linking in the plant cell wall. Future research will have to face the challenge of 

modulating hemicellulose:lignin cross-linking in order to engineer improved biomass for a 

variety of applications. Biofuel generation may require a reduction of cross-linking, whereas 

applications such as construction materials or pathogen-resistant crops could profit from 

increased cross-linking. 
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Figure 1 Hemicellulose structural diversity across major phylogenetic groups:  The known structures 

of the secondary cell wall hemicelluloses, xylan and galactoglucomannan, are shown, along with the 

proportion of dry biomass by weight that hemicellulose forms in each major phylogenetic group. A 

dash indicates that the hemicellulose structure or weight content is not known.   

Figure 2 Two mechanisms for hemicellulose:lignin cross-linking. A) Radical coupling of a monolignol 

to ferulated xylan. The backbone xylosyl residue (grey) is susbtituted by 3-linked arabinosyl residue 

(pink), which is modified by a ferulate (brown). A β-O-4 linkage between the ferulate and a 

monolignol is shown, but other linkages can occur. B) Re-aromatisation of the quinone methide 

intermediate by hemicellulose nucleophiles. The quinone methide intermediate of two monolignols 

forming a β-O-4 linkage is shown. The intermediate is re-aromatised by the carbon 6 hydroxyl of a 

mannosyl residue of galactoglucomannan. A mannosyl residue (blue) ether-linked to a dilignol is 

shown, but other glycosyl residues could form the bond. Curly arrows show the movement of 

electrons. Further lignin polymerisation can occur at carbons marked by orange dotted lines. 

Figure 3 Down-regulation of COMT or CAD activity are potential lignin engineering strategies to 

prevent hemicellulose:lignin cross-linking via re-aromatisation of the quinone methide intermediate 

A) Down regulation of COMT produces a monolignol with an additional aromatic ring hydroxyl, 5-

hydroxyconiferyl alcohol.  During re-aromatisation of the quinone methide intermediate, the 

additional ring hydroxyl acts as an internal nucleophile, forming benzodioxane units. B) 

Downregulation of CAD activity produces hydroxycinnamaldehydes. During re-aromatisation of the 

quinone methide intermediate of hydroxycinnamaldehydes, the proton at position 8 is eliminated, 

resulting in unsaturated bonds between position 7 and 8.  Curly arrows show the movement of 

electrons.   
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