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Cell wall architecture plays a key role in the regulation of plant cell
growth and differentiation into specific cell types. Gaining
genetic control of the amount, composition, and structure of cell
walls in different cell types will impact both the quantity and yield
of fermentable sugars from biomass for biofuels production.
The recalcitrance of plant biomass to degradation is a function of
how polymers crosslink and aggregate within walls. Novel
imaging technologies provide an opportunity to probe these
higher order structures in their native state. If cell walls are to be
efficiently deconstructed enzymatically to release fermentable
sugars, then we require a detailed understanding of their
structural organization in future bioenergy crops.
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Introduction

Grasses, such as maize, sorghum, switchgrass, and Mis-
canthus, and fast-growing trees, such as poplar and willow,
can be sustainable and renewable feedstocks for biofuels
production. Biorefinery feedstocks are pretreated with
acid, alkali, or high temperature/pressure treatments
before enzyme hydrolysis to yield glucose and other
useful sugars for fermentation to ethanol, or other fuels,
and other products. Although optimizing microbial fer-
mentation and the efficient bioconversion to biofuels
require significant improvements, attaining current bioe-
nergy target goals requires enormous increases in plant
productivity, both in biomass quantity and yield of fer-
mentable sugars. Plant cell walls have evolved to resist
breakdown from microbial and mechanical forces —
unlocking fermentable sugars from these biomaterials
represents a formidable scientific challenge.

The efficiency of bioconversion to fermentable sugars
depends upon macroscopic and molecular features of the

feedstocks. Macroscopic features include the spatial
organization of different cell types, the strength and
extent of cell-cell adhesion, and the spatial distribution
of lignin. At the molecular level, the composition and
architecture of cell walls of different cell types will impact
the local migration of enzymes through cell wall pores to
cellulose, xylans, and other glycans. Specific architectural
features include the nature and extent of the crosslinks
between different polysaccharides, the interactions be-
tween lignin and carbohydrates, the nature and extent of
protein crosslinking, cellulose crystallinity and microfibril
size. In this review, we summarize recent key areas of
progress toward defining crosslinks and structures that
may contribute to recalcitrance to deconstruction,
improving the imaging technologies to visualize wall
polymer interactions, and defining gene networks for
bioenergy-crop-specific cell wall architectures.

Energy grasses and forest crops have
distinctive wall architectures

The composition of primary (growing) cell walls of grasses
differs from those of most other angiosperms [1-3].
Briefly, the Type I cell wall of all dicots and many
monocots comprises cellulose microfibrils crosslinked
with xylogucans to form a network, and embedded in a
complex matrix of pectins and proteins [1]. In the Type 11
cell wall of grasses and related monocots, glucuronoar-
abinoxylans (GAXs) are the major crosslinking glycans,
hydrogen bond to the surface of cellulose microfibrils and
crosslink them [2]. Other crosslinking glycans include a
grass-specific xyloglucan and glucomannan and, during
cell expansion, a (1 — 3),(1 — 4)-B-D-glucan. By sequen-
tial chemical extraction and enzymatic digestion of
specific polysaccharides, and imaging of the resulting cell
wall architectural modifications in maize coleoptile cells,
the GAXs occupy most of the volume between cellulose
microfibrils, whereas the $-glucans tightly coat the micro-
fibrils [4]. Another distinction of grass walls is the pre-
sence of crosslinking phenylpropanoid networks in the
primary walls that are deposited as cells mature during
development. These phenylpropanoid networks include
several patterns of ester, ether, and phenyl-phenyl lin-
kages initiated from arabinosyl residues of the GAX.
Chlorite oxidation of the aromatic residues extracts very
little material from the grass cell wall but renders the
GAXs of the interstitial space between B-glucan-coated
microfibrils easily extracted by as little as 0.1 M NaOH
[5,6]. Although we have general inventories of the types
of carbohydrate and aromatic substances in grass walls,
our knowledge of the fine structure of their polymeric
components, how they are assembled into a functional
architecture, and the dynamics of their interactions
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during growth and biomass deposition, are very limited
for the perennial grasses.

Only a handful of genes have been identified in grass
species that impact cell wall architecture. The four brown
mid-rib mutants of maize and sorghum are best studied,
particularly with respect to the effects of reduced lignin
and altered structure on ruminant nutrition [7,8]. Maize
brittle stalk encodes a COBRA-like protein that impacts
cellulose content [9] and subsequent deposition of lignin
as the plant transitions from juvenile to adult stage [10].
Researchers are beginning to tap existing diverse germ-
plasm materials to select quantitative trait loci and the
underlying genes related to improved wall digestibility
[11,12]. Oxidative coupling of esterified and/or etherified
ferulic acid residues are among the factors most inhibitory
to ruminant digestion of cell walls [13]. As the ease of
digestion in ruminants is correlated with performance in
saccharification schemes [14,15], the crosslinks of the
phenylpropanoid network are important future targets
for genetic modification.

Forest crops are enriched in cells with secondary walls.
Primary cell walls surround most plant cells, but
specialized secondary walls, deposited during differen-
tiation of xylem, phloem, and transfer cells, have dis-
tinctive compositions. Cellulose constitutes up to 30%
of the mass of primary walls and 60-98% of the mass of
secondary walls. The composition of poplar secondary
walls has been analyzed and contrasted with primary
wall composition: secondary walls are relatively
enriched in cellulose and xylans, lignin, some structural
proteins, and minor amounts of pectins [16]. The
molecular architecture of secondary walls has not been
elucidated.

Interacting with these complex extracellular matrices are
several hundreds of enzymes. Plant enzymes that remo-
del cell wall architecture, such as expansins and xylogu-
can endo-transglycosylases (XETs), could be used to
facilitate wall deconstruction. Expansins act to reduce
hydrogen bonding by an unknown mechanism. A maize
pollen allergen belonging to the expansin B family (EXP
B1) binds strongly to xylans, causing swelling of the maize
cell wall, perhaps by disrupting GAX-cellulose inter-
actions [17°]. XET cleaves and ligates xyloglucans
with new xyloglucan partners such that wall architecture
may be modified without detectable changes in compo-
sition. A barley XET can link xyloglucans with
mixed-linkage glucans or cellulosic substrates, raising
the possibility that XE'Ts might link different polysac-
charides iz vivo [18]. However, the relative activity is 500-
fold lower than xyloglucan to xyloglucan crosslinking.
These transglycosylation activities have the potential
to generate novel heteropolymeric networks that
impact architecture. Endo-B-mannanase has been
renamed mannan transglycosylase/hydrolase because it
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can carry out a transglycosylation reaction in the presence
of mannan-derived oligosaccharides [19].

The biomechanical properties of walls are functions of
the nature and extent of polymer crosslinking. Analog
composites of cellulose with xylogucans or other glycans
have been made iz vitro to simplify the complexity of wall
composition and deduce the architectural functions of
individual components. For example, cellulosic pellicles
of Gluconacetobacter xylinus spontancously form compo-
sites with other polysaccharides present in the culture
medium that can be sampled for biomechanical tests.
Enzymic treatment of cellulose/xyloglucan composites
with a xyloglucan ezdo-hydrolase increased stiffness of
the pellicle while treatment with an XET enhanced
viscoelasticity [20]. Xyloglucans with galactose reduced
by 60% produced pellicles with low stress and strain to
break compared with cellulose alone, probably as an
effect of xyloglucan aggregation introducing weak spots
[21]. The mechanical behavior of the composite is con-
sistent with observations of the reduced tensile strength
of Arabidopsis mutant seedlings compromised in xyloglu-
can galactosylation [22,23]. Dimerization of rhamnoga-
lacturonan II, a pectic polysaccharide, with boron is also
essential to maintain the tensile strength of seedlings

[22].

Imaging features of molecular architectures

At cellular resolution, field-emission dual-beam imaging
provides the opportunity for the accurate measurement of
wall thicknesses and 3D reconstructions of ablated
volumes (Figure 1A-D). Direct visualization of cell walls
by fast-freeze, deep-etch, rotary-shadowed replicas gave
images of walls that showed the architecture of the
cellulose/crosslinking glycan network after the extraction
of pectins [24] — an example is shown below of a maize
primary wall (Figure 1E). However, making replicas is
technically difficult and other imaging technologies pro-
vide an easier route to imaging at least microfibrils within
walls. Field-emission scanning electron microscopy
(FESEM) now provides the necessary resolution in scan-
ning rather than transmission EM [25] and has been used
to measure microfibril angles in a dwarfed and cellulose-
deficient Arabidopsis mutant [26]. The reduction in cel-
lulose content in the procuste mutant does not account for
the extent of dwarfing, but the increased anisotropy in
newly deposited microfibrils can be modeled to explain
the large effect on organ growth. High-resolution atomic
force microscopy (AFM) has the versatility to make
measurements in air or under fluid. Sample topography
(height data) and elasticity (phase image) can be acquired
simultaneously while new probes with sharper tips (1 nm)
have reduced problems associated with image broaden-
ing. In dried maize stover, internal faces revealed micro-
fibrils of minimum cross-section 5nm X 10 nm [27].
Dispersing cotton microfibrils in cupri-ethylenediamine
solution has provided exceptionally clear AFM images of
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single cellulose chains [28]. In force spectroscopy, the ~ AFM tip and forces to remove the hydrogen-bonded
binding forces between xylogucan molecules and a cel-  tamarind xyloglucan were of the order of tens of pico-
lulose substrate and the AFM tip have been measured  Newtons, approximating to one hydrogen bond per back-
[29]. The xylogucan end was covalently linked to the  bone glucose residue.

Figure 1
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The focused ion beam of a field-emission dual-beam electron microscope is used to smooth the rough surface of a fractured woody stem (A). ‘Slice
and view’ imaging results in ablating 1 wm slices and then imaging the revealed surface. Images (B-D) show progression through ~20 pm of the
sample. The badly damaged areas of the specimen in (A) are ablated and features (hoops of secondary wall) can be seen to move closer to the surface
as material is being removed (arrows) (D Sherman, MC McCann, unpublished results). (E) Epidermal cell wall of a maize coleoptile imaged by the fast-
freeze, deep-etch, rotary-shadowed replica technique, arrow indicates a single cellulose microfibril [24]; scale bar represents 200 nm. (F) Transverse
section of a maize coleoptile imaged using an infrared microscope with transmitted visible light [4]. (G-I) Chemical images at the indicated wave
numbers showing tissue-specific distribution of carbohydrate absorbances at 1020 and 1090 cm™", and ester absorbances at 1740 cm~" (color scale
with white as high abundance to dark red as low abundance). (J-M) (1 — 3),(1 — 4)-B-p-glucan epitopes in coleoptile cell walls show dynamic changes
in abundance from day 2 (J), to day 3 (K), day 4 (L) and day 5 (M) of elongation [56]. All transmission electron micrographs are at the same magnification
(C, J-M); scale bar represents 250 nm.
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Tomography reconstructs the interior structure of an
object from its projections collected from different direc-
tions by tilting the specimen grid in the electron beam.
Dual-axis electron tomography has been used to inves-
tigate cellulose microfibrils in transmission EM [30°°], to
a resolution of about 2 nm, resolving individual micro-
fibrils and their 3D organization in the S2 layer of the
walls of wood fibers. Individual microfibrils measure
about 3.2 nm with an unstained core of about 2.2 nm.
Clustering of microfibrils was observed in some regions,
but this may be an artefact induced by a delignification
step necessary for sample preparation.

Raman and mid-infrared microscopies provide comp-
lementary techniques for chemical imaging of plant cell
walls. Raman scattering depends on changes in the polar-
izability of functional groups because of molecular
vibration, while infrared absorption depends on changes
in intrinsic dipole moments. Infrared chemical imaging
provides cellular resolution of cell wall compositions in
tissue sections ([31], Figure 1F-I) using a step-scanning
spectrometer equipped with a camera and a focal plane
array detector. The spatial resolution is limited to 10 pm
by diffraction effects. Improved resolution, to 1 pm, is
obtained with Raman imaging though sample fluor-
escence can be a problem. Laser-based confocal Raman
microscopy has been used to generate intensity maps of
lignin and cellulose distribution in cell wall layers of black
spruce wood, resolving signals from cell corners, the
middle lamella, and different S layers within the second-
ary wall [32°]. The Raman effect is inherently weak.
Wood tissues have sufficient density to give enough
Raman scattering to obtain a spectrum but this is not
true of primary walls. However, recent developments in
surface-enhanced Raman spectroscopy, with application
of small silver or gold colloids to samples, or to the tip of a
probe in contact with the sample, provides the opportu-
nity for local signal amplification and much improved
Raman signal detection [33]. Combinations of visible and
Raman imaging with AFM in a single instrument have
also been advantageous because of not having to displace
the sample [34].

Molecular probes for epitopes of polysaccharides within
wall structures continue to be a major goal, and the
specificity of carbohydrate-binding modules (CBMs) for
particular features is providing a new range of probes with
specificity for native structures [35°,36]. CBMs constitute
domains of microbial hydrolytic enzymes, usually linked
to domains with catalytic function. High-resolution
images of their binding [37°°] have been achieved by
using semiconductor quantum dots incorporated into a
double His-tagged recombinant CBM for direct imaging.
Water-soluble and highly luminescent quantum dots of
(CdSe)ZnSe bind five histidines at the zinc surface while
retaining desirable electronic properties for imaging at
the EM level.
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Gaining genetic control of cell wall
architecture

Gaining genetic control of cell wall composition is a key
goal for the improvement of bioenergy crops, but must be
achieved without compromising plant performance.
Although lignin content can be reduced by downregula-
tion of lignin biosynthetic enzymes, an undesirable con-
sequence is the reduction of plant stature. In the
phenylpropanoid pathway, p-coumaroyl CoA is at a junc-
tion of pathways leading to flavonoids or cell wall phe-
nylpropanoid compounds. Hydroxycinnamoyl transferase
(HCT) catalyzes the synthesis of shikimate and quinate
esters of p-coumaric acid. Using Arabidopsis, HCT-
silenced plants are dramatically dwarfed but this is
because of altered flavonoid accumulation not lignin
synthesis: suppressing flavonoid accumulation by the
repression of chalcone synthase restores wild-type growth
and normal auxin transport [38°°]. Thus, the phenylpro-
panoid pathway can be genetically modified without
deleterious consequences to plant growth.

We have estimated that plants devote about 10% of their
genome, about 2500 genes in Arabidopsis, to construction
and dynamic rearrangement of their cell walls during
growth [39]. Over 1600 genes encode annotated carbo-
hydrate-active enzymes in the poplar genome [40]. The
expression of subsets of gene family members are
spatially and temporally regulated such that gene net-
works acting in particular cell types may be defined
together with master regulatory genes controlling these
gene networks.

The gene networks that encode the machinery to build
and modify walls in bioenergy species are crucial to
identify, but progress has been most rapid in Arabidopsis.
The expression patterns of individual gene family mem-
bers are being measured using whole or custom micro-
arrays in order to define sets of genes that are coregulated
[41]. A custom chip of 765 cell wall-related genes with
sequence-specific 70mer oligonucleotides from Arabidop-
sis has been used to examine expression patterns in
different organs and growth stages [42]. Earlier sets of
global transcriptional analyses to identify secondary-wall-
related gene networks [43,44,45°°,46] are complemented
by two recent studies. Fifty-two genes representing a
‘core xylem gene set’ with a novel ¢s-regulatory element
in 13 of their promoter sequences, ACAAAGAA, were
identified based on iz sifico analyses of Affymetrix Gen-
eChip datasets [47]. Coexpression analyses using phenyl-
propanoid genes as anchors allowed identification of
candidate genes for lignin biosynthesis [48] using near
full-genome 70mer oligoarrays.

Identification of key regulators of cell wall synthesis in
specific cell types is an important means of modifying
biomass composition. Gain-of-function experiments of
NAC-domain-containing and MYB proteins show
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increased and ectopic secondary wall formation. Overex-
pression of vascular-related NAC domain (VND) 6 and
VND7 induced transdifferentiation of various cell types in
Arabidopsis into metaxylem-like and protoxylem-like
vessel elements, respectively [45°°]. NST (NAC secondary
wall thickening promoting factor) 1, 2, and 3 regulate
secondary wall formation in cells other than vessels
[49°°]. NST'3 was previously identified as SND1 [50,51].
NST1 and NST2 act redundantly in secondary wall for-
mation in anther endothecium [52] and NST'1 and NST'3
act redundantly in interfascicular fibers and secondary
xylem [49°°,50]. Another member of the NAC transcription
family ANACO012 suppresses wall formation in xylary fibers
when overexpressed, acting as a negative regulator [53].
MYB26 appears to regulate NST1 and NST2 expression
and might act to specify endothecial cell differentiation
before secondary wall formation is initiated [54°°]. Micro-
RNA sequences have also been implicated in regulatory
control of transcription factors in Populus [55], and upre-
gulated during the formation of tension wood.

Conclusions and future directions

A logical path to the coexistence of food crops and
bioenergy crops is to reduce the agronomic footprint of
future energy plants. The productivity of bioenergy
plants can be improved by redesigning the form and
stature of the plant in the field and by maximizing sugar
yield per plant. Recently, there has been an emphasis on
modifying lignin as the reasonable path to improving
sugar yield. However, given that 5-fold to 10-fold
increases in biomass per acre are required to meet current
bioenergy targets, we believe that a basic strategy should
be the opposite of a popular low-cal beer commercial,
which asks ‘more taste or less filling’. Modifying lignin
content for ‘less taste’ can increase sugar yield per plant,
but modulating carbohydrate content, ‘more filling’, will
be necessary to achieve order of magnitude increases.
Uncoupling cellulose and cell wall polysaccharide syn-
thesis from lignification offers great promise to optimize
energy plant for their end use, yet maintain wall structural
integrity so as not to compromise the functions of the wall
in protecting the protoplast within.

Acknowledgements

NCC and MCM acknowledge support of grant DBI-0217552 NSF PLANT
Genome Research Program. Thanks to D Sherman, Purdue Life Sciences
Microscopy Facility, for the images in Figure 1A-D, Journal no. 2008-18,331
of the Purdue University Agricultural Experiment Station. We regret the
necessary omission of many interesting studies in this brief review.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. McCann MC, Roberts K: Architecture of the primary cell wall. In
The Cytoskeletal Basis of Plant Growth and Form. Edited by Lloyd
CW. New York: Academic Press; 1991:109-129.

2. Carpita NC, Gibeaut DM: Structural models of primary cell walls
in flowering plants: consistency of molecular structure with
the physical properties of the walls during growth. Plant J 1993,
3:1-30.

3. Vogel J: Curr Opin Plant Biol, this issue.

4. Carpita NC, Defernez M, Findlay K, Wells B, Shoue DA,
Catchpole GC, Wilson RH, McCann MC: Cell wall architecture
of the elongating maize coleoptile. Plant Physiol 2001,
127:551-565.

5. Carpita NC: Fractionation of hemicelluloses from maize cell
walls with increasing concentrations of alkali. Phytochemistry
1984, 23:1089-1093.

6. Scalbert A, Monties B, Lallemand JY, Guittet E, Rolando C: Ether
linkage between phenolic acids and lignin fractions from
wheat straw. Phytochemistry 1985, 24:1359-1362.

7. Marita JM, Vermerris W, Ralph J, Hatfield RD: Variations in the
cell wall composition of maize brown midrib. J Agric Food
Chem 2003, 51:1313-1321.

8. Barriére Y, Ralph J, Mechin V, Guillaumie S, Grabber JH,
Argillier O, Chabbert B, Lapierre C: Genetic and molecular
basis of grass cell wall biosynthesis and degradability. Il.
Lessons from brown midrib mutants. Comp Rend Biol 2004,
327:847-860.

9. Ching A, Dhugga KS, Appenzeller L, Meeley R, Bourett TM,
Howard RJ, Rafalski A: Brittle stalk2 encodes a putative
glycosylphosphatidylinositol-anchored protein that affects
mechanical strength of maize tissues by altering the
composition and structure of secondary cell walls. Planta
2006, 224:1174-1184.

10. Sindhu A, Langewisch T, Olek A, Multani DS, McCann MC,
Vermerris W, Carpita NC, Johal G: Maize Brittle stalk2 encodes a
COBRA-like protein expressed in early organ development but
required for tissue flexibility at maturity. Plant Physiol 2007,
145:1444-1459.

11. MechinV, Argillier O, Hebert Y, Guingo E, Moreau L, Charcosset A,
Barriére Y: Genetic analysis and QTL mapping of cell wall
digestibility and lignification in silage maize. Crop Sci 2001,
41:690-697.

12. Shi C, Uzarowska A, Ouzunova M, Landbeck M, Wenzel G,
Lubberstedt T: Identification of candidate genes associated
with cell wall digestibility and eQTL (expression quantitative
trait loci) analysis in a Flint x Flint maize recombinant inbred
line population. BMC Genomics 2007, 8: Article No. 22.

13. YuP, McKinnon JJ, Christensen DA: Hydroxycinnamic acids and
ferulic acid esterase in relation to biodegradation of complex
plant cell walls. Can J Animal Sci 2005, 85:255-267.

14. Jung HG, Casler MD: Maize stem tissues: impact of
development on cell wall degradability. Crop Sci 2006,
46:1801-1809.

15. Vermerris W, Saballos A, Ejeta G, Mosier NS, Ladisch MR,
Carpita NC: Molecular breeding to enhance ethanol production
from maize and sorghum stover. Crop Sci 2007, 47:S142-S153.

16. Mellerowicz EJ, Baucher M, Sundberg B, Boerjan W: Unravelling
cell wall formation in the woody dicot stem. Plant Mol Biol 2001,
47:239-274.

17. Yennawar NH, Li A, Dudzinski DM, Tabuchi A, Cosgrove DJ:

e  Crystal structure and activities of EXPB1 (zea m 1), a -
expansin and group-1 pollen allergen from maize. Proc Nat/
Acad Sci U S A 2006, 103:14664-14671.

The crystal structure of EXP B1 shows an unstructured glycosylated N-

terminal extension and a two-domain folded structure with a highly

conserved open surface spanning the two domains. The surface has
many aromatic and polar residues suitable for binding a branched poly-
saccharide of about 10 residues in length. The authors present an

attractive hypothesis that expansin uses the strain energy stored in a

taut cellulose-binding glycan to dissociate the glycan from the cellulose

surface, using a 10° shift in angle between domains to cause a one-
residue dislocation of the polysaccharide along the binding surface.

18. Hrmova M, Farkas V, Lahnstein J, Fincher GB: A barley
xyloglucan xyloglucosyl transferase covalently links

Current Opinion in Plant Biology 2008, 11:314-320

www.sciencedirect.com



xyloglucan, cellulosic substrates, and (1 — 3),(1 — 4)-B-b-
glucans. J Biol Chem 2007, 282:12951-12962.

19. Schroder R, Wegrzyn TF, Sharma NN, Atkinson RG: LeMAN4
endo-B-mannanase from ripe tomato fruit can act as a
mannan transglycosylase or hydrolase. Planta 2006,
224:1091-1102.

20. Chanliaud E, De Silva J, Strongitharm B, Jeronimidis G, Gidley MJ:
Mechanical effects of plant cell wall enzymes on cellulose/
xyloglucan composites. Plant J 2004, 38:27-37.

21. Whitney SEC, Wilson E, Webster J, Bacic A, Reid JSG,
Gidley MJ: Effects of structural variation in xyloglucan
polymers on interactions with bacterial cellulose. Am J Bot
2006, 93:1402-1414.

22. Ryden P, Sugimoto-Shirasu K, Smith AC, Findlay K, Reiter W-D,
McCann MC: Tensile properties of Arabidopsis cell walls
depend on both a xyloglucan cross-linked microfibrillar
network and rhamnogalacturonan ll-borate complexes. Plant
Physiol 2003, 132:1033-1040.

23. Pena MJ, Ryden P, Madson M, Smith AC, Carpita NC: The
galactose residues of xyloglucan are essential to maintain
mechanical strength of the primary cell walls in Arabidopsis
during growth. Plant Physiol 2004, 134:443-451.

24. McCann MC, Wells B, Roberts K: Direct visualization of cross-
links in the primary plant cell wall. J Cell Sci 1990, 96:323-334.

25. Sugimoto K, Williamson RE, Wasteneys GO: New techniques
enable comparative analysis of microtubule orientation, wall
texture and growth rate in intact roots of Arabidopsis. Plant
Physiol 2000, 124:1493-1506.

26. MacKinnon IM, Sturcova A, Sugimoto-Shirasu K, His I,
McCann MC, Jarvis MC: Cell-wall structure and anisotropy in
procuste, a cellulose synthase mutant of Arabidopsis thaliana.
Planta 2006, 224:438-448.

27. Ding S-Y, Himmel ME: The maize primary cell wall microfibril: a
new model derived from direct visualization. J Agric Food
Chem 2006, 54:597-606.

28. Yokota S, Ueno T, Kitaoka T, Wariishi H: Molecular imaging of
single cellulose chains aligned on a highly oriented pyrolytic
graphite surface. Carbohydr Res 2007, 342:2593-2598.

29. Morris S, Hanna S, Miles MJ: The self-assembly of plant cell wall
components by single-molecule force spectroscopy and
Monte Carlo modelling. Nanotechnology 2004, 15:1296-1301.

30. XuP, Donaldson LA, Gergely ZR, Staehelin LA: Dual-axis electron
ee tomography: a new approach for investigating the spatial
organization of wood cellulose microfibrils. Wood Sci Technol
2007, 41:101-111.
Dual-axis tomography tilts the specimen around two orthogonal axes,
and then combines the reconstructions of the two single-axis tilt series to
reduce artefacts and improve resolution. In a very elegant paper, the
authors provide a state-of-the-art tomographic reconstruction of indivi-
dual cellulose microfibrils within secondary walls.

31. Barron C, Parker ML, Mills ENC, Rouau X, Wilson RH: FTIR
imaging of wheat endosperm cell walls in situ reveals
compositional and architectural heterogeneity related to grain
hardness. Planta 2005, 220:667-677.

32. Agarwal UP: Raman imaging to investigate ultrastructure and

. composition of plant cell walls: distribution of lignin and
cellulose in black spruce wood (Picea mariana). Planta 2006,
224:1141-1153.

Intensity maps of lignin and cellulose content obtained using a

Raman laser confocal microscope reveal that these polymers are differ-

entially distributed in domains of wall architecture, cell corners, middle

lamellae, and the different S layers in the secondary walls of black spruce

wood.

33. Ryder AG: Surface-enhanced Raman scattering for narcotic
detection and applications to chemical biology.
Curr Opin Chem Biol 2005, 9:489-493.

34. Osterberg M, Schmidt U, Jaaskelainen A-S: Combining confocal
Raman spectroscopy and atomic force microscopy to study
wood extractives on cellulose surfaces. Colloid Surf A:
Physiochem Eng Aspects 2006, 291:197-201.

Architectures of lignocellulosic biomass McCann and Carpita 319

35. McCartney L, Blake AW, Flint J, Bolam DN, Boraston AB,

. Gilbert HJ, Knox JP: Differential recognition of plant cell walls
by microbial xylan-specific carbohydrate-binding modules.
Proc Natl Acad Sci U S A 2006, 103:4765-4770.

Six xylan-binding CBMs are shown to vary widely in their recognition of

plant materials. This paper establishes the utility of CBMs as probes of

wall architecture.

36. Knox JP: Curr Opin Plant Biol, this issue.

37. Ding S-Y, Xu Q, Ali MK, Baker JO, Bayer EA, Barak Y, Lamed R,
ee Sugiyama J, Rumbles G, Himmel ME: Versatile derivatives of
carbohydrate-binding modules for imaging of complex
carbohydrates approaching the molecular level of resolution.
BioTechniques 2006, 41:435-443.
Highly luminescent quantum dots bound to double His-tags in recombi-
nant proteins allows binding of single CBMs to cellulose microfibrils to be
imaged at close to molecular resolution. This novel approach to tagging
proteins dramatically improves the resolution afforded by fluorescent-
tagged proteins in confocal laser scanning microscopy.

38. Besseau S, Hoffmann L, Geoffroy P, Lapierre C, Pollet B,

ee |egrand M: Flavonoid accumulation in Arabidopsis repressed
in lignin synthesis affects auxin transport and plant growth.
Plant Cell 2007, 19:148-162.

The authors make an elegant demonstration of how combining genetic

modifications can mitigate deleterious consequences of modulating

lignin content. Plant growth reduction in HCT-silenced plants is correlated

with reduction of auxin transport. Repressing chalcone synthase in HCT-

silenced plants restored auxin transport and wild-type growth but lignin

structure remained severely affected.

39. Yong W, O’'Malley R, Link B, Binder B, Bleecker A, Koch KE,
McCann MC, McCarty DR, Patterson S, Reiter W-D et al.: Plant
cell wall genomics. Planta 2005, 221:747-751.

40. Geisler-Lee J, Geisler M, Coutinho PM, Segerman B, Nishikubo N,
Takahashi J, Aspeborg H, Djerbi S, Master E, Andersson-
Gunneras S et al.: Poplar carbohydrate-active enzymes. Gene
identification and expression analyses. Plant Physiol 2006,
140:946-962.

41. Manfield IW, Orfila C, McCartney L, Harholt J, Bernal AJ,
Scheller HV, Gilmartin PM, Mikkelsen JD, Knox JP, Willats WGT:
Novel cell wall architecture of isoxaben-habituated
Arabidopsis suspension-cultured cells: global transcript
profiling and cellular analysis. Plant J 2004, 40:260-275.

42. Imoto K, Yokoyama R, Nishitani K: Comprehensive approach to
genes involved in cell wall modifications in Arabidopsis
thaliana. Plant Mol Biol 2005, 58:177-192.

43. Aspeborg H, Schrader J, Coutinho PM, Stam M, Kallas A, Djerbi S,
Nilsson P, Denman S, Amini B, Sterky F et al.: Carbohydrate-
active enzymes involved in the secondary cell wall biogenesis
in hybrid aspen. Plant Physiol 2005, 137:983-997.

44. Brown DM, Zeef LAH, Ellis J, Goodacre R, Turner SR:
Identification of novel genes in Arabidopsis involved in
secondary cell wall formation using expression profiling and
reverse genetics. Plant Cell 2005, 17:2281-2295.

45. Kubo M, Udagawa M, Nishikubo N, Horiguchi G, Yamaguchi M,
ee Ito J, Mimura T, Fukuda H, Demura T: Transcription switches for
protoxylem and metaxylem vessel formation. Genes Dev 2005,
19:1855-1860.
The authors induce semisynchronous tracheary element formation in
Arabidopsis cell suspension cultures and analyze the global expression
pattern changes by microarrays over a time-course of seven days. They
select two transcription factors expressed early in the time-course for
genetic functional analyses, and demonstrate that overexpression of
these NAC-domain-containing proteins produces protoxylem-like and
metaxylem-like cells in many different cell types of Arabidopsis. Dominant
repression of VND6 and VND7 specifically inhibits protoxylem and
metaxylem formation in roots.

46. Persson S, Wei H, Milne J, Page GP, Somerville CR: Identification
of genes required for cellulose synthesis by regression
analysis of public microarray data sets. Proc Nat/ Acad Sci U S
A 2005, 102:8633-8638.

47. Ko J, Beers EP, Han K: Global comparative transcriptome
analysis identifies gene network regulating secondary xylem
development in Arabidopsis thaliana. Mol Genet Genom 2006,
276:517-531.

www.sciencedirect.com

Current Opinion in Plant Biology 2008, 11:314-320



320 Physiology and metabolism

48. Ehlting J, Mattheus N, Aeschliman DS, Li E, Hamberger B, Cullis IF,
Zhuang J, Kaneda M, Mansfield SD, Samuels L et al.: Global
transcript profiling of primary stems from Arabidopsis thaliana
identifies candidate genes for missing links in lignin
biosynthesis and transcriptional regulators of fiber
differentiation. Plant J 2005, 42:618-640.

49. Mitsuda N, lwase A, Yamamoto H, Yoshida M, Seki M, Shinozaki K,
ee Ohme-Takagi M: NAC transcription factors, NST1 and NST3, are
key regulators of the formation of secondary walls in woody
tissues of Arabidopsis. Plant Cell 2007, 19:270-280.
Two NAC-domain-containing proteins are found to regulate the deposi-
tion of secondary wall thickenings in cells other than protoxylem and
metaxylem. A double mutant of nst7-1 and nst3-1 lacks secondary
thickenings in interfascicular fibers and secondary xylem. Overexpres-
sion of NST3 results in ectopic deposition of cell wall thickenings, as
previously described for overexpression of NST1.

50. Zhong R, Richardso EA, Ye Z: Two NAC domain transcription
factors, SND1 and NST1, function redundantly in regulation of
secondary wall synthesis in fibers of Arabidopsis. Planta 2007,
225:1603-1611.

51. Zhong R, Demura T, Ye Z: SND1, a NAC domain transcription
factor, is a key regulator of secondary wall synthesis in fibers
of Arabidopsis. Plant Cell 2006, 18:3158-3170.

52. Mitsuda N, Seki M, Shinozaki K, Ohme-Takagi M: The NAC
transcription factors NST1 and NST2 of Arabidopsis regulate

secondary wall thickenings and are required for anther
dehiscence. Plant Cell 2005, 17:2993-3006.

53. KoJ, Yang SH, Park AH, Lerouxel O, Han K: ANAC012, a member
of the plant-specific NAC transcription factor family,
negatively regulates xylary fiber development in Arabidopsis
thaliana. Plant J 2007, 50:1035-1048.

54. Yang C, Xu Z, Song J, Conner K, Barrena GV, Wilson ZA:

ee Arabidopsis MYB26/MALE STERILE35 regulates secondary
thickening in the endothecium and is essential for anther
dehiscence. Plant Cell 2007, 19:534-548.

MYB26 is required for secondary wall thickenings in anther endothecium

and overexpression of MYB26 results in ectopic secondary thicken-

ings — a similar phenotype as the overexpression of NST1. MYB26

may regulate expression of NST1 and NST2, and may specify endothecial

cell differentiation, with secondary wall deposition being regulated by the

downstream activities of NST1 and NST2.

55. Lu S, SunY, Shi R, Clark C, Li L, Chiang V: Novel and
mechanical stress-responsive microRNAs in Populus
trichocarpa that are absent from Arabidopsis. Plant Cell 2005,
17:2186-2203.

56. McCann MC, Defernez M, Urbanowicz BR, Tewari JC,
Langewisch T, Olek A, Wells B, Wilson RH, Carpita NC:
Neural network analyses of infrared spectra for
classifying cell wall architectures. Plant Physiol 2007,
143:1314-1326.

Current Opinion in Plant Biology 2008, 11:314-320

www.sciencedirect.com



	Designing the deconstruction of plant cell walls
	Introduction
	Energy grasses and forest crops have distinctive wall architectures
	Imaging features of molecular architectures
	Gaining genetic control of cell wall architecture
	Conclusions and future directions
	Acknowledgements
	References and recommended reading


