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Introduction 

The hemicellulose xylan is a plant cell wall polysaccharide that ac
counts for a considerable mass percentage of many commercially rele
vant agricultural products, including food, forage and timber. For 
example, it represents 20–30 % dry weight of the secondary cell wall of 
dicots, including hardwood trees used for timber, and up to 50 % of the 
total mass of the walls of grasses, such as forage and cereals (Scheller 
and Ulvskov, 2010). Thus, xylan is widely considered the second most 
abundant plant biopolymer on Earth after cellulose (Scheller and Ulv
skov, 2010). The emergence of complex β-1,4 xylan in the cell wall was a 
key evolutionary event that coincided with the colonization of land by 
plants. Charophyte algae, ancestral to modern land plants, are the most 
basal plants known to date to synthesize xylans like those found in 
terrestrial plants (Jensen et al., 2018). The importance of xylan in 
building a functional and mechanically strong cell wall has been 
demonstrated by the generation of xylan-deficient mutants that appear 
stunted and deformed, presumably due to the development of vascular 
tissue with characteristic misshapen vessels (Brown et al., 2009). The 
working hypothesis of cell wall structure holds that hemicelluloses such 

as xylan fill an intermediate role in the cell wall by facilitating in
teractions between the relatively chemically inert cellulose microfibrils 
and the pectin/lignin matrix of primary and secondary cell walls, 
respectively (Kang et al., 2019). 

Xylan structure 

The xylans of land plants are broadly defined as substituted polymers 
with a β-1,4 linked xylose backbone, though some algae produce xylan 
that incorporates β-1,3 linkages (Hsieh and Harris, 2019). Xylan func
tion within the wall is determined by the identity, amount and 
patterning of glycosyl and non-glycosyl substituents appended to the 
backbone structure. This Surface Feature is focused on land plant xylans, 
which are broadly classified as glucuronoxylan (GX), glucuronoar
abinoxylan (GAX), or arabinoglucuronoxylan (AGX) depending on the 
composition of the sugar substituents (Fig. 1). GX is primarily found in 
the secondary cell walls that make up the vascular tissue of dicots and 
many monocots (Peña et al., 2016). GX is heavily O-acetylated and 
features α-1,2 linked glucuronic acid (GlcpA) and 4-O-methylglucuronic 
acid (MeGlcpA) as the primary sugar substituents. For example, the 
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secondary cell wall xylans from Arabidopsis thaliana are acetylated on 
more than half of the backbone xyloses, and one of every 8–10 xylosyl 
residues is substituted with (Me)GlcpA (Smith et al., 2017). The 
patterning of the (Me)GlcpA and acetyl residues in A. thaliana occurs as 
distinct domains; one evenly spaced and the other clustered sporadically 
(Grantham et al., 2017). Additionally, GX often features a unique 
reducing end sequence Xylp-1,4-β-D-Xylp-1,3-α-L-Rhap-1,2-α-D-GalpA- 
1,4-D-Xylp, often termed ‘Sequence 1′, for which the function is still 
uncertain (Pena et al., 2007). In contrast, GAXs are distinguished by the 
abundance of L-α-arabinofuranose (Araf) substituents on the backbone 
and can be found in both primary and secondary cell walls of comme
linid monocots such as grasses (Scheller and Ulvskov, 2010). GAXs 
exhibit the greatest diversity of side chains and linkages (Fig. 1), which 
have been shown to vary significantly between even different tissues of 
the same plant (Peña et al., 2016). It has been hypothesized that the 
change in xylan chemical composition that occurred with GAX evolution 
led to the replacement of the functional role of much of the pectin, 
classical extensins (Liu et al., 2016), and other hemicelluloses in com
melinid primary cell walls with xylan (Carpita, 1996). A notable feature 
of GAX is the presence of aromatic moieties esterified to Araf residues 
(Peña et al., 2016). These complex sidechains permit polysaccharide- 
polysaccharide and polysaccharide-lignin crosslinking and may have 
had a part in the expansion of the role of GAX within the commelinid cell 
wall. AGXs are found in the secondary walls of Gymnosperms (Fig. 1). 
These xylans are mainly substituted with (Me)GlcpA residues at O-2 and 
to a lesser extent with L-α-Araf at O-3. This broad overview of xylan 
structure excludes many side chains and substituents for the sake of 
brevity. In reality, xylans exhibit a large degree of structural heteroge
neity depending on plant species, tissue, developmental stage, and cell 
wall category (Fig. 1). Furthermore, the limited taxonomic diversity of 
in-depth cell wall analysis suggests that there likely remain undiscov
ered xylan structural variants. 

Secondary cell wall xylan regulates the interface between cellulose 
and lignin. Nuclear magnetic resonance (NMR) spectroscopy and mo
lecular dynamics simulations have demonstrated that xylan has two 
primary configurations in the cell wall: a twofold and a threefold helical 
screw (Kang et al., 2019). In solution, xylan adopts the threefold screw 

conformation, a complete rotation of the backbone xylose residues 
every-three units. Interaction with cellulose promotes the flattening of 
this threefold screw into a twofold conformation. In A. thaliana, when 
substituent spacing is accounted for, evenly spaced domains adopting 
this twofold screw conformation have the substituents facing away from 
the cellulose microfibril producing a hydrophobic and negatively 
charged outer layer on the neutral cellulose surface (Grantham et al., 
2017). Irregular spacing and position of substituents may prevent or 
limit proper hydrogen bonding between cellulose and xylan, instead 
resulting in a threefold xylan that extends away from the cellulose 
microfibril and deeper into the lignin matrix and into the vicinity of 
other cellulose microfibrils. 

Xylan synthesis 

Xylan is synthesized in the Golgi apparatus by the coordinated ac
tivity of several enzyme classes (Fig. 2) (Smith et al., 2017). Formation 
of the glycosidic bonds of the backbone and sugar substituents are 
catalyzed by glycosyltransferases, acetyl groups are added by xylan O- 
acetyltransferases (XOATs) from the Trichome Birefringence Like (TBL) 
family (PFAM 13839), and GlcpA is methyl-etherified by glucuronox
ylan methyltransferase (GXMT/GXM) enzymes that contain a Domain of 
Unknown Function 579 (DUF579; PFAM 04669) (Urbanowicz et al., 
2012). Each of these processes is dependent upon a supply of donor 
substrates and requisite transit into the Golgi lumen from the cytosol 
(Ebert et al., 2015). In fact, many mutant lines with cell wall abnor
malities have been found to be defective in Golgi membrane transporters 
or enzymes responsible for substrate metabolism, rather than the en
zymes directly involved in synthesis. Glycosyltransferases involved in 
xylan synthesis utilize uridine diphosphate-linked sugars (UDP-sugars) 
as donor substrates. The relevant substrate pools are maintained by a 
suite of enzymes that interconvert these UDP-sugars and the membrane 
transporters that sequester them within the lumen. 

Xylan biosynthesis is unique among the hemicelluloses because the 
backbone is synthesized in the Golgi lumen by glycosyltransferases with 
a single transmembrane anchor, or no transmembrane region at all, 
rather than by multi-pass transmembrane proteins. One enzyme, 

Fig. 1. Structural diversity of xylan in the main groups of land plants. The figure shows characteristic structural motifs of xylans from representative members of 
the plant group based in data described in the literature* (Haghighat et al., 2016; Scheller and Ulvskov, 2010; Smith et al., 2017). Not all xylan side chains identified 
are represented in the figure. The abbreviation used are FA, Ferulic acid; pCA, p-Coumaric acid; Ac, Acetyl group. *Gymnosperms do not have acetylated xylan with 
the exception of some Gnetophytes. 
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Irregular Xylem 10 (IRX10) or Xylan Synthase 1 (XYS1) has been bio
chemically confirmed to have β-1,4 xylosyltransferase activity and ex
tends the xylan backbone in vitro (Jensen et al., 2018; Urbanowicz et al., 
2014). In vivo, it has been shown to form a xylan synthase complex (XSC) 
with at least two other glycosyltransferases: IRX9 and IRX14 (Jensen 
et al., 2014; Zeng et al., 2016). The role of these two proteins remains 
enigmatic, as neither has a demonstrated enzymatic function, yet mu
tants are xylan deficient and exhibit stunted growth phenotypes (Wu 
et al., 2010). Hypotheses for the role of the XSC include assisting in 
synthesis initiation, acquiring substrates, anchoring the growing xylan 
backbone, or simply serving as a scaffold for other xylan biosynthetic 
enzymes to be near the nascent backbone. Initiation of xylan synthesis 
has been the subject of considerable interest. Recently, XYS1 from rice 
was demonstrated to have the ability to synthesize xylan de novo from 
UDP-xylose, albeit with lower catalytic efficiency than its ability to 
extend existing xylo-oligomers (Wang et al., 2022). It is unknown if this 
is the dominant xylan chain initiation activity in vivo, an artifact of the in 
vitro conditions, or if another enzyme conducts initiation with more 
favorable kinetics. It has been hypothesized that Sequence 1 acts as a 
primer for xylan backbone extension, but this idea is complicated by the 
abundance of xylans, such as those from monocots and lower plants, that 
lack Sequence 1. There remain myriad questions regarding the mecha
nisms of side chain addition and patterning regulation on xylan that will 
require new biochemical approaches to decipher. 

Xylan biotechnology applications 

Xylan has recently gained attention for its potential as an environ
mentally friendly, renewable feedstock alternative in several industries. 
Xylan occurs as a significant component of lignocellulosic biomass and 
agricultural wastes, but due to a combination of complexity and 

structural diversity depending on the source, it acts as a waste product 
and/or an inhibitor to bioprocesses. Several approaches to valorize 
xylan-enriched wastes or engineer biomass feedstocks with more 
favorable processing potential are underway. Three domains that have 
attracted particular attention as next-generation, xylan-based bio
technologies are biofuels, biomaterials, and medical applications. Bio
fuel production requires polysaccharide deconstruction followed by 
upgrading into usable hydrocarbons. Enzymatic deconstruction of 
biomass utilizes microorganisms and hydrolytic enzymes to deconstruct 
biomass under relatively mild conditions while minimizing the energy 
required and chemical waste produced. Most of the microorganisms 
commonly utilized for biomass deconstruction readily hydrolyze cellu
lose and are well suited to utilize the hexose sugars generated. On other 
hand, xylan presents a problem because these microorganisms often lack 
the metabolic pathways to deconstruct xylan and utilize pentose sugars. 
As a result, recalcitrant xylan coating cellulose may act as a physical 
barrier for hydrolytic enzymes, and xylan oligosaccharides can act as 
chemical inhibitors (Raud et al., 2019). Therefore, improving the com
mercial utility of xylan using synthetic biology approaches to produce 
less recalcitrant energy crops and more efficient microorganisms is an 
area of interest. Another option is alternative pathways for utilization of 
xylan-rich wastes from the manufacturing of cellulose products. These 
wastes are often incinerated, effectively wasting a large portion of fixed 
carbon. Instead, the xylan poly- and oligosaccharides in these abundant 
waste streams can be upgraded into valuable chemicals and biomaterials 
(Vuong and Master, 2021). Materials such as packaging films, bio
plastics, hydrogels, and nano- and microparticles have been derived 
from xylan. Xylan-based films have varying properties based on the 
substituents present, and along with xylan-based bioplastics, may be 
biodegradable. As a result, this technology is an intriguing option for 
green packaging applications (Yilmaz-Turan et al., 2020). Xylan is 

Fig. 2. The wheel of xylan biosynthetic diversity 
keeps on turning. Xylan structural features and 
characterized enzymes involved in xylan synthesis. 
The enzymes included in this figure have been func
tionally characterized in vitro and the CAZy family is 
indicated for glycosyltransferases (GTs). The following 
references provide supporting data for the proteins 
listed herein: XYS/IRX10 (Jensen et al., 2014; Urban
owicz et al., 2014); GUX (Lee et al., 2012; Rennie 
et al., 2012); XAT/XYXT (Anders et al., 2012; Zhong 
et al., 2022b); XAXT (Zhong et al., 2022a); XYXT 
(Zhong et al., 2018); GXMT (Urbanowicz et al., 2012); 
XOAT/TBL (Lunin et al., 2020; Urbanowicz et al., 
2014); and X3AT1/X2AT1 (Zhong et al., 2022b). Red 
asterisks (*) indicate the linkage generated by the ac
tion of the respective enzyme. Structures whose 
biosynthetic enzymes are unknown and/or not func
tionally characterized are indicated.   
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biodegradable, non-toxic, and has even been shown to have beneficial 
effects on human and microbiome health (Yan et al., 2022). Accord
ingly, xylan-based hydrogels and particles are being explored as delivery 
vehicles for drugs and agricultural chemicals. These characteristics, 
combined with the crosslinking and self-association properties of xylan 
polymers, result in materials that can be loaded with active compounds 
and applied topically, orally, or environmentally, while offering benefits 
such as protection and delayed release for the payload (Beckers et al., 
2020; Elkihel et al., 2021; Fu et al., 2020). 
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