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Summary

Secondary walls are synthesized in specialized seltd) agracheary elements and fibers, and
theirremarkablestrengthand rigidity provide strong mechanical support to the cells and the

plant bedy. The main components of secondary walls are cellulose, xylan, glucomannan and
lignin=Bieechemical, molecular and genetic studies in the past decades théwéhe discovery

of most of the genes involved in the biosynthesis of secondary wall components. Cedlulose i
synthesized by cellulose synthase complexes in the plasma membrane and the recent success of
in vitro synthesis of cellulose microfibrilsy a singlerecombnant cellulose synthase isoform
reconstitutednto proteoliposomes opemewdoors to further dissect tlstructure and functions

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

synthesis, glycosyl substitutions and acetylation of xylan and glucomannan haggbegcally

characterized anithe biochemical properties of s of thé encodednzymes have been
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investigated. The genes atiir encoded enzymes participating in monolignol biosynthesis and
modification have been extensively studied lgehetically and biochemicall full

understanding of how secondary wall composemesynthesized will ultimately enable us to
produce plants with custodesigned secondary wall compositioihaiaed to diverse

applications.

Key'words:cellulose, cellulose synthase, glycosyltransferase, lignicpghannan, secondary

wall, xylan

[. Introduction

Plant cells are encasedwalls that define the shapes of cells, tissues, organs and
ultimatelythe whole plant bodyCell walls are commonly classified into primary walls and
secondary-walls. Primary walls deed down at the cell platduring cytokinesis and
continuously depositeground the celland modified during cell expansion and they are
ubiquitous in all cell typesSecondary walls are depositafler cessation of cell expansion
specialized.cell typesncluding tracheids, vessels, fibers and sclereids, which are collectively
calledisclerenchymérig. 1). The most abundant source of secondary saitaining cellss
secondaryxylem of gymnosperms (Fig. 1b) and angiosperms (Fig. 1c¢). Secondary wall-
containing cellsarealso found irsomeotherspecialized tissuesuch agextraxylary fibersn

stems(Fig. 1a, d, f, g) and seed pods, endodeohisots, endothecium of anthers, fibers
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(trichomes)of cotton seeds, aratlereids in leaves and semmhts(Fig. 1e)of some species

(Mauseth, 1988)Being thick and rigid, scondarycell walls not only empowetracheids and
vesselgo resist the negative pressure generateamgpiration but alsprovide mechanical
strengthcrucialfor structural support and protection to the plant body.

Secondary cell wallsreprimarily composeaf cellulose, hemicelluloses (xylan and
glucomannan) and lignin (Fig. 1puith aminor amount of tsuctural proteingnd enzymes
Cellulosetis'thenost abundamtolymer in secondary walls and can be visualized as microfibrils
using field=emission scanning electron microscopy (Fig.dg)lulose microfibrils in secondary
walls are typically laid down in three distinalykrs(Fig. 1h) i.e.,theS1layerhavinga crossed
microfibrillerganization theS2layerbeing the thickest with microfibrils oriented niggparallel
to thecell elongationaxis,and theS3 layer having microfibrils oriented in a flat helix (Timell,
1967).The composition o$econdary walls vas substantially among different species or
differenttypes ofsclerenchyma cedl For example, the compositiohwooddiffers between
gymnosperms and angiosperms; the predominant hemicellulose in gymnosperm wood is
galactaglueomannan and that in angiosperm wood is xylan (Timell, 196®rexamples
include“cotton fibersomprisingalmost pure celluloseHgigleret al., 2012), flax phloem fibers
mainly=eonsisting of cellulose, glucomannan and rhamnogalactubanétile lignin (Fig. 1d)
(Rihouey et al., 2017), aride gelanous layer in tension wood of some angiospelangely
composed of highly crystalline cellulose microfibmigh little lignin (Timell, 1967).

Lignified secondary walls are onpyesenin vascular plants, includingeedless vascular
plants(Fig=da) gymnosperms (Fig. 1b) and angiosperms (Fig. 1c), but not in bryophktes.
ability ofdand plants taleposit lignified secondary walls evolved during the Silurian period,
about 430 million years ago, and the evolution of secondaryreiaflarced waterconducting
tracheids overaaethe problem of long-distance transport of water and nutrients, enabling
vascularplants to conquer the tstral habitats (Raveet al., 1999).The hosynthesis of
secondary. walls necessitatihe coordinated expression of genes in the biosynthetic pathways of
celluloseyxylan, glucomannan and lignivhich is mediated bg transcriptional network
encompassing group of secondary wall NAC and MYB master transcriptional switches and
their downstream targets (Zhong and Ye, 2014). Althdbghmos$Physcomitrella patens, a
nonvascular plant specigbas no lignified secondary wallss genome harbors close homologs
of a number of secondary wall biosynthetic genes (Liepehah, 2007; Xuet al., 2009;
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Kulkarni et al., 2012; Haghighadt al., 2016 Norris et al., 201} It is, therefore very likely that
vascular plantso-optedthese genewiagene duplication and functional diversification, to
synthesizesecondary walls in the firgivolved wateiconducting tracheids.

The evolution of the ability toonstruct xylem cellstrengthened witeecondary walls
by vascular. plantsot only solved the problem of water transport but also enabled them to grow
big and.tall.to build ugnimmense biomas#lants on the biosphere account for about 450
billion tons ef carbon of biomass and represent over 80% astin@ated total biomass (about
550 billien'tons) of all organisms (B&net al., 2018).It is estimated that of the 56 billion tons
of carbon fixed annuallpy land plants, about half is stored in forest trees (feiedtl, 1998).
Therefaregsecondary walls in the form of wood and fibepsesent the most abdant biomass
produced by plants and hence the most abundant reservoir of fixed carbon. Wood anddibers a
their derived products have been widely used in our daily life, such as lumber, paper,rdardboa
furniture, textilesand fuelwood. Recently, thignocellulosic biomaskasbeenexploited as a
renewable source fahe production of liquid biofuels. &ensive research has been carriedtout
elucidaterthe structure abibsynthesis of secondary walls in the hope of engineering the
composition of wood and fibers tailored for our specific needs. In this review, wedod¢he
current.understanding of genes anebiochemicalproperties of their encoded enzymes
involvedin the biosynthesis of secondary wall polymers, including cellulose, xylan,

glucomannan and lignin.

II. Cellalose biosynthesis

1. Cellulose structure

Cellulose, the load-bearing polymérat constitu#s40-50% of wood in gymnosperms
and angiesperms, is a homopolyrég-1,4-linkedD-glucopyranosy(Glu) residueswith a
degree of palymerization of about 10,000 (Timell, 19¢7g. 2a) The glucan chains are
synthesized by cellulose synthase comgsix the plasma membrarfEig. 2c),from which they
are extruded and then coalesced oristalline microfibrilsvia a network of intra- and
intemolecularhydrogen bondand \an der Waals forcgseview by Somerville, 2006Y.he
diameter of cellulose microfibrils ranges from 2.2 to 3.6 nm, giviagss sectional area of
about 7 nri(Fernandest al., 2011; Thomast al., 2013). Wide-angle Xay scattering and

solid-state nuclear magnetic resonance studies indicate that each microfibril is composed of 18 or

This article is protected by copyright. All rights reserved



© 00 N o 0o b~ W N P

W W RNDNNDNDNDNDDNNRNDNRRRRRRRPR R R R
P O © ©O N O U0 N W NP O © 0N O O W N P O

24 glucan chainmgstead of36 chains in @reviouslywell-accepted model ahicrofibril that
would have a cross sectional area of 11.8 (farnandest al., 2011; Newmauet al., 2013;
Thomaset al., 2013). The 1&hain model is the best fit with a model of the cellulose synthase
complex in which 18 cellulose synthase catalytic subunits form a rosette and aagh sub
produces.one glucan chain althodgl exachumber of chainproduced by eactosette to
coalesce into_eaahicrofibril remains to be determingdewmanet al., 2013; Nixoret al .,
2016).

Although cellulose microfibrils are present mosthaiorystalline form a portion ofthem
is lessiordereffeferred to as amorphou3he crystallinity of ellulose is determined by the
proportionsof crystalline to amorphouoscrofibrils and may differ among different cell types and
even between different layers of secondary walihe same cell typé_ocalizationstudies
usingthe cellulosebinding module<CBM3a and CBM28 that amespectivelyspecific for
crystalline and amorphous cellulosvealed that whiléhe S1 layer of fiber secondary walls in
Arabidopsisvaslabeled by both CBM3a and CBM28, the S2 layaspredominantly labeled
by CBMSBapindicatig a higher cellulose crystallinity the S2 layer thathe S1 layer (Rueét
al., 2012)Fhe crystalline structure of cellulosists intwo distinct crystallineallomorphs, i.e.,
cellulese.la (triclinic) and If (monoclinic), both of which have parallel glucan clsama flat
ribbonseconformation but differ in hydrogen-bondingtpeats between glucan chains (Sturcetva
al., 2004).A Fourier transform infrarechicroscopic analysisf cellulose crystalline structure
cypresdracheidsshowed that the secondary wall cellulose predominamntitedin the I
crystalline*ferm, whereas the primary wall cellulegasrich in the Ia crystalline form (Kataoka
and Konde; 1998)T'he mechaisms governing cellulose crystalline structure and crystallinity
remain to be elucidated.

2. Cellulese synthase compéex

Theplant genes encoding cellulose synthase catalytic sulf@&SAs) were first

identified Incotton and rice based their sequence homology to bacterial cellulose synthases (Pear

et al., 1996).Genetic analysis in Arabidopdmssled to the discovery thaellulose synthesis

secondary wallgvolves three functionally non-redundant secondary @a$As belonging to
theglycosyltransferase (GT) family Rlutation of any of the three Arabidopsiecondary wall
CESA gens, CESA4/IRREGULAR XYLEMS (IRX5), CESA7/IRX3 andCESA8/IRX1, results ina
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severe reduction in cellulosenount angecondary wall thickneskading to weakened stem
mechanical strengtand an irregular xylem (collapsedsselphenotype (Turner and
Somerville, 1997; Tayloet al., 1999, 2000, 2003). Mutations of th&3eSA genes appear to
have little effect on the amount of cell wall xylose and phenolics (Turner and Sdener®87;
Zhongetal., 2003), indicating that the impaired celluleymthesisn these mutantdoes not
affectthe deposition of xylan and lignin, two other secondary wall polymers. This observation is
in sharp'contradb the xylandefident mutants in whichthe impairedkylan synthesisauses a
severereduction in cellulose contedtthologs of theéArabidopsis secondary wallESA genes
have beemdentified in a number of vascular plants and their functional roleslinlose
synthesispxylemvessels and fibefsave been confirmed by mutational and/or transgenic
analyses in‘rice, poplar aBtdachypodium (Tanakaet al., 2003; Aspeborgt al., 2005; Nairn and
Haselkorn, 2005; Suzukt al., 2006; Joshét al., 2011; Kotakiet al., 2011 Handakumburat

al., 2013 Xi et al., 2017), demonstrating the functional conservation of secondarZCa@i

genes in_secondary wall synthesis in vascular plants.

Immunoprecipitation and fluorescence protein-tagging ansigdecatethat the three
Arabidopsissecondary walCESA proteinsnteract with each other anlde presence of all three
CESAsuisrequired for their assembly intmmplexesandtheir correct targeting to the plasma
membrangTaylor et al., 2000, 2003Gardineret al., 2003) which is consistent with the genetic
data showing that thlareeCESA genes ar@on-redundaty requiredfor secomary wall
cellulose synthesi®s membranddased yeast twhybrid study confimedthat the three
Arabidopsis,secondary wall CESAsectly interactd with each other but only CESAMasable
to form*hemodimers although the exact nature of the organization ofdisteet CESA
subunitsn the complexes remains to be examifiBdmerset al., 2009). hree distincprimary
wall CESAsubunits have also been demonstrated to physically interact in primary wall CESA
complexes (Despre al., 2007).

Early work using freezer fracture coupled with transmission electron microscopy
revealedshexameriosette complexes close associatiowith the ends of individual microfibril
impressions on the plasma membrane of both algae andplEnandtheserosette complexes
with a diameter of about 20 nm visualized on the protoplatoe& of the fractured membrane
bilayerwere poposed to be cellulose synthesizoumplexes responsible for cellulose
microfibril synthesigGiddingset al., 1980 Mueller and Brown, 1980) (Fig. 2c). Such rosette
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complexes were also visualizedthe plasma membrane of xylem cells undergoing secondary
wall thickening Herth, 1985Haigler and Brown, 1986; Fujino and Itoh, 1998)directlink of
CESAsto theserosette complexes was demonstratedhfoyjunogold labeling ofreezefractured
plasma membrane tiie epicotyls of Azuki bean with antibodies against cotton CESA showing
the assogiation of gold particles with the rosette part{&lesuraet al., 1999).Based on the 18-
glucanchainmicrofibril model, it was predied thateach rosette particl@ascomposed othree
CESAsubunitsand ahexameriaosettecontaired 18 CESAsubunits but the exact number of
CESAsubunits in each rosetitestill unresolvedNewmanet al., 2013).This hypothesiss
further supported by stoichiometry analysis and computational model@g®4As.Quantitative
immunebletting analysis demonstrated thatttiree Arabidopsis secondary wall CES#sslan
equimolar stechiometry andcomputational modeling of CESAs showed thaixafold assembly
of CESAtrimers had théest fitwith the cellulose synthase rosette morphol@dyl et al.,
2014; Nixonet al., 2016).However, the catalytic activity and hence the contribution to the
overallrate of cellulose synthesiseach CESA in the rosette complexeay differ agndicated
by complementation analysis of Arabidopsis secondary wall CESAs (Kairalar 2018).
Although an equimolar stoichiometry of three secondary wall CESAs also holds true in
the developing xylem of Norway spruce, it does in aspen. Instead 3:2:1 stoichiometry of
the seeondary wall PtCESA8a/b, PtCESA4 and PtCESA7a/b was observed in the developing
xylem of aspen and an even more skewed stoichiometry, i.e., 8:3:1, was detesped in a
tension.wood, raising a possibility of tagistence of noequimolar combination dhree
differentCESASs in the rosette complex@hanget al., 2018). t wasrecentlydemonstratethat
a singleRPttCESAB8isoform heterologously exmseed in yeast was sufficietat produce cellulose
microfibrils in vitro (Purushotharet al., 2016; Cheet al., 2017. The molecular details about
how homomeric andf heteromeric CESAs are organized into a rosette particle and how six
rosette particles are bridged together to form a rosette complex remain to be investigated.
The sixparticle rosette complexes have been observed in not only the plasma membrane
but also.Golgi cisternae and Goldgrived vesiclesluring secondary wall thickening in
tracheary elementsansdifferentated from culture@innia mesophylicells indicating that
CESAcomplexes are assembled in the Golgi and Golgi vesicles containing the CESA rosettes
are then trafficked to the plasma membranaidler and Brown, 1986). The trafficking of

CESA-containing Golgi vesicles involvabe actin cytoskeletoas disruption o&ctinby the
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actindepolymerizing drug cytochalasinrBsults in alterations iplasmamembrane localization
of the CESA complexe@Vightman and Turner, 2008) and patterned secondary wall deposition
(Kobayashkt al., 1988).The CESA-containingvesicles areeferredto as microtubule

associated cellulose synthasempartments or small CESA compartments and their delivery to
the plasma membrane is also guided by cortical microtubules (Crevakll 2009; Gutierrez et
al., 2009). Mutations of two exocyst complex subunits, EXO70A1 and EXD&4bk,been
shown'to'cause mislocalization of CESAs and an altered secondary wall deposigioad.(Li
2013;Vukasinovic¢ et al., 2017), indicatinganimportance of exocyst complexestive trafficking

of CESA complexes and cellulose synthesie trafficking of vesicles containifGESA
complexeshasrecentlybeen demonstratdd involve the cooperative actions of CSI1,
PATROL1 and thexocyst complexefZhuet al., 2018). Two Arabidopsis Goldpcalized
STELLO proteins, which are putative glycosyltransferaaesalso implicated inhe assembly
and trafficking of CESA complexes (Zhaaigal., 2016), but the underlying biochemical

mechanism is unknown.

3. Conserved domains and motifs iellalose synthase

CESA proteins havaconserved domain structure, i.e., a short N teahaytoplasmic
domain containing zinc finger motif followed sequentially by two transmembrhakces, a
large cytoplasmic cataligtdomain, sixransmembrane helicesd then a short C terminus (Fig.
2b) (Pearet.al., 1996; Delmer, 1999). The catalytic domain of CESAs harbors three conserved
Asp-containing motifs designated aBDG, DCD andTED followed by a conserved XXRW
motif, a plant conserved regigR-CR) and a classpecific regiof(CSR)(Delmer, 1999;
Vergaraet al., 2001; Slabaugtt al., 2014). Qystal structuranalysisof thebacterial cellulose
synthase A (BCSPhas demonstratatatthe DDGand DM motifs coordinate UDP, the Asp
residuesinithe TED motif acts as the catalytic baseta@XXRW motif forms a binding site
for thesterminal disaccharide of thkicanacceptor (Morgaset al., 2013) Computer modeling
of thepredicteatatalytic domain othe cotton secondary wa&ihCESAlindicates thait has a
similar strueturewvith bacteriaBCSA andits conserved DDG, DCD, TED and QXXRW maotifs
likely carry out the same functions (Sethaphetrag., 2013).The importance of these conserved
motifsin secondary wall CESAs was demonstrated by genetic analysis in Arabiddysis1-

1 mutation whichchangegheD toanN in the TED motifof CESAS significantly reduces
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cellulose dposition in the secondary walls and causesllapsed vessel phenotype (Taybr
al., 2000). Complementation analysis showed thaatiors of the conserved Asp residuesthe
DDG, DCD andTED motifs of thethree Arabidopsis secondary wall CES&sdeedthem
unable to fully complement the cellulose-deficient phenotypes ofréspectivenutants
(Kumar_et.al., 2018)Several other missense mutatiomshe catalytic domainf secondary wall
CESAs also affect cellulose syntheaisdthe possible effects of these mutation<C&EEA
structure"and function were predicted based on the modeled GhCESAL structungh(@ejéia
al., 2013;"Slabaug#t al., 2014). One of these mutarft®5, carryingamissense mutation in the
catalytic domairof CESAT7, exhibits a semidominant cellulesieficient phenotype, indicating
that themutantproteinis likely incorporate into the rosette compl@sand inhibits the activities
of otherrCESA subunits (Zhorgjal., 2003). The plant conserved region anddihssspecific
region werejproposed to be involvedomtein-protein interactions between CESAs or between
CESAs and their interacting proteins but their exact funcaevat further investigation
(Slabaugtet al., 2014; Rushtoet al., 2017).

TheN terminatytoplasmicdomain of CESAswhich containsaconserved cysteingeh
zinc fingermotifable tobind Zrf* and dimerize via intermolecular disulfide bondss
suggestedo beinvolved in bridging CESAs to form the rosette compkassential for
aggregation of glucan chains into microfibrils (Kuetlal., 2002).This suggestiorwas
corroborated by activity asssghowing that while recombinafioil -lengthaspen PttCESAB
able toproducecellulosemicrofibrils in vitro, truncation othe N-terminal zinc finger motif
resultsinafailureof aggregation op-1,4-glicanchainsinto microfibrils (Purushothanet al.,
2016).

CESAscanbe posttranslationally modified by phosphorylation aratf@ation Mass
spectrometry malysisof Arabidopsis CESATevealedwo phosphorylation sites theclass
specifie.region ofts catalytic domain (Taylor, 2007). Although the significance of
phospherylatiorof secondary walCESAson their functions has not been examined,
phospherylation of a primary wall CESA, CESAS, has been demonstrated to be invdinesd in
tuningthemicrotubuleguided bidirectional mobility o€EESAcomplexegChenet al., 2016).
Secondary wall CESAkavealsobeen shown to be S-acylated, i.e., modified by addition of an
acyl group, such as palmitate or stearate, to a cysteine r¢kigimaret al., 2016). Four

cysteines in thelassspecific region ofhe catalytic domain and two cystesnat the C terminus
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of CESA7 ardound to be Scylated Althoughmutatons ofthesecysteine residues do not
appear to affect the assemblyGESA complexes in the Golgi, they hampbkeir trafficking to
the plasma membran@dicating that Sacylation plays an important role in ttrafficking of

CESAcomplexedrom the Golgi tothe plasma membrane (Kunetral., 2016).

4. Cellulose synthase activignd cellulose microfibril deposition

It'is difficult to purify secondary walCESA complexes from plant$or determination of
their protein composition analctivity (Atanassowet al., 2009).The recentfinding that
recombinant aspen secondary wall PttCESA8 expressed in yeast exhibits cellulose synthase
activityinwvitro represerga majorbreakthrough in elucidatingpe biochemical properties of
CESAs(Purushothanat al., 2016; Cho et al., 2017n the presence of UDBIc and divalent
manganese, cationgcombinant PttCESAS8 reconstitutedoiproteoliposomes is able to produce
cellulosesmierofibrils with a diameter similar to that of cellulose microfibrils fspmuce wood
and these.microfibrils can further coalesce into higitder macrofibril{Fig. 2d),
demonstrating that thengle PttCESAS isoform is sufficiefdr the synthesis ahe 3-1,4-
glucan chains and their aggregation into microfibrilgitro (Purushothanet al., 2016; Cho et
al., 2017)Some ofthe PtCESA8produced microfibrils were seen to be associated with globular
particles on the membrane shaat thee particles were proposed to represent PtCESAS8
complexes (Purushothaghal., 2016). Application of an improved imaging technique, such as
the onewused for imaging ti@tial stages of cellulose microfibril assembly on the surface of the
plasma membrane of xylem (Haighktral., 2014),mayrevealthe exachature of the observed
globularparticles and the initial stagef microfibril assemblyBecause genetic analysms
Arabidopsigndicateshe requirement ddll three secondary wall CESubunitsfor the
assemblyof the CESArosette complexedt will be interesing to use recombinaiptroteins
reconstituted int@rotediposomes teelucidate their biochemical activities

Cellulose microfibrilsproduced byhe CESAcomplexesare laid dowraround the
plasma'membrane, whith achievedy the movement dESAcomplexeghrough theplasma
membranespresumably driven by the energy of glucan chain polymeriZaéoniharet al.,
1980;Parede=t al., 2006). Early studies have shoamassociation of clusters of cellulose
synthase rosette complexes and bands of cortical microtubititethe bandike secondary wall
thickening in xylem cells (Hardham and Gunning, 1978; Herth, 1985gCaia 2005;
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Wightman and Turner, 2008yhe importance of cortical microtubules in cellulose microfibril
deposition waslemonstrated by disruption of cortical microtubldggpharmacological drugs
genetic mutations, which resultsatierationsin the patterad secondary wall thickening, the
localized cellulose synthase accumulatmathe normalcellulose microfibril depositioBurk

et al., 2001, 2002Roberts et al., 2000daet al., 2005; Wightman and Turner, 200Bnaging
of thefluorescence proteitagged Arabidopsis secondary wall CESA7 revealedcthaters of
CESAcomplexesnovedin the same direction along the cortical microtubule tracks in
Arabidopsis‘epidermal celisduced taundergaransdfferentiationinto xylem cells leading to
the suggestiothatthe coalescace of cellulose microfibrilsnto macrofibrils in secondary walls
is attributed,to the clustering of CESA complefé@&tanabest al., 2015; Liet al., 2016).The
alignment of CESAs with the underlyimgrtical microtubuless mediaéd by CSI1, a cellulose
synthasanteractive protein, which was first discoveiggh link between primary wall CESAs
and cortical microtubulesnd subsequently shown to be required for the alignment of secondary
wall CESAswith cortical microtubules during the early phase of xylem secondary wall
thickening={I et al., 2015;Schneidekt al., 2017).CSl1was recently found tguide the docking
of the CESAcomplex-containing vesicles specificplasma membrangomains through its
interaetion with microtubules (Zhat al., 2018). Additional proteins, such as the KORRIGAN-
like glueanases, the COBRIlke glycosylphosphatidylinositadnchored protein, and the
chitinaselike proteins (CTLS), are proposed to be involved in modulating cellulose microfibril
assembly and crystallinity (Liet al., 2013; Sanchez-Rodriguetzal., 2012; Takahasld al.,
2009).

5. Supply of the UDRGIc substrate
CESAs utilize UDPu-D-Glc as a substrat® synthesizg-1,4-linked glucan chains (Fig.

2c). UDP=Gle is generated from sucrose, a major photosynthetic product transported from the
sourcetorthe sink for carbon partitioning including cellulose biosynthesis (Mahdt@lbi
2013)«Sucrose can be directly convertetd @P-Glc and fructose by sucrose synthasesan

also be converted to UDP-GIc by the invertase-mediated pathwdys jpathwaysucrose is
hydrolyzed byinvertaseo produceglucose and fructose, glucosdhenphosphorylated by
hexokinase tgeneratalucose-6-phosphate, and fructose is phosphorylated by fructokinase to

produce fructose-@hosphate that is further isomeriZgg phosphoglucose isomerase to produce
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glucose-6-phosphate. Glucosgieesphate ithen isomerized by phosphoglucomutase to
produce glucose-1-phosphate, which is finally converted to GzRzy UDRglucose
pyrophosphorylase (UGP) (Haigletral., 2001 Bar-Peled and O’Neill, 2011 Although arly
studies on cellulose biosynthesis in cotton fibers sugdastole of sucrossynthasenediated
supplyof.JDP-GIc in cellulose biosynthesi#aigleret al., 2001), genetic analysis in both
Arabidopsis anéspershowed little effect of mutatiore downregulation of sucrose synthase
genes'orcellulose synthesis amdant growth indicating that sucrose synthasmlikely play a
major role"in supplying UDR5Ic for cellulose synthesis (Barrattal., 2009; Gerbeet al.,
2014).In contrast simultaneous mutations of two Arabidopsis cytosolic inveigases cause
severegrowth efects (Barratét al., 2009) and further biochemical and imaging analyses
revealeda deficiencyin the productiorof UDP-GIc and cellulose andnalteration incellulose
microfibril organizationBarnes and Anderson, 2018). Downregulation of a wassbciated
cytosolic invertase gene in aspen also leads to a reduction in the amount of crystalline cellulose
and UDRGIc in the wood of transgenic aspen (Resedd., 2017).The available evidence
indicatesythat the invertaseediated pathway appears to be the predominant fousipplying

UDP-Gle for cellulose biosynthesis.

[ll. Xylan biosynthesis

1. Xylan structure

Xylan is the second most abundant polysacchamidee secondary walls of angiosperms
constituting 19 to 35% of wood, biitonly constitutes 7 to 14% of gymnosperm wodohell,
1967). Xylanforms twofold helical screw ribbanto bindvia hydrogen bond® cellulose
microfibrils, resulting ina structural network essential for secondary wall stref®jthmonset
al, 2016)..The importance of xylan in secondary wall strenglbnsonstrated iArabidopsis
xylan deficient mutants showing a reduction in cellulose content and secondatyiekalthing,
a decreasm stem strengthand collapsed xylem vessels (Zhatgl., 2005;Brownet al., 2007;
Yuanetal., 20163. Xylan impedeshe accesand hydrolysiof cellulose by hydrolases, thus
contributingto biomass recalcitrance, i.e., resistance of conversion of biortetesmentable
sugars by cell wall-degrading enzym&eljget al., 2009).

Xylan ismade of a linear chaiof 3-1,4-linked xylosyl(Xyl) residues with a degree of
polymerization of 90 to 12Q&cobs and DahlmaB002;Pefiaet al., 2007. The backbone Xyl
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residues are often substituted witl®Zinked a-D-glucuronic acid (GIcA)/40-methyl-a-D-
glucuronic acid (MeGlIcA) and @- and/or 30-linked a-L-arabinopyranose (Afp(Fig. 3a).
Depending on the nature of glycosyl substitutions, xylans are commamigd as
glucurenoxylan, glucuronoarabinoxylan and arabinoxylan. Secondary walls in dicots and some
non-grassmenocots contain glucuronoxyl@nelemanet al., 200Q Pefaet al., 2016), those in
grass species.amymnosperms except Gnetophyta have glucuronoarabinoxylan (Verbretiggen
al., 1998;H0ije et al., 2006;BusseWicher et a/, 2016),andcereal graingontainarabinoxylan
(Hoffmannet al., 1991; McCleant al., 2015).The 30-linked Araf side chain®f grass xylas

can be further substituted @2 with another Arbor Xyl to form Ard-Araf or Araf-Xyl
disaccharide side chaifigerbruggeret al., 1998;Hoéije et al., 2006; Mazumder and York, 2010)
andat O-5 with ferulic acidor p-coumaric aciqHartleyet al., 1990). he ferulic acid esters are
implicated incrosslinkng grass xylans through oxidatiee photochemical dimerization
(Markwalder and Neukom, 197HBlartleyet al., 1990) andnayact as initiation sites for
lignification.thereby leading to crosslinking xylans to lignins (Radpdl., 1995).Thep-

coumaric acid esters may also crosshglkans througtphotochemical dimerization (Hartley

al., 1990)."The backbone Xyl residues iokerxylan may alsbedirectly decorated abD-2 with

Xyl (Zhenget al., 2018b) (Fig. 3a)Other dsaccharide substituents, includiagl,2-linked
GlcAIMeGIcA substituted aD-2 with galactoser Araf, havealsobeen detected in xylarfiom
some species aficots and monocots (Shataleval., 1999; Zhongt al., 2014;Periaet al.,
2016).-Awuniquéetrasaccharide sequenfep-xylopyranosyl{1—3)-a-L-rhamnopyranosyl-
(1~>2)40-D-galactopyranosyl uronic acid-—>4)-D-xylopyranoseis present at theeducing end

of xylans from gymnosperms, dicots and some species of monocots but not that of xylans from
grassegJohansson and Samuels@@77; Anderssost al., 1983;Pefaet al., 2007, Leest al.,
2009a;Pefiaét al., 2016).

Xylans from bryophytes, seedless vascular plants and angiosperms are acet@léed at
and/orO-3'(Fig. 3a).The degree afylan acetylation, i.e., the relativaolarratio oftotal acetyl
groups taotal Xyl residuesranges from 20 to 60% in variospeciegTelemanet al., 2000,

2002; Evtuguiret al., 2003; Yuaret al., 2013; Chongt al., 2014;Haghighatet al., 2016; Zhong
et al., 2008a). Xylans from gymnosperms except Gnetophyta lack acetylatmell( 1967;
BusseWicher et al, 201§. Xylan acetylations essentialor secondary wall assembly as

exemplified by the Arabidopseskl tbl32 tbl33 triple mutant witha severegeduction in xylan
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acetylation which displaysa drasticdecrease igellulose and xylan content, a disorganization of
secondary wall structure, and severely collapsed xylem vessels ¢alag@016a). In addition,

an altered xylan conformation was observed ireth& mutant with reduced xylan acetylation
(Granthanet al., 2017).

The dycosyl substitutions and acetylation of xylans from gymnosperms and angiosperms
occur predominantly in motifs with even spacing imatifs withanirregular distribution of
glycosyl'substitutionkave also been observ@ldcobst al., 2001;Yuanet al., 2013;Busse
Wichereral, 2016;MartinezAbad et 4., 2017).Molecular dynamic simulations suggest that
the glycosyl'substitutions and acetylatiorkglan stabilizats conformatioml transition from a
threefold serew in solution to a twofold helical screw ribbon when docking onto the hydrophilic
and hydrophobic surfaces cellulose microfibrilfSimmonset a/, 2016;MartinezAbad et al,
2017).

2. Xylan biosynthesis

Xylan backbone synthesis Xylan, includingits B-1,4-xylan backbone, glycosyl

substituerg andacetyl groupsis synthesizeth the Golgi apparatus arldensecreted via
vesicles'into the cell wal Genetic and biochemical analgsevealed thahe 3-1,4-xylan
backbonesynthesiss mediated by xylan synthase complex composed of family GT47 proteins
(IRX10/IRX10L) and two functionally non-redundagitoups offamily GT43 proteins
(IRX9/IRX9L andIRX14/IRX14L) (Fig. 3b). The Arabidopsisx10 irx10l, irx9 andirx14
mutants exhibit similaphenotypes, includingevere reductions in xylan content and chain
length, xyfan xylosyltransferase activitgellulose content and secondary wall thickn@swn
etal., 2007, 2009Pefaet al., 2007;Wu et al., 2009, 2010teeet al., 2007a, 2010 Orthologs
of IRX9,.IRX10 andIRX14 were alsasshown to be required for xylan synthesis in pgpiae
and wheatl(eeet al., 2011aChenet al., 2013; Lovegroveet al, 2013;Ratkeer al, 2019.
IRX9, IRX10 and IRX14 orthologs in asparagus and whaae beemlemonstrated to be
assembld into a complex in the endoplasmic reticulum and then targeted to the Golgi, where
xylan synthesis occurs (Jiaegal., 2016; Zenget al., 2016).

Recombinant Arabidopsis IRX10 and IRX10L proteins and their orthologsrfross
and algaexpressed in mammalian HEK293 cells or yeast exhibit xylosyltransferase activities

capable of transferring Xyldm UDR Xyl onto xylooligomers, leading to the proposal that
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IRX10 and IRX10L are xylan synthasgkenseret al., 2014, 2018; Urbanowic al., 2014).
Although microsomes from tobacco BY2 cells co-expressing Arabidopsis IRX9 and IRX14
showed xylan xylosyltransferase activitieeé€et al., 2012b), recombinant IRX9 and IRX14
proteins expressed in HEK293 cells did not (Urbanowtct., 2014). It was proposed thH&X9
and IRX14. mighserve astructural proteis for theassembly okylan synthase complgRenet

al., 2014; Zengt al., 2016), but thie exact functions remain to lexamired. It is worth noting
that'the"Arabidopsisx10 irx10l double mutant still produces a low level of xy(@rownet al.,
2009),"indicating that IRX10 and IRX10L may not be sbée xylosyltransferases responsible for
xylan backbone synthesis.

GleAiside chain addition onto xylan Thea-1,2-GIcA substitutionsf xylan are catalyzed

by GolgiHocalizedxylan glucuronyltransferases (GUXs) belonginghiteGT8 family (Fig. 3D
(Mortimeretial., 2010). Simultaneous mutations of three ArabidoB&iX genes GUX1, GUX2
andGUX3).result in a complete loss of €A residues in xylan but onlymild alterationin
secondarywvall thickening andstem strengt (Leeet al., 2012a). Ncrosomesrom tobacco
leavesarBY2 cellsexpressingsUXs fromArabidopsisand sprucéave been shown &xhibit
xylan glicuronyltransferase activitiéseeet al., 2012a; Renniet al., 2012 Lyczakowskiet a/,
2017).

GIcA methylation The GIcA substituentsf xylan are often methylated @4, which is

catalyzed byGolgi-localizedglucuronoxylammethyltransferasg$&XMs) belongingto the DUF
(domain.of unknown function) 57#mily (Fig. 3) (Leeet al., 2012¢ Urbanowiczet al., 2013.
Simultaneodus mutations of three Arabidogsk¥M genes GXM1, GXM2 andGXM3) cause a
completesloss of methylated GIcA side chains in xylan but no alterations in xylamtand
secondary wall thickening (Yuat al., 2014a). Recombinant GXMs from Arabidopsis, poplar
andSalaginella exhibitmethyltransferase activitiempable of transferring methyl groups from
S-adenesylmethionine onto ti&cA side chain®f xylooligomers (Leest al., 2012¢
Urbanowiczet al., 2012; Yuaret al., 2014b; Haghighat# al., 2016). Simultaneous mutations of
two other DUF579 genelRX15 andIRX15L, lead to a reduction in xylan content and a
disorganization of secondary wallsthout affectingthe GIcA methylationof xylan (Brown et

al., 2011; Jensen et al., 2011), thhusy are unlikely methyltransferasasd their biochemical

functionsawait further studies
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Family GT61 glycosyltransferases and glycosyl substitutions of grass xylan Thea-1,3-

Araf substitution®f xylan in grasssis catalyzed bysolgi-localizedarabinosyltransferases
(XATs) belonging to the clade A of the GT&mily (Fig. 3b). RNAiI downregulation of a wheat
GT61 geneTaXAT1, causes a decreasedril,3-Araf substitutions in xylan of wheat endosperm
and overexpression of TaXAT2, and their close rice homologs, OsXAT2 and OsXAT3, in
Arabidopsisresults inaddtion of Araf residues onto xylan (Andeesal., 2012).Recombinant
OsXATZ2expressed ihuman embryonic kidneyHEK) 293 cells was biochemically proven to
be aa-1,3-arabinosyltransferasmtalyzing théransferof Araf from UDP-Araf onto
xylooligomers (Zhongt al., 2018b). Another rice GT61 member, XYXT1, was found ta be
xylan 31 /2xylosyltransferase capable afldingXyl side chains directlpnto the xylan
backboneat O-2 (Zhonget al., 2018b) Although aabinosyltransferases and xylosyltransferases
responsible for theormationof Araf-Araf and Xyl-Araf disaccharide substituentsgrass xylan
have notyetbeenbiochemically characterizethembers in the clade A tie GT61family are
strongscandidates. It has been shown that mutation oifc#XAX (xylosyl arabinosyl

substitution of xylan) genecauss a reduction in the Xy&raf disaccharide substituenin xylan,
indicatingits involvement inXyl substitutiors of 3-O-linked Ard side chains in rice xylan
(Chiniquyet.al., 2012). It is currently unknown whether GT61 memia¢se mediatexylan
arahinosylation in gymnosperms.

Hydroxycinnamate esterification of grass xylan Members ofa grassspecificclade ofthe

BAHD:aeyltransferase superfamilyereproposed to be candidates of a@yitsferases
responsible fordrulic acid (FA)andp-coumaric acidpCA) esterification aD-5 of theAraf side
chains in"grass xylan (Figs. 3 andMitchell et al., 2007). It should be pointed out that an
ArabidopsisBAHD is also grouped together withis grassspecific cladgFig. 4). Although
mostmembersn this clade were proven to be acyltransferasgalgzing the FA angCA
esterificationof monolignols (Fig. 4)a rice BAHD acyltransferasgene and its close homologs
from Brachypodium andSetaria were shown to alter the level of hydroxycinnamatesell wall
polysaccharidesshen overexpressed or dowgulated and heneeereproposed to be involved
in theFA andpCA esterification of grass xylaiBartleyet al., 2013; Buanafinat al., 2016 de
Souzaet al., 2018).BecausdBAHD acyltransferaseare cytosclocalized the FA anpCA
esterification of xylanif mediated by BAHDs, would involve thieansferof FA andpCA from
FA-CoA andpCA-CoA ornto UDP-Araf to generat&)DP-Araf-FA and UDPRAraf-pCA in the
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cytosol, which are then transported into the Golgi for xylan synthesis. This necadsitate
UDP-Araf-FA and UDPAraf-pCA transporters in th&olgi membranend Golgilocalized
arabinosyltransferaseatalyzingthetransferof Araf-FA andAraf-pCA from UDP-Araf-FA and
UDP-Araf-pCA onto xylan. A alternative routéor the FA ancpCA esterification of xylan is
thatFA-CoeA andpCA-CoA aredirectly transported into the Golgly transporters and then used
as substratdsy Golgi{ocalized acyltransferasésr thetransferof FA andpCA onto theAraf
residueodfxylan. Identification of the putative transporters émthemicalproof of the
acyltransferasewill further our understanding of the mechanism underlying the FA@GAd
esterification of xylan

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

tetrasaccharide sequenfen-Xyl p-(1—3)-a-L-Rhg-(1—2)-a-D-GalpA-(1—4)-D-Xyl p,
requiresat least four GTs and genetic analysis in Arabidopsiséesmledhe involvementof
three groups of GTs, FRA®&agile fiber8)F8H (FRA8 homolog) IRX8 and PARVUSFig. 3b).
Mutations.of these GTs all cause a loss of the reducing end sequence in xylan, arr@ducti
xylan content and secondary wall thickening, and collapsed xyleselgé€shonget al., 2005;
Brownet alv; 2007; Leeet al., 2007b, 20090Periaet al. 2007). A role of poplaFRA8 and IRX8
ortholegs.in the synthesis of wood xylan was also demonstrated by RNAi downregafation
their.expressioin transgeni@oplarplants (Leeet al., 2009a, 201%d.i et al., 2011).FRA8 is a
member othe GT47family with an inverting catalytic mechanism and is likely involved in the
transferof Xyl to Rha or Rha to Gal2ARVUSandIRX8 are members dhe GT8 family with

a retaiping“eatalytic mechanism and likely mediate the transteeatducing end Xyl to an
unknownsacceptor andalA to the reducing end Xyl, respectiveRdhaet al. 2007 Leeet al.,
2007b). Bochemical studiesf their enzymatic activities usingegcombinant proteingreneeded
to ascertain their speciffanctionsin thesynthesis of theylan reducing end sequence.
Althoughtheexact function of the xylan reducing end sequence is not known, it fikedgs a
primerforxylan syntlesis Unlike the synthesis of cellulose and glucomannahich does not
require-any acceptovghen synthesizeuh vitro by recombinant cellulose synthase and mannan
synthasetespectively(Liepmanet al. 2005; Purushothaset al., 2016) the synthesis of xylan by
recombinant IRX10L xylosyltransferagevitro requires aylooligomer acceptori{rbanowicz
etal., 2019.
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Xylan acetylation The acetylation of xylan includes@-and 30-monoacetylation, 2;3

di-O-acetylation, and ®-acetylation of 20-GlcA-substitutedXyl residues(Fig. 3a).Genetic
analysisn Arabidopsishas showrthata group of nine xyla@-acetyltransferaseXQATS)
belonging to the DUF231 familyediate xylan acetylatioThere are 46 members in the
Arabidopsis DUF231 familyincluding theTrichome Brefringencg TBR) protein and 49 BR-
like proteins (TBLs) (Bischofét al., 201Q. Of the nine XOATSESK1/XOAT1 plays a
dominantrole ir2-O- and 30-monacetylation and 2,8i-O-acetylation and TBL32KOAT6
and TBL33KOAT7 are specifically regmsible for 30-acetylation of 20-GlcA-substituted
Xyl residues (Xionget al. 2013; Yuaret al. 2013, 2016a, 2016b, 2016c). The biochemical
functions ofiXOATsSN catalyzing theegiospecific acetylation of xylaneredemonstrated by
activity'assag of HEK293-expressedecombinanXOATSs from Arabidopsis, poplar and rice
(Urbanowiczet al. 2014; Zhonget al. 2017a, 2018a, 2018c) (Fig. 3b). XOATs contain the
conservedsDS and DXXH motifs that are found loacterid glycanO-acetyltransferasesuch
as AlgX_ The Ser residue in tHeDS motif together with the His and Asp residues in the DXXH
motif of*AlgX wereshown toform a SerHis-Asp catalytic triad required fats activity (Riley et
al., 2013).:Sitadirected mutagenesid Arabidopsis XOAT lalsodemonstratethe requirement
of theseresiduedor its activity (Zhonget al., 2017a), indicating that XOAT&ely employ a
similar-SerHis-Asp catalytic triad for their mechanism of actidimerice BC1 (brittle culm1)
protein which isa Golgi-localizedacetylesterase belongingttte GDSL lipases/esterasamily,
was proposed to be involvednmintairing the proper acetylation level of xylan and its mutation
cause altered secondary wall patterning (Zh&hgl., 2017).Because o close homologs of
BC1 arepresent in the Arabidopsis genortas unclear whether deacetylation of xylan in the
Golgi is a common mechanism in plants.

Genetic analysis in Arabidopsis has also demonstrated the involvement of two other
groups.of proteins in xylan acetylatidviutation of AXY9 (altered xyloglucan9) causes a
reduction.in‘the acetylation of both xylan and xyloglucan but its biochemical function is
currentlystnknown (Schultinkt al. 2015).Biochemical studies showed that recombinant AXY9
did not'exhibit anyacetytransferase actiwtand it was proposed that AXY9 might act as an
intermediate transferring acetyl groups from an acetyl donOrdoetyltransferases responsible
for the acetylation of xylan and xyloglucan (Zhat@l. 2018e). Simultaneous mutations of four

ArabidopsisRWA (reduced wall acetylation) genes leatb an overallreduction inthe acetylation
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of both xylan and xyloglucan (Lestal. 2011b, 2014Manabeet a/, 2013 and RNAI
downregulation of RWA orthologs in popleesults ina decrease xylanacetylation (Pawagt

al., 2017).The RWA proteins contain multiple transmembrane helices but lack the putative
acetyltransferase domain found in their fungal homolog, C&8fisule synthesis gene®hich

is involved,in the acetylation of the capsule polysaccharide glucuronoxylomannan (Gille and
Pauly, 2012)RWAs wereproposed to beytative transportenmediatingthe transport of the

acetyl donoracetyl CoA from the cytosol to the Golgi btheir activiiesremain to be tested

3. Supply of the nucleotide sugar substrates

Nucleotide sugarsuch as UDIXyl, UDP-GIcA andUDP-Araf, are the sugar donors to
glycosyltransferases f@1,4-xylan backbone synthesis and glycosyl substitut{éig. 5).
Startingfrom UDP-GIc, UDP-GIcA is synthesized by UDI&Ic 6-dehydrogenase in the cytosol
and transported into the Golgi by UDP-uronic acid transpor&aszaAguayoer al, 2017).
UDP-GleAvin both the cytosol and the Golgan beconverted tdJDP-Xyl by UDP-Xyl
synthases (UXSs) (Bd&teledand O’Neill, 2011) Genetic analysis Arabidopsishas
demonstrated that mutations of genes encoding the cytosol-localized UXSs but nogthe Gol
localized"dXSgesult ina reduction in xylan content (Kuaegal., 2016; Zhongt al., 20170
andthat mutations of UDRYy! transporters (UXTs) also cause a defect in xylan synth2kao(
et al., 2019, indicating thathe main supply odJDP-Xyl for xylan synthesis is synthesized in
the cytoseland then transported through UXTs into the Golgi for xylahesis UDP-
Arabinopyranose (A can bormedfrom UDP-Xyl in both the cytosol and the Golgi by
cytosoliocalizedUDP-Glc 4-epimerasand Golgitocalized UDPXyl 4-epimerase, respectively
(Bar-Peled and O’Neill, 2011)JDP-Araf is convertedrom UDP-Arap by the cytosolecalized
UDP-Ara mutaseand then transportdry UDP-Araf transporterento the Golgifor Arabinoxylan
synthesigRautengartemt al., 2017). It is currently unknowwhich poolof UDP-Arap, the
cytosolerthesolgi one,is usedasthe supplyof UDP-Araf for Arabinoxylan synthesisf the
Golgispoal of UDPArap is used, a putative UDRrap transporter is needed for its transport
from the Golgi to the cytosol where UBARa mutases located(Fig. 5).

IV. Glucomannan biosynthesis

1. Glucomannan structure
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Glucomannan is a polymer pf1,4-linked Glc and mannosgilan) residuesvith a ratio
of Glc to Manbeing about 1:2-4 in the wood of gymnosperms and angiosperms (€abpek
2000; Lundqvistet al., 2002;Telemaret al., 2003). Although glucomannan is a minor
hemicelluloseconstituting only 3 to 4% of wood in angiosperihss a major hemicellulose
constituting.aboul 2 to 18%of wood in gymnosperms (Timell, 1967). Gymnosperm
glucomannan.is commonly named galactoglucomannan because abouts#taminosyl
residues are substituted@t6 with a-Gal (Capeket al., 2000; Lundqvisét al., 2002) (Fig. 6a).

Mannan polymers (mannans, glucomannans and galactomaanamaégo depositeabundantly

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

locust pearand guar, and in the corms afodoo lily (Amorphophallus konjac) (Meltonet al.,
2009). Glueomannais acetylated predominantly @2 andO-3 of mannosylresidues with a
degree of acetyl substitutions of about 0.3 (Lundcptiat., 2002 Telemanet al., 2003).Like

xylan, gluecemannais alsothought to crosslink cellulose microfibrils durisgcondary wall
assemblyGlucomannan has been demonstrated to have a strong affinity for celluloses{lwata
al., 1998) and induce a coalescence of cellulose microfianitsa reduction afrystallinity
(Whitneyetal., 1998). However, an absenmaiesecondary wall glucomannan in the Arabidopsis
mannamssynthase triple mutant has no discernable effect on stem strength éGalul2209).
Because xylan is the major secondary wall hemicellulose in Arabidopsis stems, it is likely that
glucomannan only plays a minodedan secondary wall assemlily Arabidopsislt will be
interesting.to genetically dissdbe functional roles of glucomannan in gymnosperm wood in

which glucomannan is the predominant hemicellulose.

2. Glucomannan biosynthesis

The.synthesis of thg-1,4-glucomannan backbone is catalyzed by mannan synthases,
which are members of the cellulose syntHdsefamily A (CSLA) of glycosyltransferasamily
2 (Fig."6b). When supplied with GDan and GDPGIc, CSLAs fromboth angiosperms and
gymnopserms are able to prodieé,4-linked polymers composed of Glc and Man,
demonstrating that CSLAs am@gannan synthasessponsible for the synthesisgiicomannan
polymers (Dhuggat al., 2004;Liepmanet al., 2005; Suzukeét al., 2006; Liepmart al., 2007.
Glucomannan biosynthesis may require Mannan Syntheda&dd (MSR) proteinsince
mutations of two MSR genes in Arabidopksd toa reductionn both mannan synthase activity
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and the glucomannan level (Waetcal., 2013). Althouglgalactosyltransferasesediatingthe
galactosy! substitutionsf glucomannan in gymnosperm wood have not been characterized, a
member othe GT34glycosyltransferastamily was demonstrated to be a galactosyltransferase
catalyzing the addition ai-1,6-linked galactosyl side chains onto the backbone of mannan
fenugreek«(Edwardt al., 1999) (Fig. 6b). €nes encodin@-acetyltransferasgsMOATS)
catalyzingglucanannan acetylationavebeenidentifiedin Arabidopsis anémorphophallus
konjac (Zhonget al., 2018d) (Figbb). MOATSs belong to the DUF231 family as do xyl@n
acetyltransferase®ecombinanMOATSs exhibit O-acetyltransferase activigapable of
transferring acetyl groups onto bdih2 andO-3 of mannosyl residues and RNAI inhibition of
the expression of foukrabidopsis MOAT genes results in a drastic reduction in the degree of
acetyl substitutions in glucomannan, indicating that MOATSs are responsit#€>F and 30-

acetylation of glucomannan

V. Lighin.biosynthesis

1. Lignin structure

Lignin is acomplex polyphenolic polymer impregnatetbithe cellulose and
hemicellulese network, conferring increased mechanical strength, rigidity araphgticity to
the Secondary walls. It comprises 19 to 33% of wood in gymnosperms and angiosperms (Timell
1967). The importance of lignin in secondary wall strength is manifested in ligniredefic
mutantsshowing collapsed xylem vessels and impaired assembly of cellulose microfibrils in the
S2 layer of secondary wallZtfonget al., 1998;Ruelet al., 2009) (Fig. 7a-d), a phenotype also
seen in xylan deficient mutanfguanet al., 2016a). hie recalcitrance of lignin polymer to
degradation impedes biomass utilization for pulping and biofuel production. Lignin is formed by
oxidativesradical coupling in muro of three monolign@issoumaryl alcohol, coniferyl alcohol
and sinapylalcoholyhich are referred to gs-hydroxyphenyl (H), guaiacyl (G) and syringyl (S)
lignin units, respectively, in the lignin polymer. The proportad these units in lignin varies
considerably among different species and even different cell types in the same species. In
general, lignin from gymnosperms consists of G units but lacks S units, and that from
angiosperms ipredominantly composed of G and S units. Although H lignin units are generally
minor ones in angiopserms, grass lignin has relatively more Haomitpared with lignirirom

other angiosperms (see a review on lignin composition by Bonawitz and Chapple, 2010). In
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addition to the three canonical monolignols, two hydroxycinnamyl alcohols, i.e., caffelybhlc
and 5hydroxyconiferyl alcohol, can also be incorporated into lignioaaschyl units and 5-
hydroxyguaiacyl unitsespectivelyWagneret al., 2011; Ralplet al., 2001; Cheret al., 2012).
A homopolymer of caffeyl alcohol, called C-lignin, is deposited to high concentratidine
seedcoats.of both monocot and dicot species (Ghah, 2012).

Monolignols can be acylated by acetg@€A, FA andp-hydroxybenzoaten the cytosol
andtheacylated monolignols are then transported into the celbwaall incorporated intthe
lignin polymer (Fig. 7). Lignin from angiosperms but not gymnosperms is acylated bieateta
they-carbon'of lignin side chains with a degree of acetylation ranging from 1 to 60% (del Rio
al., 2007,2008). Lignin from grasses and other memifatee commelinid monocot clade is
acylated bypCA at they-carbon of lignin side chains, mostly on S units, with a degrp€Af
acylation ranging from 0.3 to 80% (del Rdical., 2008; Karleret al., 2018). Acylation by FA
andp-hydrexybenzoate at thecarbon of lignin side chains was also detectd@ymn from
angiosperms (Let al., 2015; Karlenet al., 2016). In addition, lignifrom grasses has been
found to contain units dficin, a flavonoid monomer, thao-polymerizes with monolignols
(Lanet al., 2016).

2. Lignin.biosynthesis

Monolignol biosynthesis Monolignols are synthesized in the cyabthrough the plant

phenylpropanoid pathwagnd then transported into the cell walls for polymerization into lignin
(see areview on monoligonol biosynthesis by Bonawitz and Chapple, 2010))(Rtariing

with phenylalanine, ianamic acids formedvia deamination by phenylalanine ammonia lyase
(PAL). Cinnamic acid is then sequentiathodified via 4-hydroxylation and CoA thioester
formatiensby cinnamate 4-hydroxylase (C4H) ancbémarate CoA ligase (4CL), respectively,
to generat@-coumaroyl CoA, which is the common precursor for the synthesis of diverse
phenylpropanoidssuch as flavonoidssoflavonoids, anthocyanins, coumarins, quinones,
phytealexins, and monolignolg-Coumaroyl CoAs converted t@-coumaryl alcohol, one of the
three monolignols, through conversion of the side chain carboxyl to an aldehyde group by
cinnamoyl CoA reductase (CCR) and then to an alcohol group by cinnamyl alcohol
dehydrogenase (CADp-Coumaroyl CoAalsoundergoes a series of hydroxylation &rxd

methylation of the aromatic ring followed by conversion of the side chain carboxyl toofwolalc
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group, leading to the production of two other monolignols, i.e., coniferyl alcohol and sinapyl
alcohol (Fig. 7) The 3-hydroxyldion andO-methylationof p-coumaroyl CoAstart withits
conversion by hydroxycinnamoyl CoA:shikimate hydroxycinnamoyl transferase (HCTp-into
coumaroyl shikimate, whicis 3-hydroxylatedby p-coumaroyl shikimate 3’-hydroxylase (EB

to produce, caffeoydhikimate. Caffeoyl shikimate is then converted by HCT to caffeoyl CoA
that ismethylatecat O-3 by caffeoyl CoAO-methyltransferase (CCoAOMT) form feruloyl

CoA! Afterthe conversion of feruloyl CoA by CCR to coniferaldehytes then 5-hydroxylated
andO-methylated byerulate 5hydroxylase (F5H) and caffeic ad@methyltransferase
(COMT) toproduce 5-hydroxyconiferaldehyde and sinapaldehyde, respectively (Fig. 7).

Conversion of affeoyl shikimateo caffeoyl CoAmayalso be carriedut by an
alternative route, i.e., first to caffeic acid by caffeoyl shikimate esterase (CSE) and then to
caffeoyl CoA by 4CL (Fig. 7), as demonstrated in Arabidopsis, poplaMaditago truncatula
by mutation or dowrregulation ofCSE resulting ina reduction in lignin biosynthes{¥anholme
etal., 2013;Ha et a/, 2016;Salemeet al., 2017). However, no CSE orthologsrefound in the
genomesroBrachypodium distachyon and cornand little CES activigs were detected in these
speciegHaet al., 2016), suggesting that the role of CSE in lignification may not be universal in
all plant.specieOtherbypasses in theonolignol biosynthetic pathway may also occur when
someintermediate stepsf the pathwayre bocked For exampleit was suggestetthatin the
CCoAOMT-deficient plantscaffeoyl CoA may beeducedoy CCRto caflealdehydewhichcan
be 30-methylated by COMT to form coniferaldehyde (Bial., 200) or converted by CAD to
caffeyl aleohol that is incorporated into lignin as catechylsufagnest al., 2011) In the
COMT-deficient plants that are specifically blockaedhe production of sinapyl alcohol and thus
Slignin units,the COMT substrate-Bydroxyconiferaldehyde is converted by CAD to 5-
hydroxyconiferaldehyde, whidk incorporated into lignin asovel 5-hydroxyguaiacyl units
(Ralphet.al.,.2001).

All enzymes and their corresponding genes responsible for the biosynthesis of
monolignols have been extensively characterized and their rolesgypritieesis andtructureof
lignin have been genetically investigated using knockout and/or knockdown gseditrse
comprehensive reviews by Bonawitz and Chapple, 2010 and Meittilay 2016) In Arabidopsis
and poplarall monolignol biosynthetic genes haveencharacterized (Ragt al., 2003; Shet

al., 2010) and their corresponding mutants/downregulated plants and associated phenotypes have
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beencomprehensivelgnalyzed (Vanholmet al., 2012 Wanget al., 2018). A severe reduction
in lignin synthesis often leads to a retardatioplant growth and in some cases, this growth
defect could beartially alleviated byaltering signaling pathways. For example, the stunted
growth of Arabidopsis HCT-deficient plants, whishaccompaniedith anelevation of the
stresshormone salicylic aciccan bepartially rescued by disruption of salicylic acid production
(GallegeGiraldoet al., 2011).Simultaneous mutations of two subunits of the transcriptional
coactivatorcomplexMediator, MED5a andMED?5Sb, partially restord the growth defect the
Arabidopsisref8 mutant deficient in C3'HBonawitzet al., 2014). It is not known whether the
growth defects caused by mutations of other lignin biosynthetic genes could alstaby pa
restoredbythese two seemingly differeméscue pathways

Monolignol biosynthetic enzymes have been proposed to be orgamiaesetabolons
for efficient channelingf intermediates between sequengiakymesA study of four sequential
enzymes, C4H, 4CL, HCT and C3'H, in the pathway has shown that the two cytochrome P450s,
C4H and C3'H, colocalize in the endoplasmic reticulum (ER) and the soluble HCACGL are
drawninrclese proximity to the ER membrabg C3'H (Bassardet al., 2012). Further protein-
proteininteraction analysis in Arabidopsis revegldirect interaction dhe three P450 enzymes
in the"pathway, i.e., C4H, C3'H and F5H, with two membrsteeoidbinding proteins (MSBPS)
whose-downregulation resulted in a mild reduction in lignin content (Gou et al., BOA83.
suggested that the monolignol biosynthetic P450 enzyme complex may act as the nudkestion s
to organize the pathway enzymeso metabolonsThe nonolignol pathway enzymesayalso
beregulated posttranlationallg.g., byprotein phosphorylation (Waregjal., 2015) orKelch
repeat Fhox (KFB) proteins-mediated proteolytic turnover through the ubiquitination-26S
proteasome pathway (Zhasgal., 2013), to influence monolignol biosynthesis.

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

be mediated by cytosdbcalizedp-coumanyl-CoA monolignol transferases (PMTs) and
feruloyl-CoA monolignol transferas€éBMTS), respectivelyFig. 7), that belong to grass
specific.elade of the BAHD acyltransferase superfaiffilg. 4). Several PMTs from rice, maize
andBrachypodium have been characterized biochemically and/or genetically (Wigheks
2012; Maritaet al., 2014; Petrilet al., 2014) and heterologous expressiothekegrassspecific
PMTs in transgenic poplar or Arabidopsis plants led to incorporatiprcotimaroylated
monolignols into lignin (Smitlet al., 2015; Siboutt al., 2016). A feruloylCoA monolignol
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transferasevas first identifiedn Angelica sinensis andits overexpressn in transgenic poplar
plantsresulted inncorporation of feruloylated monolignols into ligriimt becomekess
recalcitrant to chemical gelymerization(Wilkersonet al., 2014). Overexpression africe
BAHD acyltransferasgDsFMT1/OsATS5, in ricdeads toan increase in the amount of
feruloylated lignin units inhe cell walls(Karlenet al., 2016), indicatinghatit is a putative
feruloyl-CoA monolignol transferase but thimchemical proof is still lackingAcyltransferases
and'their'corresponding genes responsible for acetylatiop-apdroxybenzoylation of
monolignols'usedadr lignin biosynthesikave yet to beetermined

Monolignol transport The transport of monolignols across the plasma membrane could

be accemplished by passive diffusimd/or active transpottiroughplasma membrane

localized transporters (Kanedgal., 2008)(Fig. 7). The ATP-binding cassette (ABC)

transporter activities the plasma membrane of Arabidopsis leaves have been shown to be able
to transport monolignols (Miao and Liu, 2010) and one of the Arabidopsis ABC transporters,
AtABCG29, stimulates the transportoumaryl alcohol when expressed in yeast cells
(Alejandroet al., 2012), implying the involvement of ABC transporters in monolignol transport.
However, little ATRdependent transporter activity for monolignols was detected in membrane
vesicles,fronthe differentiating xylem of poplar, cypress and pine (Tsuyanad, 2013).It is
interesting to note that although wild-type poplar and Arabidopsis do not prpduce
coumaroylated monolignols and presumably do not have the corresponding trangporters,
coumaroylated monolignols produced in poplar and Arabidopsis by overexpresgrasof

PMTs areincorporated into lignin (Smitkt al., 2015; Siboutt al., 2016), indicating that the
coumaraylated monolignols producedim@ cytosol are readily transported to the wellls for
polymerization. w monolignolsaretransporédacross the plasma membraeenains an

enigma.

Monolignol oxidation and polymerization Monolignols in the celvalls are oxidized by

laccases.and peroxidases to form monolignol radicals, which are then polynreozeghin
non-enzymatically by radical coupling (Bonawitz and Chapple, 2010) (Fig. 7). One of the
prominentradical coupling sites ithe 40-position ofmonolignols and blocking the @-

position of monolignolérom radical coupling by methylation with an engineered monolignol 4-
O-methyltransferase in transgenic plants effectivejuces lignification (Zhane al., 2012).
Genetic analysis has provided convincing evidetesaonstrating thessential roles of laccases
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in lignification in Arabidopsis and poplar (Berthettal., 2011; Luet al., 2013; Zhacet al .,

2013). Several Arabidopsis peroxidase genes have also been shown to be involved in
lignification, but their mutations only mildly affectdignin content (Herreret al., 2013;
Shigetoet al., 2014, 2015)lt remainsto be investigated ether laccases play a more dominant
role than.peroxidases lignification and whethethey may play differential roles in different

cell types.

VI. Concluding remarks

Extensive biochemical, molecular and genetic studies in the past decades have uncovered
most of the ‘gengsarticipatingin the biosynthsisof secondary wall components, including
cellulose, xylan, glucomannan and lignin. The recent breakthiiaoubke establishmemtf anin
vitro activity assay ofecombinanPttCESA8 reconstituted ito proteoliposomes (Purushotham
et al., 2016).paves the way to investigate many outstanding questions about the structure and
functions.ef.CESAS, such as how CESA protéiteract with each otheo assemble into
compledes why different CESA isoforms are required fbeassemblyf the rosette complexes
how heteromeric CESA complexes differ from homomeric CESA complexes in terms of the rate
of glucam.synthesis and the assembly of glucan chahret, are functionsf the different motifs
in thes€atalytic domainf CESAs and how othecellulose synthesigelatedproteins, such as
Korrigan, COBRAHke proteirs and chitinasdike proteirs, affect cellulose synthesis and
cellulosemicrofibril assembly. A number of xylan biosynthetic genes have beeifieddy
genetic'analysis, bliiochemical characterization of thencodednzymes is generally lacking.
With the"succedsl application of heterologous expression systems, such asatimenalian
HEK293 cellsfor the generation of recombinant platycosyltransferasesJtbanowiczet al.,
2014; Zhonget al., 2018a), anorecomplete picture of thisiochemical activities and substrate
specificities:of xylan biosynthetic enzymes is expetbezinergdn the near futureThe
functionssofligninbiosynthetic genes and the biochemical properti¢isedf encodedenzymes
have been thoroughbtudiedand heknowledge gainetiasenabledesearchers to custem
design lignin composition in transgenic plarsisch aghe “designefignin” for increased
degradability tailored for biofugdroduction (Mottiaret al., 2016). Such an applicatiah
“designer lignin”bestexemplifiesthe importance of understanding the molecular and

biochemical mechanisms underlying secondary wall biosynthesis. Furthergatiestiof the
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biochemicalfunctions and properties of secondary wall biosynthetic enzymes will undoubtedly
lead to a full understanding of how secondary wall components are synthesized andeassembl
which will provide knowledge b&sto custom-design secondary wall composition tailored to our

diverse needs.
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Fig. 1Examples of secondary walbntaining cell types in different plant species tred

structure okecondaryvallsin Arabidopsis fibers. (&) Cross sections of (a) a stem of
Selaginellamoellendorffii showingthe cortical sclerenchymthickened with secondary walls,

(b) pineswood showing water-conducting tracheids, (c) yellow poplar wood showing vessels,
xylary fibers and ray parenchyma, (d) a flax stem showing nonlignified phloem fibersqstaine
green), and (e) a jojoba seed showing a layer of sclereids thickened with secatidnytie
seedcoat (f, g) An Arabidopsis plant (f), and aoss section ats stem showing interfascicular
fibers (g). (h) Transmission electron micrograph of fier wallsin the boxed area of (g)
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showing layered deposition of secondary walls &3)-(i) Fieldemission scanning electron
micrographof the boxed aretom (h) showing cellulose microfibrils. (j) A model of secondary
walls showing cellulose microfibrils, xylan, glucomannan and lignin. The sectidasean g)
were stained witsafraninand fast greeand the lignifieccell walls staineded. cs, cortical
sclerenchyma; ep, epidermis; pf, phloem fiber; rp, ray parenchyma; scosggtt, tracheids;

ve, vessel; xt, xylary fiber.

Fig. 2 Diagrans of cellulose synthasepology and cellulose synthesfa) Structure of §-1,4-

glucan oligomer. (b) Schematic of the predicted topologyceflalose synthasgCESA) protein
showing amN-terminal cytoplasmic domain containing a zinc finger motif followed by two
transmembrane helices, a large cytoplasmic catalytic domain and six additional transmembrane
helices. The conservéaDG, DCD, TED and QXXRW motifs as well as a plant conserved

region (PE€R) and a classpecific region (CSR) aliadicated (c) A model of the cellulose

synthase complex (CSC) in the plasma membrane and the pathvidy®-@Ic synthesigrom
sucroser The inset shows a hexameric cellulose synthase rosette complex visualized-by freeze
fracture‘transmission electron microscopy (image from Netah., 2016). CINV, cytosolic
invertase; FK, fructokinase; HXK, hexokinase; PGI, phosphoglucoisom&adé,
phosphoglucomutase; SUS, sucrose synthase; UGP, UDP-glucose pyrophosphorylase. (d)
Transmission electron micrograph of cellulose microfibrils producetro by recombinant

poplar PittCESAS8 reconstituted inpooteoliposomes (image from Chbal., 2017).

Fig. 3 (aybiagrams depictinghe the structural featuresxflans with various glycosyl and
acetyl substitutions, and (b)list of enzymeshat have been shown to be involved in xylan
synthesisAc; acetyl;Araf, arabinofuranose; FA, ferulic acid; GIcA, glucuronic acid; Me,

methyl;Xyl-xylose.

Fig. 4 Phylogenetic relationships of a subcladeicg BAHD acyltransferasemplicated inthe
acylation‘ef lignin and xylatogether with their orthologs that halveen geneticallgtudied in
other grass speciebhe grass species incluBeachypodium distachyon (Bd), Oryza sativa (Os),
Setaria viridis (Sv) andZea mays (Zm). AsSFMT from Angelica sinensis (As), a dicot species,

and AT3G62160 (shadettpm Arabidopsisarealso includedThe phylogenetic tree was
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constructed with the neighbor-joining algorithm and the 0.1 scale represents 10% change. T
number at each node indicates the percentage of the bootstrap values from 1008s.eplieat
BAHD membersnvolved in monolignol acylation with-coumaric aciqpCA) or ferulic acid

(FA) areshown in red, and thoseaplicatedin grass xylan acylation wighCA or FA areshown

in blue.

Fig.'5 Schematiof the conversion of nucleotide sugars involved in xylan synthesis and their
transportacross theolgi membrane. UAfT, UDFAraf transporter; UAM, UDPAra mutase;
UGD, UDRGIc 6-dehydrogenase; UGE, UDP-glucosepimerase; UUAT, UDRironic acid
transportera UXE, UDXyl 4-epimerase; UXS, UDRyl synthase; UXT, UDPXyl transporter.

Fig. 6 (a) Diagrans depicting thehe structual featureof glucomannan and
galactglucomannan, and ()list of enzymes involved in mannan synthe8is, acetyl; Gal,
galactose; Glc, glucose; Man, mannose.

Fig. 7 Schematic othe lignin biosynthetic pathway. Monolignols-¢oumaryl, coniferyl and
sinapyhkalcohols) are synthesized froaphenylalanine by the phenylpropanoid pathway and
they canbe further acylated by acetptepumarate and ferulate. Monolignols and their acylated
forms ae transported through the plasma membrane into the cell walls where tlosydazed

by laccases and peroxidases to form free radibatshenpolymerize into lignin. The images in
the inset'show theollapsed xylem vesselarrows) in the stem of a transgenic tobacco plant
with antisense downregulation of CCOAOMT (b) compared with wifge (WT) xylem vessels
(a), and the disorganization of secondary walblsylem vesselsf the Arabidopsigcrl mutant

(d) compared with secondary wstif wild-type vessels (c). Images in @ are from Zhongt

al. (1998).and those in (c) dre from Ruett al. (2009).4CL, 4-counarate CoA ligase; C3'Hy-
coumaroyl shikimate 3’-hydroxylase; C4H, cinnamate 4-hydroxylase; CAD, cinnamyl alcohol
dehydrogenase; CCoAOMT, caffeoyl C@Amethyltransferase; CCR, cinnamoyl CoA
reductase; COMT, caffeic acfd-methyltransferase; CSE, caffeoyl shikimate estef@si;
ferulate 5hydroxylase; FMT, feruloyl2o0A monolignol transferasélCT, hydroxycinnamoyl
CoA:shikimate hydroxycinnamoyl transferase; O&Facetyltransferas€AL, phenylalanine
ammonia lyaseand PMT p-coumaroyl€oA monolignol transferases.
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