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ABSTRACT OF DISSERTATION

MOLECULAR AND CHEMICAL DISSECTION
OF CELLULOSE BIOSYNTHESIS IN PLANTS
Plant cell walls are complex structures that must not only constrain cellular turgor
pressure but also allow for structural modification during the dynamic processes of cell
division and anisotropic expansion. Cell walls are composed of highly glycosylated
proteins and polysaccharides, including pectin, hemicellulose and cellulose. The primary
cell wall polysaccharide is cellulose, a polymer composed of high molecular weight !1,4-glucan chains. Although cellulose is the most abundant biopolymer on Earth, there is
still a lot to learn about its biosynthesis and regulation. This research began by applying
a variety of analytical techniques in an attempt to understand differences in cell wall
composition and cellulose structure within the plant body, between different plant
species and as a result of acclimation by the plant to different environmental conditions.
Next, a number of different Arabidopsis thaliana lines possessing mutations affecting cell
wall biosynthesis were analyzed for changes in cellulose structure (crystallinity) and
biomass saccharification efficiency. One of these mutants, isoxaben resistance1-2 (ixr12), which contains a point mutation in the C-terminal transmembrane region (TMR) of
cellulose synthase 3 (CESA3), exhibited a 34% lower biomass crystallinity index and a
151% improvement in saccharification efficiency relative to that of wild-type. The
culmination of this research began with a chemical screen that identified the molecule
quinoxyphen as a primary cell wall cellulose biosynthesis inhibitor. By forward genetics,
a semi-dominant mutant showing strong resistance to quinoxyphen named aegeus was
identified in A. thaliana and the resistance locus mapped to a point mutation in the TMR
of CESA1. cesa1aegeus occurs in a similar location to that of cesa3ixr1-2, illustrating both
subunit specificity and commonality of resistance locus. These drug resistant CESA
TMR mutants are dwarfed and have aberrant cellulose deposition. High-resolution
synchrotron X-ray diffraction and 13C solid-state nuclear magnetic resonance
spectroscopy analysis of cellulose produced from cesa1aegeus, cesa3ixr1-2 and the double
mutant shows a reduction in cellulose microfibril width and an increase in mobility of the
interior glucan chains of the cellulose microfibril relative to wild-type. These data
demonstrate the importance of the TMR region of CESA1 and CESA3 for the
arrangement of glucan chains into a crystalline cellulose microfibril in primary cell walls.
Keywords: cell wall, cellulose microfibril, cellulose synthase, saccharification efficiency,
crystallinity
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Chapter I*
The synthesis, regulation and modification of lignocellulosic biomass as a
resource for biofuels and bioproducts
Most of the plant biomass is cell wall and therefore represents a renewable carbon
source that could be exploited by humans for bioenergy and bioproducts. A thorough
understanding of the type of cell wall being harvested and the molecules available will be
crucial in developing the most efficient conversion processes. Herein, we review the
structure, function and biosynthesis of lignocellulosic biomass, paying particular attention
to the most important bioresources present in the plant cell wall: cellulose, hemicellulose
and lignin. We also provide an update on key improvements being made to
lignocellulosic biomass with respect to utilization as a second-generation biofuel and as
a resource for bioproducts.
Bioenergy agriculture
Fossil fuel reserves could sustain our current energy needs well into the future (Vispute
et al. 2010); but at what cost? The search for renewable forms of energy that emit less
greenhouse gases relative to fossil fuels is likely to be a major challenge for the next
generation of scientists and engineers. Improved efficiency and a smorgasbord of
renewable ‘green’ technologies offer some light at the end of the tunnel (Lovins 2004).
But on a case-by-case basis, the social and environmental costs associated with
renewable forms of energy must be critically assessed to establish their longevity and
sustainability (Fargione et al. 2008). Moreover, localized limitations for alternative energy
production from low-carbon sources such as photovoltaic solar, wind, geothermal,
biomass and hydroelectric will require the parallel development of various renewable
energy sources. With respect to the subject of this review, the amount of land being
dedicated to bioenergy crops is rapidly growing worldwide (Nass et al. 2007), and
several recent analyses have suggested that the efficiency of bioenergy crops is
*This chapter is a combination of two manuscripts originally published as: Harris
D and DeBolt S (2010) Synthesis, regulation and utilization of lignocellulosic biomass.
Plant Biotechnology Journal 8: 244-262 and Harris D, Petti C, DeBolt S (2011) The
synthesis, regulation and modification of lignocellulosic biomass as a resource for
biofuels and bioproducts. In Advanced Biofuels and Bioproducts (Lee JW, ed), New
York: Springer Science+Business Media, LLC. Copyright permission was granted by the
authors for inclusion in this dissertation.
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overestimated (Fargione et al. 2008; Righelato and Spracklen 2007; Searchinger et al.
2008). Clearing of forested land and competition with food-based agriculture (starch and
sucrose) may in fact enhance emissions from terrestrial carbon pools rather than
sequester atmospheric carbon (Hill et al. 2006; Piñeiro et al. 2009). Hence, a paradigm
shift towards using abandoned agricultural or nutritionally depleted land for the
production of lignocellulosic (non-food) bioenergy crops to produce energy from
cellulose and other cell wall polysaccharides, rather than starch from corn, is gaining
momentum as a sustainable mitigation strategy (Campbell et al. 2008; Vitousek et al.
1995). Low-input bioenergy cropping systems are going to be essential to reduce
impacts from pollution run-off and soil erosion (Tilman et al. 2006). To this end, plant
biotechnology may have an opportunity to link with sustainability science to provide
improved salt tolerance, water and nutrient use efficiency (Apse et al. 1999) and aid in
enhancing the energy density of biomass species and the accessibility to otherwise
recalcitrant cell wall polysaccharides. Herein, the focus is on reviewing the complexity of
the plant cell wall with emphasis on cellulose and ways in which current biotechnology
approaches have attempted to understand and manage its molecular architecture to
improve the efficiency of lignocellulosic biofuel synthesis.
Making biofuel from plant cell walls rather than starch
To understand the process of biofuel production from lignocellulosic biomass, there are
several terms to become familiar with: the term feedstock refers to the biomass crop,
and these are generally warm season C4 perennial grasses, fast growing woody crops
such as willow (Salix spp.) or poplar (Populus spp.) and common garden and agricultural
waste. In the case of perennial grasses, the feedstock is generally allowed to senesce in
the field. The biomass is harvested dry and transported to a cellulosic ethanol refinery
where it is saccharified to turn the cellulose, hemicelluloses (HCs) and pectin into
fermentable sugars. The term saccharification refers to the process of enzymatic
bioconversion of cellulose and other wall polysaccharides into fermentable sugars. With
respect to cell wall polysaccharides, cellulose represents a major source of fermentable
sugars in lignocellulosic biomass and biotechnological applications directed towards the
access to and biosynthetic manipulation and hydrolysis of cellulose have received
significant attention. However, it is important to keep in mind that similar treatment of
other cell wall polysaccharides, primarily the HCs, is relevant and important for the
complete utilization of lignocellulosic biomass in the conversion process to biofuels.
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Moreover, the future of hydrocarbon production from lignocellulosic biomass will shortly
be realized via microbial fermentation, liquid phase catalysis and pyrolysis or gasification
and has been recently reviewed (Regalbuto 2009).
The combined action of three different enzymes is required to effectively convert
cellulose to glucose: endoglucanases, exoglucanases and cellobiases (Nidetzky et al.
1994). However, untreated lignocellulosic biomass is naturally very recalcitrant to
enzymatic hydrolysis, and consequently, a substantial amount of enzyme would be
required for efficient conversion into fermentable sugar directly. The recalcitrant nature
of cellulose is attributed to many factors including the crystallinity of cellulose, accessible
surface area and coating by lignin and HCs (Mosier et al. 2005) (Figure 1.1a, b).
Therefore, prior to saccharification, a feedstock may be pretreated to loosen the
interaction between lignin, cellulose and other wall polysaccharides and to increase the
surface area for enzymes to access cellulose. There are various pretreatment regimes
that can be implemented before subjecting the biomass to cellulolytic enzymes, including
uncatalysed steam explosion, ammonia fibre/freeze explosion, acid- or base-catalysed
hydrolysis and liquid hot water pretreatment (Mosier et al. 2005). Unfortunately, the
current combined costs of hydrolytic enzymes and pretreatment processes reduce the
ideal efficiency of biofuel production from cellulose, making the entire process two to
threefold higher in price than production from maize grain starch (Sticklen 2008). This
above-mentioned process does not include the utilization of lignin for bioenergy, in which
case increasing proportional lignin content of plant biomass will be important. The
chemistry involved in the thermal and chemical deconstruction of specific inter-unit
linkages in lignin, as well as revealing how critical bonds in lignin can be cleaved in lowtemperature oxidative processes, is central to this problem, because some inter-unit
linkages are more readily cleaved, such as the !-O-4 linkage, which is cleaved in the
pulping process (Campbell and Sederoff 1996). Hence, long-term efforts to directly
manipulate the in planta biosynthetic processes via genetic engineering strategies will
become apparent as our understanding of the cell wall biosynthetic process matures.
Key cell wall components and their functional significance
Before we examine the details of cellulose, hemicellulose and lignin biosynthesis we
wish to review some additional classification terms that describe the type of cell wall.
Every plant cell forms a primary cell wall (PCW) early in the cell lifecycle that is

3

Figure 1.1. A schematic representation of the general structure of the plant cell wall
matrix with emphasis on cellulose. (a) A simplified version of the primary cell wall is
shown as a network of cellulose microfibrils (CMs) interlocked and coated by crosslinking hemicelluloses (HCs) which are primarily xyloglucans in Type I walls and
glucuronoarabinoxylans in Type II walls. Together, CMs and HCs are embedded in a
matrix of pectin (Type I) or acidic polysaccharides (Type II) with various levels of
proteins (not shown) that aid in wall structure, assembly and degradation (Vergara and
Carpita 2001). Cellulose is being synthesized at the plasma membrane (PM) by a
symmetrical rosette of six globular cellulose synthase (CESA) protein complexes (Brown
1996; Herth 1983). The CESA rosette incorporates UDP-glucose molecules, present in
the cytosol, into growing !-1,4- linked glucan chains, a total of 36 of which are produced
by a single rosette which then co-crystallize to form a single microfibril (Herth 1983).
Occasionally, the glucan chains are thought to form less ordered regions that structurally
form amorphous zones along the length of the CM, rather than crystalline regions
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(O'Sullivan 1997), which may serve as specific connection points between the crosslinking HCs and the CM (Himmel et al. 2007). The precise architecture of the CESA
rosette complex and the identity of possible proteins with which it interacts at the
cytosolic and extracellular PM surface have yet to be resolved. For this reason, and
because most of the proteins, including the catalytic domains, extend into the cytoplasm,
the CESA complex is depicted as a nebulous, ill-defined structure in the cytosol. HCs
and pectin are shown being delivered, prefabricated, to the cell wall matrix through the
PM via a Golgi secretory vesicle. (b) The secondary cell wall is produced by certain cell
types as part of the maturation process after growth has ceased and consists primarily of
CMs, HCs and lignin. Lignification results in the coating of CMs with anhydrous lignin
polymers that further strengthen the cell wall but also present a major barrier in the
biochemical conversion process to biofuels by blocking access and causing adsorption
of hydrolytic enzymes (Mosier et al. 2005). (c) Cellulose crystallinity is another important
factor contributing to the recalcitrant nature of most lignocellulosic biomass to enzymatic
degradation (Mosier et al. 2005). Genetic modification of various CESA proteins has
been shown to reduce the crystallinity of the lignocellulosic biomass and enhance
enzymatic degradation (Harris et al. 2009). Perhaps this phenomenon occurs through
the creation of more amorphous regions within the CM or by causing a proportional shift
in the volume fraction of the cell wall between the cellulose, HC and lignin fractions.
Here, the glucan chains produced by the different CESA protein are color-coordinated to
match (d). (d) A molecular model of the CESA membrane rosette showing the molecular
configuration of a single rosette subunit (left) and the complete CESA rosette (right).
Each rosette subunit is identical, consisting of one molecule of "1, two molecules of "2
and three molecules of ! type CESA proteins (adapted from Ding and Himmel 2006).
Only three possible types of protein–protein interactions are necessary ("1-!, "2-!, and
!-!) for rosette assembly in the PM or for rosette–rosette interaction to constitute the
array formation seen in the parenchyma cells of maize stem pith (not shown) (adapted
from Ding and Himmel 2006). Figure not to scale.
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continuously produced throughout the period of cell growth. The shape and
morphogenesis of plant cells are defined by the capacity of the PCW to constrain cellular
turgor pressure in a directed and controlled manner thereby permitting anisotropic
expansion during cell growth. All PCWs contain cellulose and a hydrated matrix
consisting of hemicelluloses and pectins, with some structural proteins. Two distinctive
types of PCWs, either Type I or Type II, have traditionally been described within the
angiosperms based on polysaccharide composition (Carpita and Gibeaut 1993).
However, accumulating evidence from other plant species, for example Equisetum,
suggests that PCWs are best described as falling within a continuum rather than into
specific classes. For the sake of general discussion on PCWs, the traditional
classification can be maintained, although keeping in mind that some plant species may
be found at either extreme of a particular range.
In general, Type I PCWs are present in dicots and liliaceous monocots while Type II
PCWs can be found in the Poales (grasses) and related commelinid monocots (Carpita
and Gibeaut 1993). The main defining feature used in describing the differences
between the two wall types is the particular class of hemicelluloses (HCs) found within
these walls. HCs, as will be discussed below, are heterogeneous in nature with multiple
classes represented in different cell types, which is in contrast to cellulose, a
homogenous polymer present in roughly the same configuration in all cell walls. Type I
walls contain mostly the xyloglucan form of HCs embedded in a pectinaceous gel crosslinked to structural proteins (Carpita and Gibeaut 1993). Type II walls contain much less
pectin and fewer proteins and their HCs are primarily glucuronoarabinoxylans (GAXs)
and mixed-linkage (1,3), (1,4)-"-D-glucans embedded in an acidic polysaccharide
network of highly substituted GAXs (Carpita and Gibeaut 1993). In addition, there is an
appearance of cross-linking phenylpropanoid networks associated with HCs through the
GAXs during the maturation of Type II cell walls as growth and cell expansion come to a
halt (Carpita 1986; Scalbert et al. 1985). In either case, the PCW is a complex and
dynamic structure that modulates cell expansion. In addition to PCWs, all plants deposit
a thick secondary cell wall (SCW) around certain cell types after cell growth has ceased
(Figure 1.2). These particular cell types primarily include xylem fibres and vessels in
secondary xylem as well as inter-fascicular fibres and sclerids. The SCW contains
cellulose, HCs predominating as either glucuronoxylans (dicots) or GAXs (grasses) and
lignin with an additional acidic phenylpropanoid network present only in the walls of the
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Figure 1.2. A model for cellulose and lignin after (Brett 2000) showing their location with
respect to the entire cell and the structural formulae for their basic building blocks (for
the most recent overview of lignin biosynthesis see: (Weng et al. 2008). Cellulose, in the
form of microfibrils, is composed of multiple !-1,4 glucan chains produced from cellulose
synthase rosette complexes at the plasma membrane that are shown moving
perpendicular to the direction of cell elongation in the primary cell wall. Cellulose is
generally enriched in the secondary cell wall (SCW) but is also heavily complexed with
lignin throughout the multiple lamellae (S1, S2 and S3) of the SCW (Mellerowicz et al.
2001). Lignin is derived from three precursors: p-coumaryl, coniferyl and sinapyl alcohols
and is a major constituent in all lamellae of the SCW accounting for 15%–25% of the
total plant dry matter in prominent bioenergy feedstock grasses (Stork et al. 2009) but
can be found to lesser extents in certain feedstocks like sorghum or to slightly greater
extents in certain trees (Pauly and Keegstra 2008).
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grasses (McCann and Roberts 1991). The SCW primarily contains cellulose, HCs and
the polyphenolic compound lignin which provides added strength, protection and
hydrophobicity to plant tissues. The SCW is also the primary component of wood cells
found in trees. In typical angiosperm trees such as Populus spp., the SCW consists of
three layers (S1, S2, and S3), which are collectively composed of approximately 45%
cellulose, 25% HCs and 20-25% lignin (Andersson-Gunnerås et al. 2006) (Figure 1.2). In
terms of cell type, over 50% of poplar wood is composed of xylem fibers which in turn
contain most of their mass in the S2 layer of the SCW, thus making this the main area of
focus in attempts to modify wood properties (Mellerowicz and Sundberg 2008). While
most herbaceous plants lack woody tissue, the SCW is generally much thicker and more
energy dense than the PCW in these species. Therefore, an important overall
consideration for crops being used as feedstocks for bioenergy, such as grasses and
fast growing woody corps, is that a majority of their cell wall polysaccharides and lignin
will be bound up in the more recalcitrant SCW tissues.
In general, the cell wall can be likened to a molecular building block of the plant
organism, where surrounding the cells of young plant tissue cellulose provides the
structural support that is linked together by a more flexible polysaccharide matrix of HC
and acidic polysaccharides or pectin which provides the flexibility for expansibility of the
cell (Willats et al. 2001) (Figure 1.1a). In the walls surrounding the cells of more mature
tissues in herbaceous plants or in the trunks and major limbs of trees, cellulose is surrounded by lignin that provides added strength, water resistance and pathogen
protection to the plant (Campbell and Sederoff 1996) (Figure 1.1b). The molecular
capital and energy for making cell wall sugars and polymers is derived from atmospheric
carbon and sunlight via photosynthesis (Farquhar et al. 2001). In fact, highly efficient
carbon-fixing plants, such as the hybrid Miscanthus x giganteus, can convert
approximately 2% of incident solar radiation into biomass (Beale and Long 1995).
Therefore, the use of cell walls as a renewable form of energy is highly attractive
because plants have adapted to proliferate in nearly every biome on the planet (Wright
et al. 2004). What has also become apparent in discussions involving the conversion of
cell wall polysaccharides to biofuels is the heterogeneity of the potential feedstocks used
in the process and how to progress towards a more complete understanding of the
molecular architecture within these different feedstocks. A better understanding of the
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structure and synthesis of the cell wall can facilitate the development of more
sophisticated biotechnological applications for the purposes of wall deconstruction.
Synthesis and regulation of key cell wall biopolymers
Cellulose
As has been noted many times, the distinction given to cellulose as the most abundant
carbohydrate found in plants also makes it the most abundant biopolymer in nature and
an obvious target for bioconversion. In plant cells, cellulose exists in the form of
paracrystalline microfibrils that are made up of multiple, unbranched, parallel glucan
chains, which in turn are composed of (1,4) linked !-D-glucosyl residues that are
alternatively rotated 180° along the polymer axis (Hermans 1949). Plants synthesize
cellulose at the plasma membrane by a symmetrical rosette of six globular protein
complexes, collectively called the cellulose synthase complex (CSC) and totaling 25-30
nm in diameter (Brown 1996). Each lobe of the CSC rosette contains several
structurally similar cellulose synthase (CESA) subunits (Pear et al. 1996; Smith and
Ennos 2003). CESAs are classified within family 2 of glycosyltransferases, which not
only catalyze the addition of many glucose residues to a growing glucan chain
(processive), but also invert each glucose residue to create !-linkages, thus making
cellobiose the repeating unit (Richmond 2000). CESAs polymerize !-1,4-glucan chains
from the activated sugar donor UDP-glucose, which is supplied by either UDP-glucose
pyrophosphorylase or sucrose synthase. Several reports have suggested that sucrose
synthase provides most of the UDP-glucose to CESAs due to the existence of a
membrane bound form of this enzyme that is often highly expressed in tissues actively
producing cellulose (Geisler-Lee et al. 2006) or by its effect on biomass production when
over-expressed (Coleman et al. 2006; Coleman et al. 2009). However, it should be noted
that there has not yet been any evidence to show direct physical association of sucrose
synthase with the CSC and thus both sources of UDP-glucose are likely used. With
regards to polymerization, although there is strong evidence to support the addition of
glucosyl units to the non-reducing end of glucan chains, the molecular mechanism by
which CESA create a !-1,4-glucan chain has not yet been elucidated (Koyama et al.
1997; Lai Kee Him et al. 2002) (Figure 1.1). Bioinformatic analyses have provided
putative substrate binding and catalytic residues, however it is not clear whether glucan
chains are synthesized by the addition of one or two glucosyl units (Richmond 2000).
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The predicted CESA topology suggests the existence of 8 transmembrane helicies that
anchor the protein in the plasma membrane. This even number of helices means that
the N-terminal and C-terminal ends of the protein should reside on the same side of the
plasma membrane. Current models have placed both termini on the cytoplasmic side of
the membrane, which also allows for a cytoplasmic location for the putative substrate
binding and catalytic sites. One of the hypothetical three-dimensional CESA structures
suggests that the 8 transmembrane helicies form a pore in the plasma membrane
through which the growing glucan chain passes to reach the cell wall (Delmer 1999).
Although there is still no reported crystal structure of a plant CESA, a clearer picture of
how the glucan chain is transported to the cell wall is now emerging. The recent
structure determination of subunit D in the CSC of Gluconacetobacter xylinus (AxCeSD)
in complex with a short glucan (cellopentaose), suggested that glucan chains are indeed
extruded through the PM via a distinct pore (Hu et al. 2010). This study in a bacterial
system bolsters the idea that the protein transmembrane helicies define the membrane
pore, and in the case of plant CESAs this would include the 8 transmembrane helicies,
which would therefore facilitate glucan chain extrusion. Current models of the CSC
propose that each of the six protein complexes may synthesize six glucan chains, each
glucan chain presumably synthesized by a single CESA protein, thus a total of 36 glucan
chains are produced by a single rosette which then co-crystallize to form one microfibril
(Ding and Himmel 2006; Doblin et al. 2002; Scheible et al. 2001) (Figure 1.1). The
length of individual glucan chains varies depending on the cell type and plant species
examined, but in general can be from 1000-8000 (PCW) to as much as 16000 (SCW)
glucose molecules in length (Triplett and Timpa 1995). The formation of the crystalline
structure of cellulose is highly dependent upon the hydrogen bonding of three hydroxyl
groups that are present on each glucosyl residue (Nishiyama et al. 2002; Nishiyama et
al. 2003). Most naturally occurring cellulose is referred to as cellulose I and maintains
two co-existing phases, cellulose I" (triclinic unit cell) and cellulose I! (monoclinic unit
cell). Terrestrial plants contain a higher proportion of cellulose I! that primarily composes
the more crystalline inner chains of the microfibril core, while both forms of cellulose
compose the chains in the surrounding paracrystalline sheath (Qian et al. 2005;
#turcová et al. 2004). The cellulose microfibril also contains intermittent regions of less
ordered glucan chains that structurally create amorphous zones along the microfibril
(O'Sullivan 1997). The mechanism by which amorphous zones form is unclear other
than possibly by the random exclusion of portions of glucan chains during the assembly
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(crystallization) process. With regards to the mechanism by which glucan chains
assemble, the sequence of amino acids that define the pore in the bacterial subunit D
appear crucial for creating the proper environment for glucan chain passage (Hu et al.
2010). It has been speculated that an analogous pore structure, if present in plant
CESA, may be responsible for correctly orienting the glucan chain to ensure proper
hydrogen bonding to adjacent chains once it emerges from the CESA and into the cell
wall environment (Harris et al. 2009). If this idea is correct, mutations within the
transmembrane helicies of plant CESAs could affect the threading of the glucan chain
through the membrane pore and could ultimately influence microfibril crystallization.
Functionally, these amorphous zones along the microfibril are hypothesized to serve as
attachment points for HCs that cross-link one microfibril to another and help strengthen
the cell wall (Himmel et al. 2007). Importantly, both the degree of polymerization (glucan
chain length) and degree of crystallization (inter- and intra- chain hydrogen bonding) are
two intrinsic properties of cellulose that have some effect on its enzymatic hydrolysis
(Mansfield et al. 1999).
In the model plant Arabidopsis thaliana, 10 genes (CESA1-10) have been identified that
code for the CESA proteins (Richmond 2000). Biochemical and genetic evidence
suggests that three CESA genes, CESA4, -7 and -8 directly interact and are necessary
for cellulose deposition during SCW formation (Taylor et al. 2003; Turner and Somerville
1997). Similar evidence suggests that essential members of the PCW CSC include
CESA1, -3, and a small family of CESA6-related proteins providing the third component
that vary temporally and spatially (Persson et al. 2007). Spatiotemporal regulation of
CESA genes has recently been uncovered, with CESA9 implicated in forming the
secondary cell wall in epidermal testa cells of the A. thaliana seed coat (Segal et al.
1959). A similar set of CESA genes have been identified in the genomes of many higher
plants including 10 genes in (Tanaka et al. 2003), 12 genes in maize (Appenzeller et al.
2004; Holland et al. 2000), 18 genes in poplar (Djerbi et al. 2005; Joshi et al. 2004), and
8 genes in barley (Burton et al. 2004) (see Table 1.1 for a complete list of mutations in A.
thaliana CESA genes).
Regulation of CESA activity
The fundamental mechanisms underlying the assembly, activation, guidance and
termination of the CESA rosette remain unclear. There is evidence to suggest that CESA
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rosette assembly initially occurs in the endoplasmic reticulum, and the complex then
moves to the cisternae and vesicles of the Golgi where it is eventually supplied to the
PM via the trans-Golgi network (Gardiner et al. 2003; Haigler and Brown 1986). In
addition, there is also evidence suggesting that rosette assembly may occur by the
homo- and heterodimerization of CESA proteins through redox-regulated disulphide
bond formation between some of the cysteine residues within their N-terminal zincbinding domain (RING-motif) present in all CESA proteins (Kurek et al. 2002). However,
recent evidence has emerged regarding the interaction between SCW CESA proteins
suggesting that this RING-motif is not essential for CESA interaction, but may instead
enhance the interaction between CESA proteins in conjunction with non-covalent intermolecular interactions and may also play a role in recruitment of other unknown
interacting factors (Atanassov et al. 2009; Timmers et al. 2009). Furthermore, convincing
evidence has been presented that many enzymes involved in cell wall polysaccharide
biosynthesis, including CESA proteins, reside in lipid rafts (Niklas and Cobb 2008).
Further research is needed to deduce how the sterol- /sphingolipid-rich lipid rafts support
CESA, and whether they have a role in organizing the CESA complex in the PM-cell wall
continuum.
Recently, CSI1 (cellulose synthase-interactive protein 1) was identified in A. thaliana as
the first protein, other than the CESA proteins, to interact with the CSC in higher plants
(Gu et al. 2010). However, a number of other proteins have been implicated in the
overall process of cellulose synthesis by genetic approaches (Fagard et al. 2000; Mouille
et al. 2003; Scheible and Pauly 2004; Taylor et al. 2004; Williamson et al. 2001). These
include korrigan (kor) a membrane bound !-1,4-endoglucanase (Nicol et al. 1998; Sato
et al. 2001; Szyjanowicz et al. 2004; Zuo et al. 2000), cobra (cob) a glycosylphosphatidyl-inositol anchored protein of unknown function (Roudier et al. 2005;
Schindelman et al. 2001), kobito/elongation defective 1 (kob/eld1) a novel plant specific
membrane protein of unknown function (Brocard-Gifford et al. 2004; Lertpiriyapong and
Sung 2003; Pagant et al. 2002), a katanin-like protein (Bouquin et al. 2003; Burk et al.
2001; Webb et al. 2002) and ectopic lignin in pith (elp1), a basic chitinase-like protein
(Zhong et al. 2002b). In addition, research has shown that a reduction in expression of
certain members of the receptor-like serine/threonine protein kinases (RLKs), specifically
members of the wall-associated kinases (WAKs), leads to a loss of cell expansion and a
dwarf phenotype (Lally et al. 2001; Wagner and Kohorn 2001). WAKS contain
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extracellular domains that can be linked to pectin molecules in the cell wall, in addition to
a transmembrane-spanning domain that crosses the PM and an intracellular kinase
domain (He et al. 1996; Verica and He 2002). It has been shown that a single wak2
mutation exhibits a dependence on sugars and salts for seedling growth (Kohorn et al.
2006). This mutation also reduces the expression and activity of vacuolar invertase,
often a key factor in turgor and expansion (Kohorn et al. 2006). WAKs may thus provide
a molecular mechanism linking cell wall sensing (via pectin attachment) to regulation of
solute metabolism, which in turn is known to be involved in the turgor maintenance of
growing cells. An RLK in a separate family from the WAK proteins, but believed to act as
a cell wall sensor, is THESEUS1, which has been show to attenuate, but not completely
rescue, the shortened hypocotyl phenotype of the CESA6 null mutant procuste (Hématy
et al. 2007). Gene expression studies have revealed that CESA proteins are expressed
spatially and temporally throughout plant development (Scheible et al. 2001), and
particular CESA subunits are expressed in similar spatial and temporal patterns (Brown
et al. 2005; Persson et al. 2005).
Transcription factors may play an important role in PCW and SCW biogenesis as
evidenced by the vascular-related NAM, ATAF1/2, and Cuc2 (NAC)-domain (VND)6 and
VND7 containing plant-specific transcription factors that have been shown to regulate
the differentiation of tracheary elements (Kubo et al. 2005). Specifically, these authors
show that overexpression of VND6 and VND7 can induce transdifferentiation of various
cells into metaxylem- and protoxylem-like vessel elements in A. thaliana and poplar,
respectively. Additional plant-specific transcription factors, designated NAC secondary
wall-thickening promoting factors (NST), are responsible for secondary wall thickenings
in cells other than the xylem vessels (Mitsuda et al. 2007). It has been shown that NST1
and NST2 act redundantly in secondary wall thickenings of the anther endothecium
(Mitsuda et al. 2005), and that NST1 and NST3 provide a similar redundant regulation of
secondary wall thickening in inter-fascicular fibres and secondary xylem (Mitsuda et al.
2007; Zhong et al. 2007b). Two members of the myeloblostosis (MYB) transcription
factor family, MYB26 and MYB46, can also regulate secondary wall biosynthesis by
either regulating the expression of NST1 and NST2 and thus control cell wall thickening
in the anther endothecium or by serving as the direct target of NST3 and control cell wall
thickening in fibres, respectively (Yang et al. 2007; Zhong et al. 2007a). Collectively,
these proteins can be viewed as important transcriptional switches that turn on the
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Table 1.1 Cellulose synthase (CESA) mutations in Arabidopsis thaliana and their source. Adapted from Daras et al. 2009.
Gene ID
At4g32410

CESA2

At4g39350

CESA3

At5g44030

CESA4

At5g44030

CESA5
CESA6

At5g64740
At5g64740
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Protein
CESA1

Allele
rsw1-1
rsw1-2
rsw1-10
rsw1-20
rsw1-45
ags1-2
cesa1
cesa2
cesa2
ixr1-1
ixr1-2
cev1
eli1-1
eli1-2
rsw5
than
repp3
cesa3
irx5-1
irx5-2
irx5-3
cesa5
ixr2
prc1-1
cesa6

Mutation
A549V
G631S
T-DNA
D780N
E779K
A903V
T-DNA
Ds
T-DNA

Phenotype
Cell Wall
Root swelling, stunted growth (heat, temperature sensitive)
Primary
Lethality
Root swelling, stunted growth
Swollen root, abnormal dark morph., reduced root and hypocoty growth
Swollen root, abnormal dark morph., reduced root and hypocoty growth
Semidominant resistance to quinoxyphen, mild growth phenotype
Gametophytic lethality, deformed and sterile pollen grains
MT orientation, abnormal cell expansion, leaf cell wall defects Primary
Short etiolated hypocotyl

Reference
Arioli T et al. 1998
Gillmor et al. 2002
Fagard et al. 2000
Beeckman et al. 2002
Beeckman et al. 2002
DeBolt unpublished
Persson et al. 2007
Chu et al. 2007
Desprez et al. 2007;
Persson et al. 2007
G998D
Semidominant resistance to isoxaben
Primary
Scheible et al. 2001
T942I
Semidominant resistance to isoxaben, mild growth phenotype
Scheible et al. 2001
G617E
Stunted root growth, induction of defense responses
Ellis et al. 2002
S301F
Swollen root and hypocotyl, stunted growth, induction of defense response Caño-Delgado et al. 2003
A522V
Swollen root and hypocotyl, stunted growth, induction of defense response Caño-Delgado et al. 2003
P1056S Root swelling, stunted growth at permis. temperature
Wang et al. 2006
P578S
Root swelling, stunted growth at permis. temperature, semidom., lethality
Daras et al. 2009
P578L
Shorten, swollen root, short etiolate hypocotyl in PIN2::PIN1-HA;pin2 bkgd Feraru et al. 2011
T-DNA
Gametophytic lethality, deformed and sterile pollen grains
Persson et al. 2007
Ds
Irregular xylem vessels
Secondary
Taylor et al. 2003
W995Stop Irregular xylem vessels
Taylor et al. 2003
Q263Stop Irregular xylem vessels
Taylor et al. 2003
T-DNA
Reduced mucilage deposition on seed coat
Primary
R1064W Semidominant resistance to isoxaben
Primary
Q720Stop Swollen and stunted roots and dark-grown hypocotyls, many alleles
Root hair phenotype
T-DNA
Subtle growth phenotypes

DeBolt unpublished
Desprez et al. 2002
Fagard et al. 2000
Singh et al. 2008
Persson et al. 2007

Continued on the following page.

CESA7

At5g17420

irx3
fra5
mur10-1
mur10-2

W859Stop Collapsed xylem, weak stem
Secondary
P557T
Fragile fibers, weak stem, extremely thin fiber walls, semidominant
W444Stop Reduction in growth and dark-green coloration of aerial parts
H734Y
Reduction in growth and dark-green coloration of aerial parts

Taylor et al. 1999
Zhong et al. 2003
Bosca et al. 2006
Bosca et al. 2006

CESA8

At4g18780

irx1-1
irx1-2
fra6
lew2-1
lew2-2

D683N
Weak stem, collapsed xylem vessels
S679L
Weak stem, collapsed xylem vessels
R362K
Reduced fiber wall thickness
W217Stop Tolerant to osmotic stress, more severe than irx1
L792F
Tolerant to osmotic stress, more severe than irx1

Taylor et al. 2000
Taylor et al. 2000
Zhong et al. 2003
Chen et al. 2005
Chen et al. 2005

CESA9

At2g21770

cesa9

T-DNA

Depleted secondary cell wall seed coat testa cells

Secondary

Primary/Secondary Stork et al. 2010
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developmental program of secondary wall biosynthesis during the development of fibres,
vessels and anther endothecium (Zhong and Ye 2007). Interestingly, it has been shown
that under appropriate growth conditions, hypocotyls of A. thaliana had a very similar
structure to secondary xylem (wood) (Chaffey et al. 2002). There was complete
suppression of secondary wall formation in the secondary xylem (except for the xylem
vessels) of the hypocotyls in the nst1-1/nst3-1 double knockout mutants of A. thaliana
(Mitsuda et al. 2007). In addition, there are putative homologues of NST1 and NST3 in
the genome of poplar, suggesting that a common mechanism for the control of wood
formation exists in herbaceous and woody plants, and that NSTs may play an important
role in secondary wall synthesis during wood formation. Taking into consideration the
fact that fibres are the most abundant secondary wall-containing cell type in dicot wood,
the identification of these genes could provide important tools for the genetic
manipulation of wood quality and production in the feedstocks of biofuels. But even
further levels of transcriptional regulation are likely; this was recently determined by
(Held et al. 2008), who showed that small interfering RNAs (siRNA) targeted a region of
CESA and were up-regulated during the spatio-temporal phase of cell elongation in
barley (Hordeum vulgare). This exploration of cis-antisense pairs offered a snapshot of a
precise regulatory system for cell wall biosynthesis that initiates from regulated silencing
of CESA genes and not from the CESA-like (CSL) genes. Deeper mining of the siRNA
pool and exploration of trans-antisense transcripts may also identify further CESA
regulation by siRNA.
Another intriguing aspect of cellulose biosynthesis regulation surrounds the half-life of
rosette complexes in the PM, which has been shown to be <30 min, at least for SCW
CESA complexes, suggesting a turnover rate far higher than that of the average
membrane protein (Jacob-Wilk et al. 2006). This evidence is consistent with the
observation made by (Paredez et al. 2006) showing PCW CESA6 particles linked to
yellow fluorescent protein (YFP::CESA6), appearing at the PM and moving almost
immediately (within a minute) after arrival and continuing at a constant rate in the PM for
at least 15 min. To better understand the regulation of cellulose synthesis, further study
will be needed on the mechanisms involved in rosette assembly, rates of glucan chain
synthesis and reasons for rapid turnover in both PCW and SCW rosette complexes. It is
plausible that post-translational modifications play an active role in many of these
processes (Nühse et al. 2004). One hypothesis is that CESA protein turnover is
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Table 1.2 Additional mutations and genes in Arabidopsis thaliana implicated in cellulose biosynthesis.
Protein
CSI1
CTL1

17

Gene ID
Allele Mutation Phenotype
Cell Wall
At2g22125 csi1
T-DNA
Swollen root, etiolate hypocotyl, small aerial orgs, 6 alleles Primary
At1g05850 elp1
W181Stp Swollen root, etiolate hypocotyl, stunted, more root hairs
Primary
pom1 T-DNA
Shorten swollen root under high sucrose conds., many alleles
KOBITO
At3g08550 kob1-1 T-DNA
Swollen root, etiolate hypocotyl, stunted, sterile
Primary
kob1-2
G2795A*
Swollen root, etiolate hypocotyl, stunted, sterile
eld1-1 W426Stp Shortened root, hypocotyl, severely stunted, sterile, lethality in soil
eld1-2 T-DNA
Shortened root, hypocotyl, severely stunted, sterile, lethality in soil
abi8
5 bp del Shortened root, severely stunted growth, male sterile
KORRIGAN At5g49720 kor1-1 T-DNA
Reduced hypocotyl and root, mild growth phenotype
Primary
kor1-2 T-DNA
Reduced hypocotyl and root, strong growth phenotype
irx2-1 P250L
Collapsed xylem
Secondary
irx2-2 P553L
Collapsed xylem
rsw2-1 G429R
Reduced hypocotyl and root (heat, temperature sensitive) Primary
rsw2-3 S183N
Reduced hypocotyl and root (heat, temperature sensitive)
rsw2-4 G344R
Reduced hypocotyl and root (heat, temperature sensitive)
COBRA
At5g60920 cob-1 G167R
Reduced hypocotyl, swol. root (sucrose sens.), idem cob-2 Primary
cob-3 W55R
Reduced hypocotyl, swollen root (sucrose sens.)
cob-4 T-DNA
Severely reduced hypocotyl, swol. root, aerial org. (sucrose sens.)
KINESINAt5g47820 fra1
84 bp del Fragile fiber, stunt. inflores. stem, idem fra1-2, fra1-3 Primary/Second.
LIKE
fra1-4 99 bp inst. Fragile fiber, stunted inflorescence stem
KATANIN1- At1g80350 fra2
1 bp del Fragile fiber, stunt. Inflores. stem and aerial orgs.
Primary/Second.
p60
bot1 EMS/T-DNA Shorten hypocotyl, root, stem and aerial orgs., many alleles
erh3-1 H353Y
Short, swollen, hairy roots
Primary
erh3-2 G274R
Severely short, swollen, hairy roots
erh3-3 A406V
Short, swollen, hairy roots
lue1
NS394
Decreased stem elongation in response to GA, impaired apical hook
THESEUS1 At5g54380 the1-1 G37D
Partially restores hypocotyl elongation in prc1-1
Primary
the1-2 E150K
Partially restores hypocotyl elongation in prc1-1
the1-3 T-DNA
Partially restores hypocotyl elongation in prc1-8
WAK2
At1g21270 wak2 cTAP**
Severely stunted inflorescence stem and aerial organs
Primary

Reference
Gu et al. 2010
Zhong et al. 2002
Hauser and Benfey 1993
Pagant et al. 2002
Pagant et al. 2002
Lertpiriyapong & Sung 2003
Lertpiriyapong & Sung 2003
Brocard-Gifford et al. 2004
Nicol et al. 1998
Zuo et al. 2000
Szyjanowicz et al. 2004
Szyjanowicz et al. 2004
Lane et al. 2001
Lane et al. 2001
Lane et al. 2001
Schindelman et al. 2001
Schindelman et al. 2001
Roudier et al. 2005
Zhong et al. 2002
Zhong et al. 2002
Burk et al. 2001
Bichet et al. 2001
Webb et al. 2002
Webb et al. 2002
Webb et al. 2002
Bouquin et al. 2002
Hématy et al. 2007
Hématy et al. 2007
Hématy et al. 2007
Kohorn et al. 2009

*Nucleotide representing mutation at the splice acceptor site of the third intron resulting in a truncated protein
**Dominant negative allele created by the fusion of a tandem affinity tag (TAP 32) on the C-terminus of WAK2

regulated through phosphorylation, by which phosphorylated proteins become targets for
proteolytic degradation (Nühse et al. 2004; Taylor 2007). Data supporting this thesis
showed that CESA7 is phosphorylated in vivo on two serine residues within the hypervariable region of the protein, between the two putative catalytic domains (Taylor 2007).
This data also show that phosphorylation of CESA7 leads to its degradation via a
proteosome-dependent pathway, suggesting a mechanism for the regulation of the
relative levels of individual CESA proteins that are active in a rosette complex (Taylor
2007). Interestingly, another study analysing the turnover rate of just the CESA zincbinding domain concluded that this domain, taken from a SCW CESA in cotton, was
primarily susceptible to a cysteine protease and not the ubiquitin/proteosome pathway
(Jacob-Wilk et al. 2006). This study combined with the data showing that dimerization of
CESAs in the Golgi and degradation at the PM may be controlled by the redox state of
the zinc-binding domain within the CESA, shows that there may be multiple mechanisms
to control CESA turnover (Kurek et al. 2002). The YFP::CESA6 particles visualized in
confocal microscopy images are also observed to disappear from the PM, suggesting
the simultaneous turnover of the entire rosette complex and thus a further level of
regulation that terminates CESA activity. It is possible that CESA deactivation/activation
is regulated by PM-localized kinases and phosphatses, such as has been shown for
chitin synthase, which is activated at the PM after travelling from the Golgi (Valdivia and
Schekman 2003). A further question that remains unclear is whether a CESA rosette is
completely endocytosed after making a microfibril or whether they remain labile, and/or
await reactivation in or around the PM? Understanding the mechanism by which plants
regulate the turnover of CESAs and other proteins involved in cellulose synthesis may
lead to the manipulation of this process and the ability to increase cellulose production.
(See Table 1.2 for a complete list of genes associated with cellulose biosynthesis in A.
thaliana).
Feedback between CESA and the cortical microtubule array
The orientation in which the cell lays down CMs is central to cell shape and
morphogenesis. The guidance model for movement of CESA proteins suggests that
CESA complex directionality is guided by the orientation of the underlying microtubules
(Delmer and Amor 1995; Hepler and Newcomb 1964). The ability to detect CESA
complexes in live cells allowed for assay of cellulose biosynthesis at the level of
individual CESA complexes in single cells and was successful in demonstrating the
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coordination of CESA with cortical microtubules (Paredez et al. 2006) (Figure 1.3).
These tools were applied to resolving the alignment hypothesis of cellulose deposition
and exactly what role microtubules play in dictating the trajectory of CESA rosettes as
they lay down newly formed CMs. YFP::CESA6 proteins are visible as a series of
discreet particles at the PM that co-localize with and move along linear paths coincident
with underlying cortical microtubules (Paredez et al. 2006). If a dark-grown A. thaliana
seedling expressing a microtubule marker (e.g. tubulin alpha-5 (TUA5::YFP) (Shaw et al.
2003) is exposed to light, then the cortical microtubule array will reorient from transverse
to longitudinal. This rapid reorientation of the microtubule array in response to light also
mimics the reorganization of the CESA array (Paredez et al. 2006). Although Paredez et
al. show compelling evidence for a strong functional association between the CESA
complex and cortical microtubules, their results also show that in the absence of cortical
microtubules, the movement of CESA complexes does not appear to be random. Further
analysis of the trajectory and rate of movement showed that CESA complexes move at
exactly the same velocity regardless of the presence of microtubules (DeBolt et al.
2007a). This phenomenon may result from an intrinsic capacity of CESA rosettes to selforganize, or there is an additional intrinsic factor other than cortical microtubules that
promotes CESA rosette organization. These observations are supported by previous
studies which show that CMs were continually deposited transverse to the long axis of
the root even after prolonged disruption of cortical microtubule arrays and additionally
even when the transverse template of previously synthesized microfibrils was also
perturbed (Himmelspach et al. 2003; Sugimoto et al. 2003). Until recently, analysis of the
interaction between SCW CESA complexes and microtubules was unclear. A YFP::IRX3
(IRREGULAR XYLEM 3) fusion was used to observe the coordinate dynamics of SCW
CESA motility coincident with a transverse banding pattern of microtubules (Wightman et
al. 2009; Wightman and Turner 2008). These studies also revealed a subcellular
compart- ment labelled with CESA cargo that appears to localize preferentially to
microtubules, but it is unclear whether this compartment is secretory or endocytic in
nature.
While these live-cell imaging results support the microtubule alignment hypothesis for
cellulose deposition, the relationship between cytoskeletal organization, cell wall
biosynthesis and cell morphogenesis remains a highly complex problem with many
unanswered questions. Two recent molecular genetic studies have made further inroads
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Figure 1.3. The dynamic cellulose array visualized using a functional YFP::cellulose
synthase (CESA)6 translational fusion protein via laser confocal microscopy. (a) Shows
the plasma membrane (PM) labelled with FM4-64 dye and CESA proteins labelled with
green in a transverse oriented array. The inset (top, left) reveals YFP::CESA6 coincident with the FM4-64-labelled PM (DeBolt S., unpublished data). (b) The effect of the
herbicide dichlorobenzonitrile on complexes in a time average of 61 frames shows that
the CESA particle movement is arrested (DeBolt et al. 2007b), compared with (a, left)
representing the transverse YFP::CESA6 array of a dark-grown seedling in the upper
hypocotyl using a time average of 61 frames and (c) shows a YFP::CESA6 particle
(green) tracking along a cortical microtubule (CFP::TUA5-6) (red). The image also
shows a series of distinct YFP::CESA6-labelled complexes, being the membrane
complex, the Golgi stacks and an additional secretory compartment (CESA6-SC), which
has recently been described as facilitating the delivery of CESA cargo to the PM
(Gutierrez et al. 2009).
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into these problems; first (Paredez et al. 2008) have shown that feedback between
microtubules and CESA goes both ways. Specifically, chemical inhibition of cellulose
biosynthesis causes rapid changes in the dynamics of the microtubule array, providing
evidence for a negative feedback loop. These authors discovered altered microtubule
array dynamics in a genetic background where both korrigan and procuste were ablated.
Hence, it was evident that negative feedback between the health of CESA and the
microtubule array exists establishing an exciting area for further study. Secondly, many
models have proposed a molecular link between the cortical microtubules and CESA
(DeBolt et al. 2007a; Paredez et al. 2008). Discovery of a novel microtubule-associated
protein in hybrid poplar (Populus tremula L. x tremuloides) named MAP20, which is
inhibited by the cellulose synthesis inhibitor dichlorobenzonitrile (DCB) (Rajangam et al.
2008), provides the first tangible link and evidence for a biochemical intermediatedictated CESA interaction with microtubules. DCB has been shown to inhibit cellulose
biosynthesis by stopping the movement of CESA complexes and causing an increased
number of complexes to build up and produce amorphous cellulose at the PM (Bowling
and Brown 2008; DeBolt et al. 2007b; Herth 1983). Rajangam et al. (2008) found that
DCB specifically bound to MAP20 and when fluorescently tagged MAP20::YFP was
localized to the cortical microtubules. Hence, if in fact MAP20 is the sole targeted
element for DCB, then it plays an intriguing role in cell morphogenesis and will be an
exciting protein for further study. MAP20 gene expression was highly spatially and
temporally co-expressed with the SCW CESA genes (Rajangam et al. 2008), beckoning
the question of whether distinct MAP20 paralogues confer function in PCW versus SCW
cellulose biosynthesis.
Hemicellulose
Plant cell walls also contain a heterogeneous group of polysaccharides termed the
hemicelluloses (HCs) that make up 20-40% of total wall carbohydrates. Depending on
the plant species, HCs may contain the pentose sugars !-D-xylose and "-L-arabinose;
the hexoses !-D-mannose, !-D-glucose and !-D-galactose and/or the uronic acids "-Dglucuronic, "-D-4-O-methylgalacturonic and "-D-galacturonic acids. The assumed role
of HCs in the cell wall is to interact with other polymers to ensure the proper physical
properties of the wall. This interaction is most important with regards to the coating and
tethering of cellulose microfibrils, which aids greatly in strengthening the cell wall. Of all
the HCs identified, the synthesis of mannans are best understood and characterized
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(Liepman et al. 2007). However, the only mannans present in the vegetative tissue of
plants at any significant amount are the galactoglucomannans (GGMs) found in the
SCW of the softwood angiosperms species such as conifer, with most mannans found
as storage carbohydrates in the seeds of many plants (Gírio et al. 2010). The structure
and synthesis of xyloglucans are perhaps the next most characterized HC, while present
in the PCWs of most plants (as much as 25% in dicots), their minor presence in the
SCW makes them less valuable as a source for bioenegy or biochemicals. It is the
xylans that are the most abundant HCs, representing the major HC component of SCWs
in the hardwoods and grasses (20-30% of total biomass) (Scheller and Ulvskov 2010)
(Figure 1.1). Although the xylans are a diverse group of polysaccharides, one common
feature is a backbone of (1,4) linked !-xylose residues (Scheller and Ulvskov 2010). The
two sub-groups of xylans most prominent within the cell walls of bioenergy feedstocks
include the glucuronoarabinoxylans (GAXs) and the glucuronoxylans (GXs) (Ebrigenova
2006). The GAXs make up most of the HCs in the lignified tissues of grasses and
cereals with di-substituted arabinofuranosyl residues on the xylopyranan backbone. The
GXs represent the main HC component of the SCW in hardwoods and are linear
polymers with substitution in position 2 by "-D-glucuronic acid (GA) and/or its O-4methyl-derivative (MeGA). Therefore, because xylans are the major HC component of
the SCW, their biosynthesis will be detailed further.
In general, plants synthesize HCs quite differently to that of cellulose, forming these
polymers in the Golgi apparatus and then secreting them via Golgi vesicles across the
plasma membrane and into the cell wall. The HC biosynthetic pathway is currently only
partially resolved thereby the feasibility of altering their content in the cell walls is still
limited. It still seems wide open how secretion is influenced by the cytoskeleton and
localized membrane lipid environments. With respect to xylans biosynthesis, the
pathway leading to UDP-xylose synthesis has been the object of numerous studies
(Seifert 2004) UDP-xylose is formed from the decarboxylation of its immediate
precursor, UDP-glucuronic acid (Harper and Bar-Peled 2002), however there are two
known pathways that lead to UDP-glucuronic acid synthesis. The pathway generally
considered the most important is the conversion of UDP-glucose into UDP-glucuronic
acid by UDP-glucose dehydrogenase, which accounts for approximately 50% of the
UDP-glucuronic acid pool (Pieslinger et al. 2010). The second pathway, known as myoinositol oxygenation, involves the conversion of myo-inositol into glucuronic acid, which
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is subsequently converted, through an intermediate step, into UDP-glucuronic acid. The
intermediate step is catalysed by a glucuronokinase which has been recently
characterised and the myo-inositol pathway fully elucidated (Pieslinger et al. 2010).
The structure of GXs suggests that various glycosyltransferases (GTs) are required for
the genesis of the GX-backbone and backbone substitution. As many as 25 GTs were
shown to be expressed during SCW synthesis in poplar and the FRAGILE FIBER8
(FRA8) implicated in normal xylem fiber development (Zhong et al. 2005). In addition,
IRREGULAR XYLEM8 (IRX8) and IRREGULAR XYLEM9 (IRX9) are A. thaliana
homologs to three GTs from poplar expressed during SCW synthesis. A recent study
showed that IRX8 and IRX9 are primarily expressed during fiber cell wall thickening and
that they are targeted to the Golgi where GX biosynthesis occurs (Peña et al. 2007).
Single and double mutant analysis showed that the irx8/irx9 double had a reduction of
GX content in the inflorescence stems, IRX9 is essential for the normal elongation of GX
chains and that FRA8 and IRX8 are needed for the formation of the characteristic
glycosyl sequence 1 (!-D-Xyl-(1-3)-"-L-Rha-(1-2)-"-D-GalA-(1-4)-D-Xyl-repeated 4
times) at the reducing end of GX as well as for a normal amount of GX chains (Peña et
al. 2007). The glycosyl sequence 1 was shown to be a primer for GX synthesis and the
backbone is extended by adding xylose to the non-reducing end of the growing
polysaccharide chain (Peña et al. 2007). A mutation in the gene PARVUS leads to an
almost complete disappearance of the glycosyl sequence 1 and it has been suggested
that PARVUS is involved in the first transfer of the reducing xylose residue of the
tetrameric sequence 1 to an unknown acceptor at the ER (Lee et al. 2007). In another
recent study, a close homolog of the FRA8 gene, the F8H gene, was shown to have
complete functional redundancy with FRA8, with no phenotypical alteration of the SCW
thickening in the F8H knockout, while the fra8/f8h double mutant showed severe growth
retardation and failure to bolt (Lee et al. 2009). Two closely related genes, IRX10 and
IRX10-L, were recently characterised as being important for cell wall thickening and
shown to have functional relevance in GX backbone elongation (Wu et al. 2009). The
single mutants showed no significant differences from the wild-type, however the double
mutant was severely affected in size and cell wall thickening. The close relationship
between these proteins suggested a partial redundancy that was shown by
complementation studies. However, depending on which was the mutant acting as
pollen donor or pollen receptor, in the generation of the double mutant, rescue was not
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bi-directionally equivalent. IRX10 was more efficient at rescuing thereby indicating
greater functional importance than IRX10-L and demonstrating a lack of complete
redundancy (Wu et al. 2009). Further investigation of gene duplication in the GA
pathway brought to evidence IRX9-L and IRX14-L, which acted as partially redundant to
their similar counterpart IRX9 and IRX14 (Wu et al. 2010). The only single mutant that
showed stunted growth was irx9, whereas none of the irx9-L1, irx9-L2 or irx14 or irx14-L
has a recognizable phenotype. On the contrary, gene-paired-double mutants showed a
severe stunted phenotype and very little, if any, SCW formation (Wu et al. 2010).
Functional complementation studies showed that each pair of genes acted
interchangeably and that they were all involved in xylan backbone elongation. However,
when irx9 was complemented by IRX10 or IRX14 and vice versa for each possible
combination, rescue was not possible and the wild-type phenotype was not restored
thereby clearly indicating that IRX9, IRX10 and IRX14 are not interchangeable (Wu et al.
2010). Despite the recent isolation of several mutants with reduced backbone, the
mechanisms of GX synthesis and substitution is still unclear. Recently two Golgilocalized putative glycosyltransferases, GlucUronic acid substitution of Xylan (GUX)-1
and GUX2 that are required for the addition of both GA and MeGA branches to GX in A.
thaliana stem cell walls were identified (Weimer et al. 1995). The gux1/gux2 double
mutants showed loss of xylan glucuronyltransferase activity and lacked almost all
detectable xylan substitution, but showed no change in xylan backbone quantity,
indicating backbone synthesis and substitution can be uncoupled. More importantly,
although the weakened stems did not show collapsed xylem vessels thus allowing the
plants to grow to normal size, the xylans from these plants were more readily extracted,
were composed of a single monosaccharide, and required fewer enzymes for complete
hydrolysis (Weimer et al. 1995). These results demonstrate the potential for
manipulating and simplifying the structure of xylan to improve the properties of
lignocellulose for bioenergy use.
The dissection of the arabinoxylan pathway was enhanced by a study showing the
presence of arabinoxylan arabinosyltransferase activity in the microsomal and Golgi
membranes isolated from wheat seedlings. The enzyme was further characterised but it
was not possible to unequivocally correlate the transfer of arabinose to the arabinoxylan
backbone (Porchia et al. 2002). (Zeng et al. 2008) showed the presence of
glucuronyltransferase activity in wheat Golgi-enriched microsomes that is further
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increased by the presence of UDP-xylose in the reaction medium and results in the
genesis of GAX chains thereby suggesting involvement in GAX biosynthesis. GAXs
have been implicated in the formation of cross-linkages between ferulate residues in the
cell wall of grasses that contributes to the intrinsic difficulty in the enzymatic accessibility
of cellulose and HCs. The genes involved in feruloylation are still unknown, however
Mitchell et al. (2007) used a novel bioinformatic approach to propose a putative
candidate gene family in rice, which encompass 12 members responsible for
feruloylation of arabinoxylans. Members of this family were down-regulated by a general
multi-gene RNAi approach. Two constructs were designed, one to target subgroup I and
II and the other to target III and IV, which led to a general down-regulation of the
transcript levels of diverse members of the gene family. A significant reduction of cell
wall-ester-linked ferulic acid was observed for some of the most effectively downregulated genes pointing these out as strong candidates involved in feruloylation (Piston
et al. 2010).
Lignin
Lignin is a complex aromatic heteropolymer deposited within the SCWs of all vascular
plants, and accounts for approximately 30% of the terrestrial organic carbon fixed
annually in the biosphere, placing it second to cellulose as the most abundant
biopolymer on earth (Boerjan et al. 2003). Lignification aids the plant by providing added
strength to xylem fibers that give support for upright growth, by waterproofing tracheary
elements that make up the vascular system and by helping increase the resistance of
plants to pathogen attack (Boerjan et al. 2003) (Figure 1.1). Lignin content can vary with
environmental factors, but in general comprises around 13-19% of the biomass in
switchgrass (Panicum virgatum) (Lynd et al. 1999; Stork et al. 2009), 22-25% in
Miscanthus (Miscanthus x giganteus) (Brosse et al. 2009; Sorensen et al. 2008), and
around 20% in big bluestem (Andropogon gerardii) and eastern gamagrass (Tripsacum
dactyloides) (Stork et al. 2009), all of which are C4 grass species that have potential as
bioenergy feedstocks. In addition, lignin accounts for approximately 25-30% of the dry
weight of potential hardwood bioenergy tree crops like poplar and can be even higher in
softwood species (Pauly and Keegstra 2008). The prominence of lignin in a majority of
plant tissues has been recognized by reference to the non-starch or non-sugar
components of the plant body as simply ‘lignocellulosic’ biomass. Traditional research
attention was given to lignin with respect to chemical pulping and forage digestibility, but
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recently interest has intensified concerning conversion processes to biofuels and
biochemicals. Much of the focus has centered on the fact that the cellulose microfibrils of
the SCWs are embedded in a meshwork of HCs and lignin that create a barrier for
cellulase enzymes and decrease saccharification efficiency. However, from a
thermochemical conversion prospective, the association of lignin with cellulose is not a
major issue and more important is the fact that lignin contains structural units that are
more chemically reduced and energy dense than any of the cell wall carbohydrates and
thus could serve as a source of hydrocarbon fuels and high-value chemicals, if means
can be found to free those structural units from the polymer.
The ultimate source of lignin in the plant is the amino acid phenylalanine (Phe), which is
derived from the shikimate biosynthesis pathway in the plastid (Rippert et al. 2009).
Current evidence suggests that through the general phenylpropanoid and monolignolspecific pathways located on or near the cytosolic side of the ER membrane, Phe is
deaminated to form cinnamic acid, followed by a series of ring hydroxylations, Omethylations and side-chain modifications culminating in the production of the phydroxycinnamyl alcohol monomers (monolignols) coniferyl and sinapyl alcohol and to a
lesser extent p-coumaryl alcohol (Li et al. 2008). Upon incorporation into the lignin
polymer, these monomers are referred to as guaiacyl (G), syringyl (S) or phydroxyphenyl (H) units respectively (Ralph et al. 2004). In general, angiosperm dicot
lignins are composed of G- and S-units, while gymnosperms, with a few notable
exceptions, are composed almost entirely of G-units with minor amounts of H-units
(Vanholme et al. 2010). Most if not all of the enzymes required for monolignol
biosynthesis are known and include: phenylalanine ammonia lyase (PAL), the three ER
membrane bound cytochrome P450 monooxygenases cinnamate 4 hydoxylase (C4H),
coumarate 3-hydroxylase (C3’H) and ferulate 5-hydroxylase (F5H), the two
methyltransferases caffeoyl-CoA 3-O-methyltransferase (CCoAOMT) and caffeic acid/5hydroxyferulic acid O-methlytransferase (COMT), the two oxidoreductases cinnamoylCoA reductase (CCR) and cinnamyl alcohol reductase (CAD) as well as two enzymes 4coumarate-CoA ligase (4CL) and shikimate hydroxycinnamoyl transferase (HCT) that
are involved in the generation of pathway intermediates (Coleman et al. 2008a; Coleman
et al. 2008b; Gross et al. 1973; Koukol and Conn 1961; MacKay et al. 1997; Raes et al.
2003; Weng et al. 2008).
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Although it is uncertain how the newly synthesized monolignols are translocated to the
apoplast (cell wall), once there most evidence suggests that the single electron oxidation
of the monolignol phenol by wall-bound peroxidases and/or laccases followed by
combinatorial radical coupling commences formal lignin polymerization (Boerjan et al.
2003). Presumably, the coupling of two monolignols with one another initiates
polymerization. Most likely due to the lack of steric hindrance, coupling between
monolignols is favored at the central ! carbon of their side chain, resulting in the most
common !-! dimer, however !-O-4 and !-5 linked dimers can and do occur (Vanholme
et al. 2010). In order for polymerization to continue, the lignin dimer must be
dehydrogenated once more to a phenolic radical before it can couple with the next
monomer radical. Bond formation is again favored at the central ! carbon of the
monolignol side chain and depending on the bond configuration and the subunit
composition of the dimer, the end-wise coupling process can produce either more !-O-4,
when a monomer adds to S- and G-units (most common), or !-5 bonds that occurs only
when adding to G-units (Bonawitz and Chapple 2010). If only the three previously
mentioned bonds contributed to lignin polymerization, then the lignin polymer would form
a relatively straight linear chain. However, two oligolignol radicals with G-unit ends can
also react to form 4-O-5 or 5-5 couplings that generate a branch-like quality to the
polymer structure. In fact, lignin containing a high proportion of G-units is more highly
cross-linked than lignin rich in S-units, which may contribute to the more rigid and
hydrophobic character of G-unit lignin (Bonawitz and Chapple 2010). Therefore, the
relative proportion of a given lignin monomer dictates the relative abundance of the interunit linkage present in the lignin polymer. Interestingly, the !-O-4 linkage is not only the
most common linkage found in plants (Freudenberg et al. 1965), but it is also the easiest
of all the linkages to chemically cleave and increasing this linkage could potentially
enhance the efficiency of conversion processes (Harris and DeBolt 2010). It should also
be noted that an alternative hypothesis with regards to lignin polymerization suggests
that lignin monomers are coupled with absolute structural control by proteins in the cell
wall bearing arrays of dirigent sites, however there has been no genetic data yet
produced to support this claim (Vanholme et al. 2010). Additional evidence supporting
the predominant radical coupling model of lignification has shown that all phenolic
compounds, monolignols or otherwise, that enter into the region of the cell wall where
oxidation and radical coupling occurs have the potential to be radicalized and
incorporated into the lignin polymer, suggesting a very flexible process not likely
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mediated by ligand specific enzymes (Vanholme et al. 2010). This phenomenon may
also allow for a strategy of designing lignins for industrial applications, specifically by
regulating the influx and species of monolignol or other phenolic compound into the cell
wall (Grabber et al. 2008). And finally, regarding the global control of lignification, several
transcription factors belonging to the MYB and NAC gene families, similar to those
responsible for SCW biogenesis, have been shown to play a key role in regulating the
expression of many of the genes in the monolignol biosysnthesis pathway (Zhong et al.
2006; Zhou et al. 2009).
Modification of cell wall structure and synthesis to overcome biomass
recalcitrance
A further understanding of the synthesis and regulation of the three major cell wall
molecules (cellulose, hemicellulose and lignin) will further clarify targets for genetic
modification. However, the current understanding of plant cell wall biosynthesis is
already allowing for intriguing results through approaches that use genetic modification
combined with the latest conversion technologies. To begin, a great deal of research to
date has focused on methods to improve the biochemical conversion efficiency of plant
biomass with specific focus on how cellulose can be degraded by microbial enzymes
into glucose for subsequent production of biofuels. The most mature conversion
technology uses carbohydrate chemistry and fermentation technology for alcohol
production. Other methods of processing the carbohydrates currently in development
include fermentation by genetically altered microbes to various hydrocarbon products or
the production of a targeted range of hydrocarbons for fuels and chemicals through the
use of solid-phase catalysts under carefully controlled conditions (Regalbuto 2009).
Regardless of how the sugars are processed, the efficiency of the cellulose
saccharification process is critical to making many of these types of bio-based
production processes economically viable. Although there is still debate in the literature
about the relative importance of all the factors that contribute to the recalcitrant nature of
cellulose, the most studied aspects include the effect of coating by lignin and
hemicelluloses, the degree of microfibril crystallinity and polymerization, and the
accessible surface area of the microfibrils (Mosier et al. 2005). In spite of this debate,
there is a general consensus that in order for cellulases to efficiently hydrolyze cellulosic
substrates, the enzymes must first be able to access the individual glucan chains of the
tightly packed and coated microfibril (Mansfield et al. 1999). Traditionally, pretreatment
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of the lignocellulosic biomass has been employed to loosen the interactions of the
microfibril with the other cell wall components, thus increasing access for the enzymes
(Mosier et al. 2005). However, research centered on making genetic modifications in
planta to produce cellulose that is more accessible to these enzymes and perhaps
reduce or eliminate many pretreatment techniques has also developed.
A long-standing paradigm in forage quality and production states that as lignin content
decreases, forage digestion rates for ruminant livestock increase, which in turn improves
the ratio of food intake to weight gain (Sullivan 1955). This paradigm translates perfectly
to the hydrolysis step of the biochemical conversion process with the net result allowing
for a decreased enzyme load while obtaining an increased breakdown rate of the
biomass. The reason for this phenomenon not only concerns the increased access of
the hydrolytic enzymes to the cellulose microfibrils due to the decreased lignin coat, but
there is also a reduction in the nonproductive binding (adsorption) and inactivation of
cellulases by the lignin component, thus resulting in less enzymes required to degrade
the biomass (Berlin et al. 2005). Therefore, for the purpose of accessing the sugars
within the wall, while much of the research in this area has traditionally focused on using
pretreatment technology to eliminate lignin post-harvest, reducing or modifying the lignin
content in biomass is beginning to show great promise (Coleman et al. 2008a; Coleman
et al. 2008b; Ragauskas et al. 2006). The genetic modification of the enzymes involved
in lignin biosynthesis has gained a lot of momentum in recent years through the use of
model plants to dissect the biosynthetic pathway (Chen et al. 2006; Nakashima et al.
2008; Ralph et al. 2006; Ralph et al. 2008; Weng et al. 2008). Successful examples
include the down regulation of certain lignin biosynthetic pathways that has led to more
digestible forage and better pulping efficiency for paper processing processing
(O'Connell et al. 2002; Reddy et al. 2005). Of particular interest for conversion
technology was a study performed on transgenic alfalfa lines in which six lignin
biosynthesis genes were independently down regulated by antisense technology
resulting in the identification of two transgenic lines (HCT, C3’H) that showed a
significantly greater saccharification efficiency of their untreated biomass compared to
that of the pretreated biomass controls (Chen and Dixon 2007) (Figure 1.4a). This study
lends further and more specific evidence to the suggestion that genetic reduction of
lignin content can effectively overcome cell wall recalcitrance to saccharification using
enzymatic hydrolysis and that these techniques could potentially preclude the need for
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Figure 1.4. A summary of two examples showing lignin and cellulose modifications to
improve saccharification efficiency. (a) Genetic modification of lignin biosynthesis in
alfalfa results in higher saccharification efficiency (Chen and Dixon 2007). Specifically,
the saccharification efficiency of the untreated hydroxycinnamoyl transferase and
coumaroyl shikimate 3-hydroxylase down-regulated lines was significantly greater than
that of the pretreated biomass control (Chen and Dixon 2007). (b) The result of the
mutations proposed by Harris et al. (2009) showed the initial kinetic rate of sugar release
from semi-purified cellulose by a cellulase enzyme mixture as a function of cellulose
concentration. Wild-type A. thaliana biomass has closed circles and dashed line; ixr1-2
mutant biomass has closed squares and solid line (error bars n = 3).
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acid pretreatment (Chen and Dixon 2007). In addition, it has been recognized that many
lignin mutants have a reduced growth phenotype, as was the case in this study, although
remarkably, the 40% reduction in overall biomass of the HCT mutant was offset by a
166% increase in sugar production, thus reflecting a significant theoretical improvement
in fermentable sugar production on a per plant basis (Chen and Dixon 2007).
A caveat with regards to lignin regulation states that partial elimination of lignin from tree
crops like poplar has the potential to dramatically reduce their water use efficiency and
hydraulic conductivity as well as increase xylem cavitation (Coleman et al. 2008b).
Therefore, developing a plant with less recalcitrant cell walls by significantly reducing
lignin content may require either additional bioengineering or a completely alternative
approach that attempts to modify or shift lignin to a more benign composition with
respect to conversion processes, yet still allow normal plant development. Research
into lignin ‘redesign’ has shown that supplementation of coniferyl ferulate, a simple
methoxylated analog of the natural conjugate coniferyl p-coumarate, into maize cell walls
during the lignification process increased lignin extractability by up to 2-fold in aqueous
NaOH pretreatment and increased cell wall hydrolysis and sugar release in pretreated
and untreated cells (Grabber et al. 2008). In another study, the expression of a
transgene encoding a high tyrosine-content peptide in the lignifying tissues of hybrid
poplar resulted in a higher polysaccharide release after treatment of the biomass with
hydrolytic enzymes (Liang et al. 2008). Analysis is currently underway to determine if
the tyrosine-rich peptides actually cross-linked with phenolic hydroxyl groups in the lignin
to modify the lignocellulosic structure of the transgenic biomass. In a related but different
approach, this time targeting the UDP-xylose pathway, a mono-specific UDP-glucose
dehydrogenase, a dual-specific ADH-like UDP-glucose dehydrogenase and several
UDP-glucuronate decarboxylases were cloned and expressed in xylogenic tobacco cells
(Bindschedler et al. 2005). It was hypothesized that a lowering of xylan production in
these cell lines, by the down-regulation of the UDP-glucuronate decarboxylase, might
lead to alterations in lignin biosynthesis, a change in cellulose extractability and perhaps
offer insights into how lignin is coupled to hemicelluloses in dicots (Bindschedler et al.
2007). Interestingly, despite the lower xylan content of the antisense lines, the lignin
content and composition remained relatively unchanged, however the delignification
properties were actually lower (lignin was harder to remove) and less cellulose was
extracted than in control lines. Thus, it appears that the level of xylan relative to lignin
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may be an important factor in delignification properties and cellulose extractability, in this
case reduced xylan may lead to a closer association between cellulose and lignin
(Bindschedler et al. 2007).
Regarding the potential for reducing cell wall recalcitrance through a reduction in
cellulose crystallinity, one of the earliest discoveries was that of naturally occurring
proteins that have the unique property of disrupting cellulose crystallinity. Upon analysis
of various microbial carbohydrate-active enzymes, it was realized that many possess a
contiguous sequence of amino acids termed a carbohydrate-binding module (CBM) that
produces a discrete fold imparting carbohydrate-binding activity (Shoseyov et al. 2006).
Further research showed that microbial enzymes possessing CBMs, such as cellulases
and chitinases, are brought into close and prolonged contact with their recalcitrant
substrates and have increased rates of substrate hydrolysis (Shoseyov et al. 2006).
Interestingly, some CBMs expressed alone without the catalytic portion of the enzyme
have displayed an ability to disrupt the corresponding substrate. This phenomenon was
initially shown to disrupt the structure of cellulose microfibrils in vitro (Din et al. 1991)
and then later during heterologous expression in plant systems where the CBM was
targeted to the cell wall (Shoseyov et al. 2006). Many of these heterologous expression
studies with CBMs have noted that the reduction in cellulose crystallinity caused by the
disruption effect of the CBM often coincides with an increase in cellulose biosynthesis
and thus an overall increase in plant biomass. It has been postulated that this occurs
through a physicomechanical mechanism by which the CBM molecule slides between
the glucan chains as they are extruded from the CSC before they begin hydrogen
bonding to adjacent chains, thus separating them in a wedge-like action which
essentially uncouples the polymerization step from the crystallization step of cellulose
biosynthesis (Levy et al. 2002).
In addition to CBMs from microbial sources, a group of pH-dependent wall-loosening
plant proteins with close homology to CBMs, known as expansins, have been shown to
be activated during the acid growth response of plant cells and to stimulate PCW
enlargement by disrupting the non-covalent binding between wall polysaccharides
(Cosgrove 2005). Capitalizing on the ability of expansins to weaken networks of
cellulose microfibrils (McQueen-Mason and Cosgrove 1994), a recent study has shown
that when added to a cellulase mixture, the protein swollenin (an expansin-like protein
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from Trichoderma reesei, Saloheimo et al. 2002) can enhance the degradation of
crystalline cellulose into glucose providing an improvement for bioconversion technology
(Chen et al. 2010b). Other plant proteins of interest include the endo-!-1,4-glucanases
(EGases), especially the relatively new subclass of the "-EGases that contain a
functional and modular CBM conferring binding to crystalline cellulose (Urbanowicz et al.
2007). The presence of a CBM in this plant EGase suggests that it may have a role in
cellulose degradation which could include functions as diverse as cell wall disassembly
during fruit softening and organ abscission, hydrolysis of polysaccharide chains at the
cellulose microfibril periphery, or even cell wall assembly by regulating cellulose
crystallinity crystallinity during biosynthesis (Urbanowicz et al. 2007). In addition, the
binding of xyloglucans to cellulose microfibrils also suggests that these molecules may
be involved in the in muro modification of cellulose. Xyloglucan endo-transglycosylases
(XETs) are a group of enzymes able to carry out rearrangement of xyloglucans by
cleavage and re-ligation that may occur in conjunction with other enzymes such as
EGases. By using XETs specifically as the receptor anchor for chemical groups,
chemical functionality and other modifications have been made to cellulose (Zhou et al.
2006; Zhou et al. 2005; Zhou et al. 2007). Taken together, the genetic manipulation of
endogenous plant enzymes for the controlled growth and degradation of lignocellulosic
biomass is an important avenue of research towards improving biomass processing of
biofuel and biochemical feedstocks.
Another method that may hold promise for increasing the access of enzymes to cellulose
and thus decreasing the need for pretreatment is that of increasing the more soluble
amorphous zones within the cellulose microfibril (Himmel et al. 2007). In search of
mutations that may cause an increase in enzymatic conversion efficiency, a recent study
screened a majority of the available PCW mutants in A. thaliana and found that a
number of previously generated mutant plants yielded significantly more fermentable
sugar than wild-type plants (Harris et al. 2009). This study also measured the biomass
crystallinity of these plants and discovered that two of the best enzymatic conversion
mutants, isoxaben resistance1-2 and 2-1 (ixr1-2, ixr2-1), had lower relative crystallinity
index (RCI) values than wild-type plants. This evidence suggests that there may be
fundamental changes in the orientation, size or density of the cellulose crystallites
composing the cellulose in these mutants, although further analysis of the cellulose is
still needed to confirm this possibility (Harris and DeBolt 2008; Harris et al. 2009).
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Regarding the nature of the ixr1-2 and ixr2-1 mutants, previous research has shown that
these single point mutations reside in or near a transmembrane spanning domain in the
C-terminus of CESA3 and CESA6 respectively (Desprez et al. 2002; Scheible et al.
2001). Speculating on the reasons for the increased saccharification efficiency and
reduced RCI, perhaps these mutations alter the structure of the CESA protein, changing
its orientation either within the plasma membrane or with respect to neighboring CESAs
in the CSC. An unstable or improperly positioned CESA, even to a slight degree, could
alter the path of the glucan chain during polymerization and effect its subsequent
incorporation into the crystallizing microfibril either through poor proximity with the other
glucan chains or through unstable hydrogen bonding angles. The overall effect could be
an increase in the amorphous zones along the fibril length that might explain the
increased saccharification and reduced RCI. An additional hypothesis for this data is that
the altered cellulose array results in a proportional shift in the volume fraction of
cellulose, hemicellulose and lignin in the cell wall that could result in an increased
availability of cellulose to hydrolytic conversion. Whatever the case may be, it is also
interesting to note that the conversion process for these plants required less enzyme
loading and less overall reaction time to that of wild-type, suggesting two areas of cost
reduction for biofuel production (Harris et al. 2009).
In addition to the need for pretreatment of biomass to facilitate enzymatic breakdown of
the recalcitrant cell walls, another costly step in the biochemical conversion process is
the production of the hydrolytic enzymes (cellulases, xylanases, etc.) generally via
microbial bioreactors. In fact, the combined costs of pretreatment and enzyme
production can greatly reduce the ideal efficiency of biofuel production from
lignocellulosic biomass, making the entire process two to threefold more expensive than
production from maize grain starch (Sticklen 2008). To address the enzyme production
question, it has been noted that plants are already used for the production of many
industrial and pharmaceutical products, including enzymes and other proteins.
Therefore, why not produce plant cell wall hydrolytic enzymes in the very bioenergy
feedstock crops that they will be used to degrade? Research in this area has already
shown that a biologically active heterologous thermostable endo-1,4-!-endoglucanase
(E1) enzyme from Acidothermus cellulolyticus can be expressed in A. thaliana (Ziegler et
al. 2000), potato (Solanum tuberosum L.) (Dai et al. 2000) and tobacco (Nicotiana sp.)
(Ziegelhoffer et al. 2001) plants. Initially, when combined with pretreatment processes
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such as ammonia fibre/freeze explosion (AFEX), approximately two-thirds of the activity
of the heterologous E1 was lost (Teymouri et al. 2004). However, further research has
demonstrated that expressing the E1 enzyme in corn (Biswas et al. 2006) and rice
(Oraby et al. 2007) followed by enzyme extraction from the dry transgenic biomass in a
total soluble protein (TSP) preparation and then re-introduction to the biomass after
AFEX pretreatment, led to successful conversion of some of the corn stover and rice
straw into glucose (Oraby et al. 2007; Ransom et al. 2007). Continued research is
focused on improving the heterologous expression process primarily by increasing the
variety of hydrolytic enzymes that can be expressed as well as by increasing the levels
of in planta enzyme production and the biological activity of these enzymes post
extraction (Sticklen 2008). It is well known that in order to get near complete levels of
cellulose and hemicellulose degradation from pretreated biomass, a number of cellulase
(endoglucanase, exoglucanase, and !-glucosidase) and hemicellulase (endo-xylanases
and exo-xylanses) enzymes must work synergistically to promote the solubilization and
hydrolysis of these carbohydrates into their principle monosaccharide constituents
(Zhang and Lynd 2004). Hence, attempts are currently being made to express all the
required enzyme components for cell wall carbohydrate degradation, thus reducing the
need for external supplementation. In addition to enzyme variety, the amount of enzyme
produced is also critical. The A. cellulolytius E1 enzyme has been produced in rice at
amounts around 5% and in maize at 2% of plant TSP, however it has been estimated
that levels need to be around 10% TSP to avoid the need for additional enzymes
(Sticklen 2008). Strategies being used to increase the level of enzyme production
include genetically engineering the chloroplast genome instead of the nuclear genome,
better subcellular targeting of the enzymes after expression such as localization to the
ER, apoplast or chloroplast, and the better matching of enzyme pH requirements with
that of the subcellular compartment targeted for localization (Sticklen 2008).
Modification of cell wall structure and synthesis to increase biomass quantity and
energy density
It is entirely possible that energy density may be the measure of the ideal energy plant
rather than a less recalcitrant cell wall, in which case larger or more energy dense
biomass crops will be preferred and traditional combustion or thermochemical-/catalyticbased conversions that can lead directly to liquid fuels will be used (Regalbuto 2009). In
fact, technology is already being developed to allow for industrial-scale conversion of
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biomass directly to liquid hydrocarbons via pyrolysis or gasification (NSF 2008).
Determining all the factors that will comprise energy density in plants is still taking
shape, however it is certain that engineering plant cells to grow larger and accumulate
greater amounts of energy dense macromolecules will be an important goal. In addition,
although there is still a great deal to learn at a fundamental level about the sensing and
signaling mechanisms that alter carbon assimilation, carbon storage and growth rate
within the plant (Smith and Stitt 2007), research in this area has already uncovered
useful modifications which increase plant biomass. These studies vary in approach, from
the modification of plant growth regulators such as brassinosteriods in A. thaliana (Choe
et al. 2001) or gibberellins in poplar (Eriksson et al. 2000) to the gaining of a better
understanding of the synchronization of the circadian clock and external light-dark cycles
that can also result in improved plant growth (Dodd et al. 2005). Other studies have
shown an increase in growth by the overexpression of heterologous enzymes in the
cellulose biosynthesis pathway. Examples include yeast-derived invertases (Canam et
al. 2006) and the A. thaliana family A sucrose phosphate synthase (Park et al. 2008),
both expressed in transgenic tobacco. More specifically, the substrate ratios of cellulose
biosynthesis have also been targeted, such as the overexpression of sucrose synthase
(SuSy) and UDP-glucose pyrophoshorylase, targeted for their role as the only known
suppliers of UDP-glucose to the CESA enzymes (Coleman et al. 2006). A good example
has shown that the expression of cotton (Gossypium hirsutum) SuSy in hybrid poplar
(Populus alba x grandidentata) affects carbon partitioning leading to an increase in
cellulose production in the SCW without increasing plant growth, thus representing a
good strategy to increase energy density in the plant (Coleman et al. 2009). Other
studies such as the deregulation of ADP-glucose pyrophosphorylase, a key starch
biosynthesis enzyme in rice (Smidansky et al. 2003) and the overexpression of purple
acid phosphatase in tobacco (Kaida et al. 2009) both show promising results for
increasing plant biomass and cellulose synthesis respectfully. However, the authors of
these last two studies have only speculated at the possible mechanism of action that
produces the increases, thus reminding researchers of the difficulties inherent in
elucidating the details of plant growth and regulation. For example, with regard to purple
acid phosphatase, it was suggested that the enhanced activity of the CESAs was due to
their activation by phosphorylation (Kaida et al. 2009). Indeed, several putative
cytoplasmic phosphorylation sites have been identified in the CESAs of A. thaliana using
a phosphoproteomics approach (Nühse et al. 2004). Additional support for this
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hypothesis has shown that CESA7 is phoshorylated in vivo on two serine residues within
the hyper-variable region of the protein, between the two putative catalytic domains and
that this leads to its degradation via a proteosome dependent pathway (Taylor 2007).
However, while there is increasing evidence to suggest
phosphorylation/dephosphorylation as a mechanism for the regulation of the relative
levels and activity of individual CESA proteins in a CSC, other mechanisms for CESA
turnover, such as cysteine proteases (Jacob-Wilk et al. 2006) have also shown support.
What these and other studies suggest is that there are many complex factors involved in
the regulation of plant growth and cellulose biosynthesis and that perhaps a thorough
understanding of what encompasses ‘normal’ regulation is most important, followed by
the continued identification of mutants with altered growth phenotypes and cellulose
quality.
Recent discoveries that have added great insight into the molecular mechanisms
involved in the biogenesis of the SCW include identification of several NAC domain
transcription factors that all belong to one particular phylogenetic subgroup and are key
transcriptional activators of SCW formation (Shen et al. 2009). The NAC transcription
factors identified to date include VND1-VND7 (vascular-related NAC-domain) that
regulate differentiation of tracheary elements (Kubo et al. 2005) and NST1 and NST3
(also known as SND1) (NAC SCW thickening promoting factor) that promote secondary
thickening in xylem fiber cells (Mitsuda et al. 2007; Zhong et al. 2006; Zhong and Ye
2007). As this transcriptional network for regulation of the SCW has been further
resolved, it has been shown that these NACs regulate a cascade of downstream
transcription factors that in turn activate SCW biosynthetic genes (Demura and Ye
2010). Three members of the MYB transcription factor family, MYB26, MYB83 and
MYB46, can also regulate secondary wall biosynthesis by either regulating the
expression of NST1 and NST2 and thus control cell wall thickening in the anther
endothecium or by serving as the direct target of NST3 and control cell wall thickening in
fibers (McCarthy et al. 2009; Yang et al. 2007; Zhong et al. 2007a). Another potentially
important study regarding these transcriptional switches showed that under appropriate
growth conditions, hypocotyls of A. thaliana had similar structure to the secondary xylem
(wood) found in trees (Chaffey et al. 2002). In the nst1-1/nst3-1 double knockdown
mutants of A. thaliana, there was nearly complete suppression of SCW formation within
secondary xylem fibers of the hypocotyls (Mitsuda et al. 2007). Interestingly, there are
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putative homologs of NST1 and NST3 in the poplar genome, therefore a common
mechanism for the control of wood formation may exist in herbaceous and woody plants
and NSTs along with other NACs could play an important role in SCW biosynthesis
during wood formation. The further characterization of NAC genes could provide
important tools for the genetic manipulation of fiber cells and thus modification of wood
quality and production that could positively impact feedstocks for biofuels.
In response to gravity, many angiosperm trees significantly alter the normal development
of the SCW on the upper surface of their branches and leaning trunks by forming tension
wood (TW). The formation of TW results in wood cells with a SCW devoid of an S3 and
most of an S2 layer and replaced by a gelatinous layer (G-layer) consisting of highly
crystalline cellulose with a high degree of tensile strength due to the parallel orientation
of the microfibrils (Andersson-Gunnerås et al. 2006). The TW benefits the tree by
exerting a tensile force that can pull a tree trunk vertical or hold a large branch horizontal
thus keeping the leaves in an optimal position for gathering sunlight (Bowling and
Vaughn 2008). The potential interest in TW for bioconversion technology resides in the
fact that the G-layer, present in both the xylem and the phloem fibers, is 98% crystalline
cellulose and virtually devoid of lignin and hemicelluloses, thus representing the purest
form of cellulose occurring in woody tissues and increasing the overall cellulose content
of the wood by about 10-20% (Andersson-Gunnerås et al. 2006; Joshi 2003). The
process of TW formation can be experimentally induced and has therefore been a
valuable model system to understanding the process of cellulose biosynthesis in trees.
It has already been shown that orthologs to the CESA genes involved in SCW synthesis
in A. thaliana are upregulated during TW formation in aspen trees, including specific
NAC genes (Bhandari et al. 2006). In addition, a global analysis of the differential
expression in transcripts and fluctuations in metabolites during TW formation in poplar
identified many molecular players involved in the change in carbon flow into various cell
wall components and mechanisms important for the formation of the G-layer
(Andersson-Gunnerås et al. 2006). A study of this type has provided a roadmap of sorts
for the further functional analysis of genes involved in G-layer biosynthesis in TW and
identification of areas for future genetic manipulation. An understanding of the molecular
mechanism of highly crystalline cellulose production during TW generation in trees could
provide a mechanism for the production of ectopic TW in trees and other plant species,
resulting in an increase in overall cellulose content (Gomez et al. 2008; Joshi 2003).
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As was mentioned previously, the expression and localization of CBMs to the plant cell
wall can reduce cellulose crystallinity through the process of uncoupling cellulose
polymerization with crystallization (Shoseyov et al. 2006). Interestingly, many of these
same studies also report an increase in cellulose production with concomitant increases
in plant biomass, presumably by the same uncoupling phenomenon (Shoseyov et al.
2006). Growth acceleration has also been shown for expansin-expressing transgenics of
A. thaliana (Cho and Cosgrove 2000), poplar (Gray-Mitsumune et al. 2008) and rice
(Choi et al. 2003). In the same respect, the overexpression of EGases has been shown
to cause enhanced plant growth, most likely due to their proposed role in PCW
loosening. For example, poplar trees developed longer internodes and enhanced
growth by the overexpression of the A. thaliana EGase cel1 (Shani et al. 2004).
Likewise, lignin down regulation not only increases biomass digestibility, but it can also
result in an increase in cellulose content (Jouanin et al. 2000; Li et al. 2003). This
phenomenon is most likely caused by a compensatory response by the plant to maintain
the structural integrity of the cell wall and sustain directional growth. The combination of
these two factors could be very beneficial for numerous different conversion processes
to biofuels and platform chemicals, as the plant would have an increased concentration
of more digestible cellulose. Research in this area has shown that transgenic poplar
plants transformed with antisense constructs of the lignin biosynthesis gene Pt4CL result
in trees with a 45% decrease in lignin and a 15% increase in cellulose content (Jouanin
et al. 2000; Lapierre et al. 1999). As referred to earlier, directing the plant’s energy and
carbon storage into cellulose rather than lignin may result in compromising SCW
strength, water conductivity and an increase in the susceptibility to pathogens (Weng et
al. 2008). Interestingly, classic plant breeding programs to lower lignification, primarily
for improvement in forage quality, have been pursued extensively for many plant species
over a number of years, including various Bermuda grasses (Cynodon dactylon) (Akin
2007), and the brown midrib class of cell wall mutants in maize (bm) and sorghum (bmr).
Recently, a study showed that these maize and sorghum mutants not only show a clear
reduction in lignin composition but also have improved fermentable sugar yields after
enzymatic saccharification (Vermerris et al. 2007). Equally important is the fact that
although initially most of the brown midrib mutants had compromised growth
characteristics similar to those seen with some of the transgenic lignin mutants, these
traits have been largely eliminated by conventional breeding methods (Pedersen et al.
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2005). Therefore, the genetic resources available from these plants may provide a
model to define cell wall and gene abnormalities that can be copied to accelerate the
breeding program in bioenergy feedstocks.
The fact that lignin is the second most abundant biopolymer on earth after cellulose also
makes it a potential target for direct conversion into biofuels. However, due to the nature
of lignin biosynthesis, non-enzymatic conversion technologies will be needed to produce
fuels and chemicals and currently there is a lack of selective and cost-efficient processes
available for lignin conversion. This fact has lead to the current use of the lignin residue
produced from biorefining as a fuel that is burned to generate power, most often to run
the biorefinery itself (DeBolt et al. 2009). Yet there are many strategies, old and new, in
development that could lead to the efficient extraction and depolymerization of lignin into
its monomeric substituent groups, which in turn can be upgraded into hydrocarbons
(reviewed in Zakzeski et al. 2010). Of these numerous methods, one of the newer more
attractive strategies includes the use of thermolytic ionic liquids, which are essentially
non-volatile molten salts with a melting point less than 100ºC (Holbrey and Seddon
1999), that recent studies have indicated are suitable as solvents for the dissolution of
lignocellulosic materials (Fort et al. 2007; Kilpeläinen et al. 2007; Pu et al. 2007). The
use of ionic liquids to dissolve lignocellulosic biomass may also pair quite well with the
subsequent fermentation of the liberated carbohydrates into biofuels as the process can
occur at near-ambient temperatures and pressures with the use of a very limited set of
ionic liquid substructures. An alternative strategy to disassemble lignin also under
development is Baeyer-Villiger oxidation, which involves the cleavage of carbon-carbon
bonds adjacent to a carbonyl that can convert the aromatic rings in lignin to carboxylic
acids and their lactones, thus taking advantage of the plethora of reactive sites present
in lignin polymers (Pan et al. 1999). The oxygenates that result from this oxidative
deconstruction can then be deoxygenated via process like hydrodeoxygenation, to give
hydrocarbons. Unfortunately, the high number of functional groups also means that a
large number of reactions can take place at different sites in the polymer, producing
small molecules, degraded polymer residues, and crosslinked polymers. In addition, the
oxidation process can catalyze the hydrolysis of carbohydrates, especially the
hemicellulose constituents, which can reduce yields for carbohydrate fermentation (Tan
et al. 2009). Therefore, research is focusing on improving oxidation methods that avoid
cleaving the hemicelluloses as well as strategies to genetically alter lignin biosynthesis in
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plants to increase the more easily cleaved !-O-4 linkages. A third developing
technology that shows strong potential is the thermal decomposition of lignocellulosic
biomass via fast pyrolysis. This process results in the depolymerization and
fragmentation of cellulose, hemicellulose and lignin producing a dark brown, free-flowing
liquid known as bio-oil (Czernik and Bridgwater 2005). Upon water addition to the biooil, fractionation of the liquid occurs, with the light oxygenates derived from the
carbohydrates forming the water-soluble upper layer, and the lignin-derived oligomeric
(aromatic) compounds settling in the lower water-insoluble layer (Czernik and Bridgwater
2005). The purity of the lignin-derived fraction can be further improved through the use
of additional solvent fractionation methods (Chum and Black 1990). Applications for the
two fractions include the production of calcium salts as environmentally friendly road
deicers via the neutralization of carboxylic acids present in the water-soluble fraction and
the replacement of phenol in phenol-formaldehyde resins using the water insoluble
fraction. Although the lignin-derived aromatics are less reactive than phenol, 30-50% of
the phenol can be replaced, producing high quality resins (Czernik and Bridgwater
2005). Most recently, a process termed catalytic fast pyrolysis has developed that
introduces zeolite catalysts into the pyrolysis process and leads to the conversion of
oxygenated compounds generated by pyrolysis of the biomass into gasoline-range
aromatics (Carlson et al. 2008). It is likely that advances in understanding the chemistry
of catalytic fast pyrolysis materials, which are specifically designed for biomass
conversion, will lead to further process improvements (Carlson et al. 2008; Vispute et al.
2010).
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Chapter II*
The use of small molecules to dissect cell wall biosynthesis and
manipulate the cortical cytoskeleton

Plant cell walls are composed of highly glycosylated proteins and polysaccharides,
including pectin, hemicelluloses and cellulose, which form a complex and dynamic
extracellular matrix that modulates cell expansion. The principal cell wall polysaccharide
is cellulose and it stands as the most abundant biopolymer in the world. Although
genetic screens have identified a handful of genes that participate in cellulose
biosynthesis, the complexity of events contributing to activation of the cellulose synthase
A (CESA) at the plasma membrane that includes its motility and interaction with other
polymers and proteins suggests that the list of players is far from complete. This chapter
examines the use of chemical genetics to dissect and extend our understanding of
cellulose biosynthesis in plants.
The plant cell wall is a complex and dynamic extracellular matrix that surrounds every
plant cell. The wall provides a number of different yet simultaneous functions to allow for
plant survival including mechanical support for upright growth, facilitation of cell shape
and morphogenesis as well as roles in signaling during pathogen defense and abiotic
stress response (Carpita and Gibeaut 1993). The primary cell wall in particular has a
necessary rigidity that maintains cell growth anisotropy while also remaining highly
dynamic and metabolically active for its crucial roles in cell division and differentiation
(Farrokhi et al. 2006). The polymer networks present within cell walls that allow for these
various processes to occur consist principally of a cellulose/hemicellulose network, a
coextensive heterogeneous pectic polysaccharide network, some glycoproteins, and in
mature non-growing cells with a secondary cell wall, a network of polyphenolic
compounds such as lignin (Carpita and Gibeaut 1993). Due to this complexity, the
biosynthesis of plant cell wall polymers involves numerous enzymes that catalyze a wide
range of reactions. The completion of the Arabidopsis thaliana genome sequence led to
*This chapter was originally published as: Harris D and DeBolt S (2011) The use of
small molecules to dissect cell wall biosynthesis and manipulate the cortical
cytoskeleton. In Plant Chemical Biology (Overvoorde P & Audenaert D, eds), John Wiley
& Sons, Ltd, Chichester, UK. (In press). Copyright permission was granted by the
authors for inclusion in this dissertation.
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the prediction that about 15% of plant genes may be involved in the biosynthesis and
metabolism of the plant cell wall (Somerville et al. 2004). One example of an important
family of enzymes with members from viruses, bacteria, fungi, algae and all higher
plants (Richmond 2000) is the processive glycosyltransferases (synthases) of which
there are several hundred genes putatively annotated in A. thaliana (Coutinho and
Henrissat 1999), however the function of only a limited number have been thoroughly
characterized. This is also the case for many other genes that encode important
enzymes for wall synthesis such as non-processive transferases, transglycosylases, and
enzymes involved in the inter-conversion of nucleotide-sugars and nucleotide-sugar
transporters. Therefore, because of the large number of currently uncharacterized
enzymes, understanding the details of cell wall polysaccharide biosynthesis represents a
major challenge in plant biology (Somerville et al. 2004).
The power of molecular genetics in the study of cell walls
The identification and characterization of mutants with altered cell wall structure have
provided significant insights into the molecular players and mechanisms involved in cell
wall biosynthesis. Through the use of forward and reverse genetic approaches, a
number of cell wall mutants have been revealed, especially in A. thaliana (Farrokhi et al.
2006; Somerville et al. 2004). Successful forward genetic screens include primary wall
sugar compositional analyses that have lead to the identification of mutants with altered
pectic polysaccarides and xyloglucans (Reiter et al. 1993; Reiter et al. 1997; Zablackis et
al. 1996). In addition, screens that detect changes in the secondary cell wall have
identified mutants with an irregular xylem phenotype that results from reduced cellulose
biosynthesis (Turner and Somerville 1997) and abnormal glucuronoarabinoxylan content
(York and O'Neill 2008). A number of reverse genetic approaches have made use of the
publicly available A. thaliana lines with T-DNA insertions to identify additional proteins
involved in wall biosynthesis and metabolism (Alonso et al. 2003; Farrokhi et al. 2006;
Somerville 2006).
Although molecular genetics is a powerful approach, problems such as loss-of-function
lethality and gene redundancy have remained a challenge in plant systems. Altering the
function of an essential gene can often result in embryonic or post-embryonic lethality
making the study of the gene function very difficult (Meinke 1985). A good example in
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cell wall research is found in the study of the cellulose synthase A (CESA) genes and in
particular CESA1 and CESA3 of A. thaliana that show gametophytic lethality when
completely knocked out. Homozygous cesa1 and cesa3 null mutants have never been
recovered and when analyzed in the heterozygote state their progeny were shown to
produce 50% deformed pollen grains that were devoid of cellulose and incapable of
producing a pollen tube (Persson et al. 2007). Therefore, traditional genetic studies have
often relied on conditional mutations to circumvent the problem of lethality, however a
conditional mutant, when available for a gene of interest, often requires a substantial
change in the environment of the organism to generate a phenotype. Such an example
can be found with temperature sensitive alleles, where an increase in temperature
results in the destabilization of the corresponding protein and a resulting phenotype. A
good example in cell wall research is the A. thaliana temperature-sensitive mutant rsw1
that harbours a point mutation in the essential primary cell wall CESA1 enzyme. This
mutant was selected by a root radial swelling phenotype at the restrictive temperature
(Arioli et al. 1998). The identification of CESA1 was the first strong genetic evidence to
suggest that this particular subfamily of processive glycosyltransferases are involved in
cellulose biosynthesis in plants. In fact, the identification of other conditional mutants has
proved quite useful in plant cell wall research, as many forward genetic screens have
used a conditional approach (Baskin et al. 1992; Benfey et al. 1993; Reiter et al. 1993).
However, changes in the growth environment invariably alter the expression of many
other genes as was shown in yeast when a temperature shift from 25°C to 37°C resulted
in the change in expression of 854 heat-responsive genes, 50% of which had
unidentified function (Causton et al. 2001). Therefore, care must be taken when
evaluating phenotypes resulting from a screen of this nature, so as not to inaccurately
assign a phenotypic role to a mutation under investigation.
Another challenge with the traditional genetic approach is gene redundancy, as is quite
common in plants, that can mask the phenotype of an altered gene by causing the upregulation of other genes with analogous function thereby rescuing the loss of the
altered gene (Byrne et al. 2002). The A. thaliana genome sequence shows that there is
a high level of gene redundancy, with only 35% of genes classified as unique and with
37% of genes belonging to families with five or more members (Arabidopsis Genome
Initiative, 2000). A common example in plant cell wall research is found in the
redundancy of genes involved in the biosynthesis of hemicelluloses such as xyloglucans
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(Scheller and Ulvskov 2010). The xyloglucans are a critical component required for
cross-linking cellulose microfibrils in the primary walls of many plants. However, many of
the genes encoding proteins involved in the synthesis of xyloglucans, such as members
of the mur class of mutants in A. thaliana (Reiter et al. 1997), show little (Madson et al.
2003) to no visible phenotype (Perrin et al. 1999) and require generation of double or
triple mutants to create xyloglucan deficient plants (Cavalier et al. 2008; Dick-Pérez et al.
2011; Zabotina et al. 2008b). Gene redundancy likely represents an evolutionary
advantage to safeguard the proper making of cell walls, however, overcoming
redundancy of gene function and the proteins for which they encode in the cell wall
biosynthetic process has posed a significant research challenge.
Why use chemical genetics to study plant cell walls?
The chemical genetics approach is complementary to traditional genetic studies. Instead
of relying on genetic mutations to disrupt protein activities within a signalling or metabolic
network, a screen for small cell-permeable molecules that alter a process of interest is
used. There are several advantages of chemical genetics over the traditional genetic
approach. Small molecules can be used to address the loss-of-function lethality problem
because the timing and location of the application can be controlled, which mimics a
conditional mutation (Robert et al. 2008). Important with respect to the inhibition of
biosynthetic enzymes of the plant cell wall, temporal knockouts can be created at
different points in development due to the relative flexibility of the inhibition process,
which is rapid and reversible in most cases (Zabotina et al. 2008a). Often a small
molecule that binds to and alters the function of one protein will also bind to closely
related members of that protein family which can frequently alleviate the problem of
gene redundancy. In addition, small molecule effects are often tunable allowing gradient
phenotypes to be observed by varying the concentration of the small molecule, which
can add confidence to the apparent biological effect of the small molecule probe (Spring
2005).
The use of chemical genetics in cell wall research
Cellulose is the most abundant carbohydrate found in plants and is also the main loadbearing component of cell walls, which makes it an effective target for small-molecule
inhibitors of cell wall formation. Cellulose exists as para-crystalline microfibrils that are
made up of multiple, unbranched, parallel glucan chains, which in turn are composed of
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(1,4) linked !-D-glucosyl residues that are alternatively rotated 180° along the polymer
axis (Hermans 1949). Plants synthesize cellulose at the plasma membrane by a
symmetrical rosette of six globular protein complexes, collectively called the cellulose
synthase complex (CSC) and totaling 25-30 nm in diameter (Brown 1996). Each lobe of
the CSC rosette contains several structurally similar cellulose synthase A (CESA)
subunits (Pear et al. 1996). The predicted membrane topology of a typical plant CESA
suggests a cytoplasmic N-terminal region containing zinc-finger domains followed by two
transmembrane domains (TMDs), then a large cytoplasmic domain containing the
catalytic motifs and finally a cluster of six more TMDs at the C-terminus (Delmer 1999).
Hypothetical three-dimensional models based on this topology all suggest that the eight
TMDs anchor the protein in the plasma membrane and form a pore, either as a single
polypeptide or as a CESA dimer, through which the growing glucan chain passes to
reach the cell wall (Carpita 2011; Delmer 1999). Current molecular models of the CSC
propose that each of the six protein complexes may synthesize as many as six glucan
chains, each glucan chain presumably synthesized by a single CESA protein, thus a
maximum of 36 glucan chains could be produced by a single rosette which then cocrystallize to form one microfibril (Ding and Himmel 2006; Doblin et al. 2002; Scheible et
al. 2001) (Figure 2.1). Live-cell imaging of transgenic A. thaliana plants carrying a yellow
fluorescent protein (YFP)-labeled CESA6 have recently been used to show that CSCs
move at a constant velocity at the plasma membrane via a microtubule (MT) guidance
mechanism. However, when MTs are completely depolymerized, YFP-CESA6 velocity
remains unchanged (DeBolt et al. 2007a; Paredez et al. 2006), suggesting that the force
of glucan chain polymerization is responsible for movement rather than MT motor
proteins. In A. thaliana, 10 CESA genes have been identified (Richmond and Somerville
2000). A combination of genetic and biochemical analyses has revealed that three
distinct CESA proteins are required to form the CSC; CESA4, 7 and 8 in the secondary
cell wall (Taylor et al. 2003) and CESA1, 3 and 6 or the CESA6-related proteins CESA2,
5 and 9 in the primary cell wall (Persson et al. 2007). There is currently no reported
crystal structure of a plant CESA protein, nor the complete purification of a functional
CSC in vitro, therefore the precise mechanism of glucan chain polymerization or CESA
subunit interaction within the CSC remains unresolved.
Some of the first examples of the use of small molecules as tools to study cell wall
assembly were through the use of previously characterized chemicals and herbicides
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Figure 2.1. The chemical toolbox for dissecting cellulose biosynthesis. Numerous
cellulose biosynthesis inhibitors have been classified and some have been mapped to a
target gene by forward chemical genetics such as isoxaben (CESA3 and CESA6) or
quinoxyphen (CESA1). Others, such as DCB, CGA 325’615, thaxtomin A and AE
F150944 have not been mapped to a target gene, although DCB is proposed to interact
with a microtubule-associated protein (MAP) (Rajangam et al. 2008). Morlin putatively
targets the interaction between MTs and cellulose synthase (DeBolt et al. 2007a).
Oryzalin and colchicine are MT-targeting compounds and have been used to illustrate
the molecular rail hypothesis for guidance of cellulose synthase (Paredez et al. 2006).
Actin depolymerization by latrunculin B has been used to show the requirement for actin
mediated trafficking in placing cellulose synthase uniformly at the plasma membrane
(Gutierrez et al. 2009). Stabilization of actin by jasplaklinolide reveals functional
association between MTs and actin, which has yet to be examined in context of cellulose
biosynthesis (Sampathkumar et al. 2011). Cobtorin, another cellulose biosynthesis
inhibitor (Yoneda et al. 2007) was examined genetically using FOX lines and resistance
was gained via mutations in a lectin family protein, a pectin methylesterase (AtPME1)
and a putative polygalacturonase (Yoneda et al. 2010). Furthermore, examining the
plasma membrane cell wall continuum in relation to cellulose synthase may utilize tools
such as the plasma membrane-specific fluorescent dye filipin or the drug flupoxam,
which appears to target an oligosaccharide membrane transporter (Austin et al. 2011).
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that either inhibit cellulose biosynthesis or effect the cortical cytoskeleton by inhibiting
MT or actin dynamics. Isoxaben (N-[3(1-ethyl-1-methylpropyl)-5-isoxazolyl]) (Table 2.1A)
is a preemergence, broad leaf herbicide that inhibits cellulose biosynthesis (Heim et al.
1990b). Following a forward genetic screen for isoxaben resistant (ixr) mutants (Heim et
al. 1989; 1990a), the A. thaliana loci conferring resistance to isoxaben were identified by
map-based cloning and found to be cesa3ixr1 and cesa6ixr2 (Desprez et al. 2002; Scheible
et al. 2001). This result is significant because at the time the only known components of
the CSC were the CESA enzymes, although conclusive biochemical analysis was still
lacking. Interestingly, the mutations conferring resistance to isoxaben are not found near
the putative active site for either CESA3 or CESA6. Rather, the mutations are located in
the C-terminal transmembrane spanning domains of both enzymes. In addition, not only
does isoxaben cause a reduction in the amount of acid insoluble cell wall material, but
also live-cell imaging of the rapidly elongating cells of A. thaliana etiolated hypocotyls
expressing YFP-CESA6 has shown that the YFP signal disappears from the plasma
membrane shortly after treatment with isoxaben (Paredez et al. 2006). This indicates
that the mode of action of isoxaben in cellulose biosynthesis inhibition could be to
prevent CESAs from coming together to form the CESA rosette complex that appears
necessary for crystalline cellulose microfibril assembly. Therefore, it is possible that
isoxaben may act directly through the physical disruption of protein-protein interactions
or indirectly by blocking the putative pore that these transmembrane domains form to
extrude the glucan chain into the cell wall. The use of isoxaben has also been helpful in
supporting the premise that the CESA6-related proteins CESA2 and CESA5 both
compete for the same binding site as CESA6 within the CSC. The isoxaben resistant
mutant cesa6ixr2-1 displays a lower isoxaben resistance compared with cesa3 ixr1, however
isoxaben resistance is increased in cesa6ixr2-1 when it is crossed with cesa2 or cesa5
and is even higher in the triple mutant. This suggests that all three CESA6-related
isoforms are isoxaben targets, which explains the lower resistance of cesa6ixr2-1
compared to cesa3ixr1, because CESA3 does not appear to compete with other isoforms
for its positions in the CSC (Desprez et al. 2007). Therefore, isoxaben has been a very
useful tool to help evaluate gene redundancy issues among primary cell wall CESA
enzymes and has provided a basis for the selection of a non-conditional mutation in the
essential CESA3 gene. However, concerning a resistance mechanism, ultimately the
absence of a crystal structure for the CESA enzymes or an in vitro assay makes it
difficult to fully resolve how isoxaben interferes with cellulose biosynthesis.
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There are other cellulose biosynthesis inhibitors that appear to cause similar cellular
phenotypes to that of isoxaben. AE F150944 (N2-(1-ethyl-3-phenylpropyl)-6-(1-fluoro-1methylethyl)-1,3,5-triazine-2,4-diamine) (Table 2.1B) and CGA 325’615 (1-cyclohexyl-5(2,3,4,5,6-pentafluorophenoxyl)-1#4,2,4,6-thiatriazin-3-amine) (Table 2.1C) are both
experimental herbicides developed by Bayer CropScience and Novartis (Syngenta)
respectively, while thaxtomin A (4-nitroindol-3-yl-containing 2,5-dioxopiperazine) (Table
2.1D) is a phytotoxin produced by several species of the gram-positive filamentous
bacteria in the genus Streptomyces that cause scab disease in potato and other taproot
crops (Kiedaisch et al. 2003; Peng et al. 2001; Scheible et al. 2003). AE F150944
appears to inhibit crystalline cellulose synthesis by destabilizing plasma membrane
rosettes (Kiedaisch et al. 2003). Freeze-fracture electron microscopy showed that the
plasma membrane below the patterned thickenings of AE F150944-treated tracheary
elements in mesophyll cells of Zinnia elegans was depleted of cellulose-synthasecontaining rosettes, which appeared to be inserted intact into the plasma membrane
followed by their rapid disaggregation (Kiedaisch et al. 2003).
Likewise, CGA 325’615 and thaxtomin A were also shown to inhibit the synthesis of
crystalline cellulose and live-cell imaging shows that the green fluorescent protein
(GFP)-labeled CESA3 signal in etiolated A. thaliana hypocotyls disappears from the
plasma membrane shortly after treatment with either chemical (Bischoff et al. 2009;
Crowell et al. 2009). Interestingly, while there has not been a resistant mutant identified
for AE F150944 or CGA 325’615, a forward resistance screen to thaxtomin A in A.
thaliana identified the gene TXR1 that encodes a novel small protein most likely involved
in the regulation of a transport mechanism and thus may provide resistance by reducing
the uptake of thaxtomin A by the plant (Scheible et al. 2003). Specifically, N- and Cterminal GFP fusions to TXR1 were localized in the cytoplasm of tobacco leaf
protoplasts and consistent with the lack of predicted transmembrane domains in the
TXR1 protein, suggest that the protein acts as a cytosolic regulator of a membrane
protein rather than being a permanent component of a transporter complex. The focus of
future studies will be to determine whether the GFP fusions correctly reflect the
localization of TXR1 and with which proteins TXR1 interacts (Scheible et al. 2003). The
identification of mutants of this nature are good examples of how resistance to a small
molecule does not always require the mutation of a molecular target of the molecule, but
may occur through mutations to mechanisms that metabolize, modify or in this instance
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Table 2.1. Chemical structures for molecules described in the text. (A) Isoxaben, N-[3(1ethyl-1-methylpropyl)-5-isoxazolyl], (B) AE F150944, N2-(1-ethyl-3-phenylpropyl)-6-(1fluoro-1-methylethyl)-1,3,5-triazine-2,4-diamine, (C) CGA 325’615, 1-cyclohexyl-5(2,3,4,5,6-pentafluorophenoxyl)-1#4,2,4,6-thiatriazin-3-amine, (D) Thaxtomin A, 4nitroindol-3-yl-containing 2,5-dioxopiperazine, (E) Colchicine, N-[(7S)-1,2,3,10tetramethoxy-9-oxo-5,6,7,9-tetrahydrobenzo[a]heptalen-7-yl]acetamid, (F) Oryzalin, 4(dipropylamino)-3,5-dinitrobenzenesulfonamide, (G) Latrunculin-B, 4R-[(1R,4Z,8Z,10S,
13R,15R)-15-hydroxy-5,10-dimethyl-3-oxo-2,14-dioxabicyclo[11.3.1]heptadeca-4,8-dien15-yl]-2-thiazolidinone, (H) Jasplakinolide, 7-[(2-bromo-1H-indol-3-yl)methyl]-4-(4hydroxyphenyl)-8,10,13,15,17,19-hexamethyl-1-oxa-5,8,11-triazacyclononadec-15-ene2,6,9,12-tetrone, (I) DCB, 2,6, dichlorobenzonitrile, (J) morlin, 7-ethoxy-4-methyl
chromen-2-one, (K) Cobtorin, 4-[(2-chlorophenyl)-methoxy]-1-ntirobenzene, (L)
Quinoxyphen, 4-(2-bromo-4,5-dimethooxy-phenyl)-3,4-dihydro-1H-benzo-quinolin-2(1H)one, (M) Flupoxam, 1-[4-chloro-3-[(2,2,3,3,3-pentafluoro-propoxy)methyl]phenyl]-5phenyl-1H-1,2,4-triazole-3-carboximide.
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cause reduced uptake of the molecule. In the future, if forward resistance screens are
successful towards AE F150944 or CGA 325’615, it will be interesting to learn whether
the resistance loci map to CESA or to new molecular players in cellulose biosynthesis.
Understanding the association between cellulose deposition and cortical MTs has been
investigated for a number of years (Green 1962; Ledbetter and Porter 1963). In the
typical plant cell, MTs are positioned just under and parallel with the plasma membrane
and constitute the majority of the plant interphase cortical cytoskeletal array (Ehrhardt
and Shaw 2006). In fact, the discovery of interphase MTs was stimulated in part by the
observation that the mitotic spindle-disrupting drug colchicine (N-[(7S)-1,2,3,10tetramethoxy-9-oxo-5,6,7,9-tetrahydrobenzo[a]heptalen-7-yl] acetamid) (Table 2.1E), a
small molecule that traditionally has been used as a medicine for humans, also caused
giant algal cells to swell in a radial pattern (Green 1962). It was then observed in
subsequent studies that cellulose microfibril deposition in the walls of growing plant cells
tended to be parallel to, and were often coincident with, the subjacent MTs (Ehrhardt
and Shaw 2006). Other groups of anti-MT compounds seem to be specific to plant MTs
and are ineffective against vertebrate MTs, making them effective herbicides with
widespread use (Morejohn 1991). The dinitroaniline classes of small molecules such as
oryzalin (4-(dipropylamino)-3,5-dinitrobenzenesulfonamide) (Table 2.1F) are
agriculturally important herbicides commonly used to control the emergence of annual
grasses and certain broadleaf weeds. Oryzalin has been shown to bind to the maize
tubulin dimer to form a tubulin–oryzalin complex, which is then thought to co-polymerize
with unliganded tubulin and to slow further MT assembly (Hugdahl and Morejohn 1993).
Interestingly, as the different hypotheses on the alignment of cellulose microfibrils by
cortical MTs have developed (Baskin 2001), the use of both anti-cellulose and anti-MT
small molecules have indicated that the relationship between the cortical MTs and cell
morphogenesis is more complicated than early models predicted. For example, it is
possible to observe uncoupling of MT and cellulose microfibril orientation and to see
order appear in one array when the other array is experimentally disrupted (Paredez et
al. 2008; Paredez et al. 2006; Wasteneys and Galway 2003). MT depolymerization via
oryzalin was also used to dissect trafficking of cellulose synthase to the plasma
membrane (Crowell et al. 2009; Gutierrez et al. 2009). Here, a cellulose synthase rich
vesicle tracks on the depolymerizing end of cortical MTs. It was also shown that effective
trafficking of cellulose synthase required an intact actin cytoskeleton using the actin
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depolymerizing drug latrunculin-B (4R-[(1R,4Z,8Z,10S,13R,15R)-15-hydroxy-5,10dimethyl-3-oxo-2,14-dioxabicyclo[11.3.1]heptadeca-4,8-dien-15-yl]-2-thiazolidinone)
(Table 2.1G) (Gutierrez et al. 2009). Pharmacological stabilization of actin by
jasplakinolide (7-[(2-bromo-1H-indol-3-yl)methyl]-4-(4-hydroxyphenyl)-8,10,13,15,17,19hexamethyl-1-oxa-5,8,11-triazacyclononadec-15-ene-2,6,9,12-tetrone) (Table 2.1H), a
cyclo-depsipeptide produced by an Indo-pacific sponge, Jaspis johnstoni (Senderowicz
et al. 1995) has more recently been used to show interdependence between the MT and
actin cytoskeletons (Sampathkumar et al. 2011). It will be intriguing to use jasplakinolide
to dissect the role of actin and more generally actin mediated trafficking in cellulose
synthase delivery to the plasma membrane in plant cells.
DCB (2,6, dichlorobenzonitrile) (Table 2.1I), marketed since the 1960s under various
trade names, is another synthetic herbicide that is known to inhibit cellulose biosynthesis
(Hogetsu et al. 1974), but its mode of action appears to be different than that of
isoxaben. Although DCB has been shown to interfere with the assembly of the linear
terminal complexes implicated in cellulose biosynthesis in the alga Vaucheria hamata
(Mizuta and Brown 1992) and to cause changes in the number of intact rosettes at the
plasma membranes of moss (Funaria hygrometrica) and wheat (Triticum aestivum)
(Herth 1987; Rudolph et al. 1989), more recent live-cell imaging results have shown
DCB to cause simultaneous accumulation and cessation of CESA mobility within
localized regions at the plasma membrane of A. thaliana (DeBolt et al. 2007b). This
suggests that DCB does not block the interaction of CESA proteins during CSC
formation, however the mechanism by which this small molecule prevents !-1,4-glucan
polymerization and thus CESA mobility is still uncertain. An early clue towards the
molecular function of DCB was that is was shown to bind to small proteins of 12kD from
suspension-cultured tomato cell extracts and of 18 kD from cotton fiber extracts, the
amount of which seemed to increase significantly at the onset of secondary cell wall
synthesis in the cotton fibers (Delmer et al. 1987). In addition, DCB induces changes in
the cortical MT networks in the fucoid alga Pelvetia compressa and A. thaliana roots
(Himmelspach et al. 2003), which suggest that the DCB binding protein might be
associated with MTs (Bisgrove and Kropf 2001). Recently, a target for DCB was
identified in hybrid aspen (Populus tremula x tremuloides) using a biochemical approach
and found to be MICROTUBULE-ASSOCIATED PROTEIN20 (MAP20) a protein that
was also shown to bind with MTs (Rajangam et al. 2008). The assembly, bundling, and
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stability of MTs have a strong dependence on the activity of various MAPs and their
regulatory kinases and phosphatases (Sedbrook 2004; Wasteneys and Yang 2004).
MAPs have been shown to play a role in the synthesis of the secondary cell walls in A.
thaliana, as the FRAGILE FIBER1 (FRA1) and FRA2 proteins both affect the patterning
of cellulose microfibrils in the inner wall of interfascicular fibers (Burk et al. 2007; Zhong
et al. 2002a). However, MAP20 may be one of the first examples of a direct link between
a specific MAP and cellulose biosynthesis and provides a possible explanation for the
action of DCB.
Several other forward chemical genetic screens for compounds affecting cell wall
synthesis and morphology have been conducted. To identify new chemical inhibitors of
cell wall synthesis, a screen utilizing a library of 20,000 compounds from the DIVERSet
collection (ChemBridge, San Diego, CA) was conducted and the coumarin derivative
morlin (7-ethoxy-4-methyl chromen-2-one) (Table 2.1J) was indentified by a swollen root
phenotype in A. thaliana (DeBolt et al. 2007a). Further analysis using live-cell imaging
of fluorescently labeled MAP4 (microtubule associated protein-4) and CESA revealed
that morlin caused a defect in cytoskeleton organization and its functional interaction
with CESA. The identification of the target(s) for morlin may provide further insight in the
mechanisms of cortical MT interaction with the cell membrane and cellulose
biosynthesis. Likewise, in a smaller but similar screen looking for a swollen cell
phenotype in tobacco BY-2 cells, the compound cobtorin (4-[(2-chlorophenyl)-methoxy]1-ntirobenzene) (Table 2.1K) was identified (Yoneda et al. 2007). Further analysis
showed that the effect of cobtorin was to perturb the parallel alignment of pre-existing
cortical MTs and nascent cellulose microfibrils, thus the target for this molecule is likely
to have an important role in the relationship between MTs and microfibrils (Yoneda et al.
2007). Recently, as a method for screening for genetic resistant mutants to cobtorin,
these same authors employed the A. thaliana FOX hunting library, an activation tagging
technology that makes use of full-length cDNAs that create gain-of-function mutants
(Yoneda et al. 2010). From approximately 13,000 FOX lines, three cobtorin-resistant
lines were identified. Interestingly, the genes that were overexpressed in the three FOX
lines corresponded to a lectin family protein, a pectin methylesterase (AtPME1) and a
putative polygalacturonase. This study goes on to show some important features of
pectin in relation to the formation and orientation of cellulose microfibrils, which depend
on the methylation ratio of pectin and its distribution (Yoneda et al. 2010), and which has
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recently been experimentally characterized by

13

C solid-state magic-angle-spinning NMR

(Dick-Pérez et al. 2011).
As additional chemical screens are completed and new molecules are identified that
target the cell wall, it is certain that many will be followed up with successful forward
resistance or hypersensitive screening and new molecular players in cell wall
biosynthesis will be identified at an ever increasing efficiency. An example of the former
is a drug classified as a quinolin derivative named quinoxyphen (4-(2-bromo-4,5dimethooxy-phenyl)-3,4-dihydro-1H-benzo-quinolin-2(1H)-one) (Table 2.1L), that seems
to mimic isoxaben in its cellular phenotype by causing the disappearance of
YFP::CESA6 at the plasma membrane in A. thaliana, however the resistant locus for this
drug was determined through a map-based approach to be CESA1 (Harris and DeBolt,
unpublished). The fact that quinoxyphen affects YFP-CESA6 while apparently targeting
CESA1 further supports the previous evidence gained from studies with isoxaben and
rsw1 indicating that these proteins interact with each other to form a functional CSC
during primary cell wall cellulose biosynthesis. The quinoxyphen resistant mutant also
shows a growth phenotype only slightly reduced to that of wild-type, thus representing
the first fully viable, non-conditional mutant in CESA1. An example of a recent chemical
genetic hypersensitivity screen was that of an EMS-mutagenized population of A.
thaliana hypersensitive to the cellulose biosynthesis inhibitor flupoxam (1-[4-chloro-3[(2,2,3,3,3-pentafluoro-propoxy)methyl]phenyl]-5-phenyl-1H-1,2,4-triazole-3carboximide) (Table 2.1M) (Austin et al. 2011). Two mutants were identified, flupoxam
hypersensitive 1 and 2 (fph1, fph2) and through the use of NGM technology the loci
were identified as ECTOPIC ROOT HAIR3 (ERH3) for the fph1 locus and
OLIGOSACCHARIDE TRANSMEMBRANE TRANSPORTER (OST3/OST6) for the fph2
locus. Neither ERH3/FPH1 nor OST3/OST6/FPH2 encode cell wall biosynthetic
enzymes and consequently this screen did not identify new biosynthetic enzymes
involved in de novo synthesis of cell walls, but rather for regulators of cell wall
composition (Austin et al. 2011).

Copyright © Darby M. Harris 2011
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Chapter III*
Tools for cellulose analysis in plant cell walls
Cellulose is intimately associated with multiple facets of human civilization: central to
clothing, shelter, heat, medicine and food, there are few moments in the average human
life that are not spent in direct contact with cellulose or a by-product of its composition. It
should come as no surprise then that a considerable amount of time and energy have
been spent, and a couple of Nobel prizes awarded, in research involved with the
analysis of cellulose structure and metabolism from various sources. As the
understanding of this important biomacromolecule has developed, numerous analytical
techniques have been put to use to decipher cellulose biosynthesis, structure and
function within the plant cell wall. Content of this update is designed to introduce the
reader to current and developing tools for cellulose characterization. To begin, ‘a brief
history on the analysis of cellulose’ describes how many of the modern analytical
techniques used to determine cellulose structure came into use. This leads into the
various imaging techniques that interrogate cellulose biosynthesis especially those that
have arisen since the identification of the CELLULOSE SYNTHASE A (CESA) genes.
We then turn our attention to recent in vitro biochemical studies of CESA and in this
context we discuss the relationship between CESA and detergent-resistant fractions of
the plasma membrane (PM), which have the opportunity to shine new light on the PMcell wall continuum.
Characterization of cellulose using integrated analytical tools: A brief history
Cellulose was named by the French Academy over 171 years ago (Brongniart et al.
1839) subsequent to its characterization in various plant tissues by the famous French
plant scientist Anselme Payen (Payen 1838). His use of different treatments based on
sodium hydroxide, potassium hydroxide or nitric acid to extract and partially digest
cellulose from oak and beech wood revealed an element composition comparable to that
of starch (Payen 1838). Classical organic chemistry then allowed for the determination of
the !-(1$4) linkage that separates glucose residues in the cellobiose unit (reviewed
* This chapter was originally published as: Harris D, Bulone V, Ding S-Y, Debolt S
(2010) Tools for cellulose analysis in plant cell walls. Plant Physiology 153: 420-426.
Copyright permission was granted by the authors for inclusion in this dissertation.
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in (Hon 1994). The remarkable nature of cellulose as a polymer of repeating glucose
(cellobiose) units (Haworth 1932; Staudinger 1926) contributed greatly to the 1937 and
1953 Nobel Prize’s in Chemistry. Today it is understood that cellulose fibrils from many
natural sources result from individual glucan chains of cellulose aggregating via
hydrogen bonds and Van der Waals forces to form a long thread-like paracrystalline
structure termed the microfibril. The route that led to a sophisticated model of cellulose
structure began with X-ray diffraction (XRD) studies. The first XRD patterns of cellulose
fibers were generated from wood, hemp and bamboo samples, and although detailed
structural data was not initially obtained, it was determined that the crystallites were of a
rod-like shape (Nishikawa and Ono 1913). However, cellulose in a majority of higher
plants forms crystalline domains that are not large enough to produce high-resolution
crystallographic structure determination (Lai Kee Him et al. 2002; Muller et al. 2002).
Therefore, many of the early molecular models developed for the monoclinic unit cell
(Meyer and Misch 1937) and triclinic unit cell (Honjo and Watanabe 1958) of cellulose
were based on algal or tunicate (animal) model systems (Fischer and Mann 1960). In
addition, modern XRD data have been collected at even higher resolution than before by
using a synchrotron light source and can be paired with the separate analytical
technique of neutron diffraction, which in combination with specific deuteration, has
greatly increased the power to locate hydrogen atoms involved in the inter- or intramolecular hydrogen bonding of the cellulose microfibril (Nishiyama et al. 2002;
Nishiyama et al. 2003).
Simultaneous to the development of XRD methods, (Rowen et al. 1947) analyzed
cellulose from cotton (Gossypium hirsutum L.) by Infrared (IR) absorption spectroscopy
and later (Marrinan and Mann 1956) recognized that algae (Valonia) and bacterial
cellulose yielded IR spectra that were different from those of tunicates, cotton, or ramie
(Boehmeria nivea). Eventually, in the early 1980s the spectroscopic technique of solidstate 13C cross-polarization (CP) magic-angle spinning (MAS) nuclear magnetic
resonance (NMR) spectroscopy was able to resolve this issue by showing that native
cellulose I diffraction data from many natural sources were a composite of diffraction
from the two crystalline allomorphs I" (triclinic unit cell) and I! (monoclinic unit cell)
(Atalla and VanderHart 1984). 13C-NMR spectroscopy would not only confirm that the
crystalline structure of the cellulose microfibril in most plants was a composite of I" and
I! crystalline forms (Viëtor et al. 2002), but in combination with Fourier transform infrared
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spectroscopy (FTIR) spectra, it suggested that the more crystalline inner chains of the
microfibril core are composed primarily of cellulose I!, while both forms of cellulose
compose the chains in the surrounding paracrystalline sheath (#turcová et al. 2004).
Collectively, these early crystallographic and spectroscopic studies laid the foundation
for elucidation of the native cellulose structure in plant cell walls. Simultaneously,
microscopic analyses showed that cellulose microfibrils were dimensionally different in
different cell types of the plant (Balashov and Preston 1955; Roelofsen and Houwink
1953). Malcolm Brown and coworkers revealed, first in the green alga Oocystis (Brown
and Montezinos 1976) and then in higher plants (Mueller and Brown 1980), that the ends
of nascent cellulose microfibrils were often associated with globular structures
designated as terminal complexes (TCs) embedded in the plasma membrane. The
freeze fracture of the plasma membrane was imaged on the P-fracture face by
transmission electron microcopy (TEM), showing a structure with a six-fold symmetry
(rosette), and remains to this day a fundamental piece of evidence suggesting that this
type of structure is involved in cellulose synthesis in plants (Mueller and Brown 1980).
Further, in the study by Kimura and co-workers (Kimura et al. 1999), TEM was used in
combination with an immunoaffinity probe to show that the catalytic subunit of cellulose
synthase is associated with the rosette complex in vascular plants. Despite the
disadvantages of extensive and often destructive sample preparation, and the inability to
study live specimens, TEM is unsurpassed in its resolution and has been the method of
choice for ultra-structure analysis of the cell wall. Newer techniques in TEM sample
preparation are being developed to reduce sample destruction along with the use of
promising new affinity tools to be used in conjunction with TEM, such as carbohydratebinding modules (CBMs), that will most likely provide enhanced molecular resolution
imaging of the cellulose microfibril network (reviewed in Sarkar et al. 2009).
Integrated with the abovementioned analytical tools of IR, NMR, XRD, and TEM, the
relatively new imaging technique of atomic force microscopy (AFM) has the capacity to
provide atomic level resolution of the cellulosic matrix in the cell wall of fresh tissue.
Therefore, beyond the compositional structure of cellulose, AFM can offer a spatial view
of cellulose microfibril orientation in the polylaminate cell wall. AFM is based on scanning
probe microscopy (SPM) (Binning and Rohrer 1986), and uses a physical tip to scan the
surface of a specimen to determine its topography, physical properties and chemical
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structure (Drake et al. 1989). AFM operates by driving a cantilever with a sharp tip
mounted at its end to allow raster scanning across the specimen surface. AFM images
are the result of convolutions of the tip and the “true” structure of the specimen at an
atomic resolution. Plant cell walls were one of the first biological samples that were
examined by AFM (Kirby et al. 1996; van der Wel et al. 1996). The motivation of using
AFM for characterizing cell walls is obvious: plant cell walls are relatively stiff and flat,
and the molecular features of the microfibril network occur at the nanometer scale.
Ideally, AFM could be used to answer some of the key questions regarding the
nanostructures within plant cell wall cellulose (Davies and Harris 2003; Engel et al. 1999;
Kirby et al. 1996; Morris et al. 1999; Thimm et al. 2000; van der Wel et al. 1996) beyond
that defined by the previously mentioned analytical techniques.
To take full advantage of AFM and reduce interference by artifacts, an approach with
minimized sample preparation is ideal. Greatest success has used hand-cut sections of
fresh or naturally aged dry tissue while operating the AFM in tapping mode and imaging
the inner surface of the native cell wall (Ding and Himmel 2006; Himmel et al. 2007).
Using this strategy, it was possible to image primary and secondary cell walls from
maize (Zea mays L.). AFM imaging of dry primary cell walls documented microfibril
dimensions precisely measured at 3-5 nm (Ding and Himmel 2006), consistent with the
36-glucan chain model of cellulose elementary fibril (CEF) biosynthesis. In addition,
cellulose macrofibrils, consisting of a bundle of CEFs that split at the end to form smaller
bundles and eventually single CEFs, were also observed by AFM (Ding and Himmel
2006). Each microfibril observed in mature primary cell walls contained only a single
CEF with non-cellulosic polymers associated with its surface (Ding and Himmel 2006;
Himmel et al. 2007). AFM images of maize cell walls from fresh cells further confirmed
these observations (Figure 3.1A and B). AFM images of 3-day old developing maize
coleoptiles (Figure 3.1A) showed macrofibrils of 50-100 nm in diameter with rather clean
surface features, which contained multiple CEFs. By contrast, 4-week old maize stem
piths containing mature parenchyma (Figure 3.1B) displayed 2 distinguishable layers. In
the upper layer, the fibrils appeared to be small macrofibrils with diameters of 7-10 nm,
and single CEFs with diameters of 3-5 nm. In the posterior layer, all microfibrils of 3-5
nm diameter were arranged in a parallel orientation (Figure 3.1B). Furthermore, in the
mature cell walls (Figure 3.1B) particle-like features decorated the macrofibrils that may
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Figure 3.1. Emerging tools for cellulose analysis in plant cell walls. The background is
set with the model plant Arabidopsis thaliana; a simple schematic is overlaid on the stem
to indicate various facets of cell wall cellulose synthesis. AFM height image of fibril
structures in the elongating primary cell wall of maize contained primarily macrofibrils
that split at the end (indicated by the arrow)(A). The mature primary cell wall contained
both small macrofibrils in the upper most layer that can also split at the end (indicated by
the arrow) and parallel-arranged single elementary fibrils (B). Particle-like features were
clearly seen and were typically associated with the macrofibrils (indicted by the circle)
(B). Scale bar = 100 nm. Confocal image of upper hypocotyl cells of transgenic plants
expressing YFP::CESA6, RFP::TUA5 (tubulin) and the overlay of the two compatible
fluorophors in a merged imaged reveals the coincidence of CESA with microtubules(C).
Scale bar = 5 $m. Electron micrographs of cellulose microfibrils extracted from primary
walls of blackberry (R. fruticosus) cells (D and E) and of cellulose synthesized in vitro (F)
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using detergent extracts as a source of enzyme. The cellulose from cell walls was
observed before (D) and after (E) treatment with the Updegraff reagent (Lai Kee Him et
al. 2002). A cellulose microfibril synthesized in vitro associated to a globular particle,
which most likely corresponds to the enzyme complex (not treated with the Updegraff
reagent) (F). Electron micrograph of cellulose microfibrils (G) synthesized in vitro by
DRMs isolated from hybrid aspen cells grown as suspension cultures (negative staining
with 2% uranyl acetate). Insert: magnification of putative DRM structures that carry the
active cellulose synthase machinery and from which cellulose microfibrils are being
formed. Scale bars in E, F and G = 0.1 µm.
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have been formed by hemicelluloses, proteins or other cell wall polymers (Ding and
Himmel 2006) and were not observed in the macrofibrils of elongating cells (Figure
3.1A). A plausible explanation for these differences among cell types is a delay between
cellulose biosynthesis and incorporation of other cell wall polymers into the cell wall.
Ultimately, AFM imaging representing the native structure of cellulose provides an
enormous opportunity to better understand molecular architecture in dermal cell layers,
particularly when combined with confocal live-cell imaging described below.
As an analytical tool, confocal microscopy has rapidly evolved from being a challenging
technique with limited accessibility to a high throughput tool providing quantitatively
precise localization data for 30% of the proteome in the model plant Arabidopsis thaliana
(Chalfie et al. 1994; Cutler et al. 2000; Heazlewood et al. 2007; Tian et al. 2004). The
capacity to visualize a protein relies on excitation of an autofluorescent protein (AFP),
such as the green fluorescent protein (GFP) derived from the jellyfish Aqueora victoriae,
fused to a plant protein of interest. Despite the most famous AFP being the GFP
characterized 16 years ago (Chalfie et al. 1994), there are now numerous forms of AFP
including blue (BFP), cyan (CFP) and yellow (YFP) fluorescent proteins (Goodin et al.
2007). Designing an AFP expression fusion can still be a daunting task given the
numerous expression vectors available, the choice of where to fuse the AFP, what
promoter to use, and whether to use stable or transient expression of the chimeric
protein fusion (reviewed in Goodin et al., 2007). Live-cell imaging of CESA has led to a
remarkable increase in our understanding of the enzyme’s subcellular localization,
regulation, trafficking and guidance in growing cells during primary cell wall synthesis
(Crowell et al. 2009; DeBolt et al. 2007a, 2007b; Desprez et al. 2007; Gutierrez et al.
2009; Paredez et al. 2006, Persson et al. 2007) and in vascular tissue during secondary
cell wall synthesis (Wightman and Turner 2008). Labeling of the primary wall complex
with YFP::CESA6 or GFP::CESA3 in A. thaliana hypocotyl cells, revealed discrete
particles at the focal plane of the PM. The observation that these particles moved along
linear trajectories at constant velocity (av. 270 nm.min-1: Paredez et al. 2006) suggests
they represent actively synthesizing complexes. The majority of labeled CESA, however,
resides in the cytoplasm, located in Golgi stacks (confirmed by colocalization with
labeled !-mannosidase, a Golgi-resident protein) and in a heterogenous population of
smaller compartments (Crowell et al. 2009; Gutierrez et al. 2009; Paredez et al. 2006)
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In vivo visualization of cellulose synthase was initially used to investigate the dynamic
interaction between CESA complexes and the underlying cortical microtubule array
(Paredez et al. 2006), first described nearly 40 years ago (Hepler and Newcomb 1964).
It was long believed that the microtubule cytoskeleton guided CESA complexes and thus
cellulose deposition; however, the mechanism for this guidance was not known. Timelapse confocal microscopy showed that CESA trajectories were coincident with labeled
microtubules, indicating that microtubules act as molecular rails rather than passive
barriers to CESA movement (Figure 3.1C) (Paredez et al. 2006). More recently, the
microtubule array was found to participate in the delivery of CESA complexes to the PM
(Crowell et al. 2009; Gutierrez et al. 2009). Analysis of individual delivery events
indicated that complexes are preferentially delivered to sites that are coincident with
cortical microtubules (Gutierrez et al. 2009). Interestingly, small CESA-containing
compartments have been shown to associate with the cortical microtubule array (Crowell
et al. 2009; Gutierrez et al. 2009). Taken together, these observations suggest that
microtubules may position CESA delivery to the PM by interacting with secretory
compartments in the cytoplasm.
Recent work has also revealed that CESA motility is coincident with microtubule arrays
during secondary cell wall synthesis (Wightman and Turner 2008). Importantly, these
authors also deduced that actin filaments are instrumental in rapid intracellular trafficking
of CESA, which is necessary for cell wall thickening (Wightman and Turner 2008). The
actin cytoskeleton is also required for proper CESA trafficking during primary cell wall
synthesis: application of the actin-depolymerizing drug latrunculin B disrupts the global
distribution of CESA at the PM (Gutierrez et al. 2009). Further details have been gleaned
from careful observation of time-lapse imaging, for instance it was observed that after
arriving at the PM focal plane, the YFP::CESA6 began to move almost immediately
(within a minute) after arrival (Paredez et al. 2006). From this, a tentative deduction
would be that the CESA complex is activated and begins making cellulose very soon
after arrival at the PM. Particles also are observed to disappear from the PM, suggesting
a further level of regulation that terminates CESA activity. However, it has not been
possible to track a PM localized CESA particle from the initiation of its lifespan to
termination. One reason for this is that the inevitable curvature of the epidermal cell
being imaged makes it difficult to conclude that a particle has not simply moved out of
the focal plane rather than disappeared from the PM. Indeed, many questions remain
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unanswered for the budding microscopist and will require future improvements in
confocal resolution.
Small effector molecules have been invaluable in dissecting aspects of cellulose
biosynthesis by live-cell imaging. For instance the inhibitor of microtubule
polymerization, oryzalin, was useful in demonstrating that the CESA insertion and
directional motility were independent of microtubules (DeBolt et al. 2007b; Paredez et al.
2006). As mentioned above, inhibiting actin polymerization using latrunculin B showed
the requirement for actin in CESA trafficking (Gutierrez et al. 2009; Wightman and
Turner 2008). Assessing the localization behavior of CESA after treatment with inhibitors
of cellulose biosynthesis such as isoxaben (N-[3(1-ethyl-1-methylpropyl)-5-isoxazolyl];
Heim et al., 1989), DCB (2,6, dichlorobenzonitrile; (Montezinos and Delmer 1980), CGA
(1-cyclohexyl-5-(2,3,4,5,6-pentafluorophenoxyl)-1#4,2,4,6-thiatriazin-3-amine; (Peng et
al. 2001) and thaxtomin (Loria et al. 2006) have allowed for the study of the mechanisms
of action for these drugs. For instance, CGA, thaxtomin and isoxaben cause clearance
of CESA from the PM, and therefore either secretion of CESA is compromised or CESA
is unable to assemble once at the PM (Bischoff et al. 2009; Crowell et al. 2009; Paredez
et al. 2006). By contrast, DCB does not stop complexes from forming at the PM, but
once there, CESA movement ceases and CESA hyper-accumulates (DeBolt et al.
2007b). Interestingly, DCB has been shown recently to bind to a microtubule-associatedprotein in hybrid aspen, further supporting an action of the drug on the movement of
CESA (Rajangam et al. 2008). New inhibitors of cellulose biosynthesis have been
screened and identified using live-cell imaging, a good example being morlin (DeBolt et
al. 2007a), which inhibits both microtubule dynamicity and CESA, further demonstrating
the intimate association between these processes. Obtaining the protein targets of all
these small molecule inhibitors presents an enormous opportunity to define new players
or interactions in cell wall cellulose biosynthesis.
Biochemical analyses of cellulose biosynthesis
Despite all the previous evidence presented, the biochemical analysis of the CESA
rosettes has been a major challenge in the field of plant cell wall biosynthesis. The
enzyme complex is highly unstable and this has limited the possibility of purifying it and
studying its biochemical properties in vitro. Detergent extractions of proteins from plant
plasma membranes typically lead to the loss of the !-(1%4) glucosyltransferase activity
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of cellulose synthase (Bessueille and Bulone 2008; Delmer 1999). In addition, further
complication is due to the unavoidable concomitant extraction of callose synthase from
the plasma membrane. This enzyme uses the same substrate as cellulose synthase
(UDP-glucose) and exhibits high activity in vitro (Colombani et al. 2004; Lai Kee Him et
al. 2001; Lai Kee Him et al. 2002; Okuda et al. 1993), even though callose is normally a
minor cell wall component that forms transiently at the cell plate prior to cell division, or
in specialized cells (e.g. pollen tubes) or cell structures (e.g. plasmodesmata) (Stone
and Clarke 1992). Thus, the formation of !-(1%3) glucan by callose synthase is typically
prevalent in in vitro reactions, and this has further complicated the detection of the highly
unstable and low cellulose synthase activity. In addition, due to non-rigorous
polysaccharide characterization, the incorporation of glucose from UDP-glucose into
ethanol-insoluble !-(1%3) glucans has sometimes been wrongly associated to cellulose
biosynthesis reviewed in (Bulone 2007; Colombani et al. 2004). It has been proposed
that callose and cellulose formation might be catalyzed by the same enzyme (Delmer
1999), but the isolation of different genes encoding the presumed catalytic subunits of
callose and cellulose synthases is contradictory with this hypothesis reviewed in
(Bessueille and Bulone 2008). However, one may still argue that experimental evidence
demonstrating that the products of the CESA genes cannot catalyze the formation of
callose, and vice versa, is still missing. The definitive answer to this question will be
obtained when an active cellulose synthase preparation devoid of callose synthase
activity becomes available. The first successful in vitro synthesis of cellulose from plant
cell free extracts was achieved using cotton fiber and mung bean enzymes (Kudlicka
and Brown 1997; Kudlicka et al. 1995; Kudlicka et al. 1996). However, it was only
several years later that the amount of cellulose synthesized in vitro was significantly
improved by the careful selection of detergents that allow the extraction of enzyme
complexes in an intact form (Lai Kee Him et al. 2002). The use of taurocholate and Brij
58 to extract cellulose synthase from plasma membranes of cell suspension cultures of
blackberry (Rubus fruticosus) allowed the synthesis of cellulose in mg amounts. This
made possible the complete and unequivocal characterization of the cellulose
synthesized in vitro (Lai Kee Him et al. 2002). Interestingly, the microfibrillar cellulose
formed in the in vitro reactions was 10-15% more crystalline than the cellulose extracted
from the primary walls of the same cells, as measured by XRD analysis (Lai Kee Him et
al. 2002). This was further supported by the fact that cellulose from primary walls was
sensitive to the Updegraff (Updegraff, 1969) reagent (Figure 3.1D and E) while the in
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vitro synthesized microfibrils were not (Lai Kee Him et al. 2002). When the samples were
not treated with this reagent, the individual microfibrils synthesized in vitro were
associated with globular structures that most likely correspond to the enzyme complex
responsible for their formation (Figure 3.1F). Since this significant progress, the method
has been optimized in other plant systems such as hybrid aspen (Colombani et al. 2004)
and tobacco BY2 cells (Cifuentes et al. 2010) for which digitonin was selected as the
best detergent. It seems that the type of detergent used for enzyme extraction needs to
be determined for different plant species, which perhaps reflects different lipid
environments. As for the blackberry cellulose synthase (Lai Kee Him et al. 2002), higher
levels of activity were obtained with the detergent-extracted cellulose synthase from
hybrid aspen when the cells were harvested at their stationary phase, with up to 50%
cellulose and 50% callose synthesized in vitro (Colombani et al. 2004). To date, this
represents the highest proportion of cellulose to callose reported in in vitro synthesis
experiments. But despite these important advances, it remains that the in vitro assays
need to be systematically combined with careful analyses of the in vitro product to
determine the extent of !-(1%4) linkages formed. This can be performed routinely using
highly specific cellulases that are not contaminated by !-(1%3) glucanase activities,
which is not always the case for commercial enzymes. Typically, the biochemical
evidence of the de novo synthesis of cellulose is provided by the sensitivity of the
polymer synthesized in the presence of radioactive UDP-glucose to the specific
cellulases. If needed, more complete characterization can be performed, for instance by
GC/MS analysis after derivatization of the glucans (methylation analysis), electron
and/or XRD analysis, TEM and NMR reviewed in (Bulone 2007). However, for XRD and
NMR analyses, the scale-up of the in vitro reactions is required to obtain enough
polymer for the characterization. Solid-state NMR is particularly demanding in terms of
amount of polysaccharide (typically at least 10 mg), but a sensitive method based on the
use of UDP-glucose in which the glucose is enriched in
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C has been developed and

allows the analysis of in vitro glucans with as low as 100 µg of polysaccharide
(Fairweather et al. 2004). The analysis of the cellulose synthesized in vitro can be further
facilitated by dissolving the !-(1%3) glucan that is co-synthesized with cellulose in
NaOH solutions. Indeed, crystalline cellulose such as that synthesized in vitro by the
detergent-extracted enzyme from blackberry is not soluble in NaOH (Lai Kee Him et al.
2002). However, it is important to keep in mind that some poorly crystalline !-(1%4)
glucan may be synthesized and lost by dissolution in NaOH. In summary, the tools to
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assay cellulose synthase in vitro and unequivocally characterize the cellulose formed are
currently available. This opens a great opportunity to perform detailed biochemical
analysis of the cellulose synthase complex when a purified preparation can be obtained.
To date, this has been extremely challenging, but important progress has been made
recently in this area with the purification of complexes from A. thaliana using dual
epitope tagging and the specific corresponding purification steps (Atanassov et al.
2009). However, it was not possible in this work to search for enzymatic activity because
the purification procedure was not efficient enough. The enzymatic assays and sensitive
tools mentioned above for the characterization of cellulose synthesized in vitro will be
most useful also for the biochemical analysis of recombinant individual catalytic subunits
of cellulose synthase, which may be possible in the near future with the development of
more efficient expression systems for membrane-bound proteins.
Owing to the availability of these tools and of specific anti-cellulose synthase antibodies,
it was recently demonstrated that callose and cellulose synthases are located in
detergent-resistant structures exhibiting similar biochemical properties as lipid rafts in
animal cells (Bessueille et al. 2009). The preparations were active in vitro and able to
synthesize microfibrillar glucans that were identified as callose and cellulose (Bessueille
et al. 2009). The glucan sample identified as cellulose, shown in Figure 3.1G, was not
treated with any procedure prior to observation. This allowed for the preservation of the
detergent-resistant membrane microdomains (DRMs), which are visible as globular
structures or aggregates of globular structures (Figure 3.1G). It was not determined
though whether both callose and cellulose synthases are located in the same or different
sub-populations of DRMs (Bessueille et al. 2009). The relationship between DRMs and
lipid rafts is debated (Hancock 2006; Lichtenberg et al. 2005), essentially because the
experimental conditions used for DRM isolation may artificially induce the formation of
such structures (Lichtenberg et al. 2005). It remains nonetheless that the extractions of
DRMs reflect differential affinities of specific sets of membrane proteins to various lipid
environments (Lichtenberg et al. 2005). Thus, the isolation of DRMs is a valuable tool for
understanding the interactions of callose and cellulose synthases with the lipids that cosegregate with them and that consist of a higher relative proportion of sterols and
sphingolipids than the total plasma membranes (Bessueille et al. 2009). In addition,
DRMs represent a form of isolated carbohydrate synthases that can be further
fractionated using detergents or other compounds such as chaotropic agents that disrupt
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interactions between specific lipids and proteins. This approach, combined with the
enzymatic assays available and the detailed proteomics analysis of the sub-fractions
recovered after treatment with chaotropic agents, represents a promising strategy to
identify proteins that interact directly with the enzyme complexes.

Copyright © Darby M. Harris 2011
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Chapter IV*
Relative Crystallinity of Plant Biomass: Studies on Assembly, Adaptation
and Acclimation
Structural and morphological diversity is a striking feature of land plants. Lignin and a
group of carbohydrate polymers (pectin, hemicelluloses and cellulose) form the
scaffolding of the cell wall, which in turn are the building blocks for cell shape and
morphogensis (Brown 2004). The crystalline nature of cellulose has been one of the
central problems studied by polymer scientists. Cellulose microfibrils are the main
structural component of plant cell walls and are formed of (1-4) linked !-D-glucosyl
residues that are alternatively rotated by 180° along the polymer axis to form ribbon-like
chains (Hermans 1949). It has been established that each glucosyl residue has three
hydroxyl groups, one of which is a hydroxymethyl group. The tight bonding capacity of
the hydroxyl groups via hydrogen bonding are critical to determining how the crystal
structure of cellulose forms and also in directing important physical properties of
cellulose materials (Nishiyama et al. 2002). The chains of glucosyl residues in the fibril
periodically fail to coalesce into an ordered crystalline structure; these amorphous zones
along the fibril length are recognized as possibly serving the association between
hemicellulose and cellulose fibrils (Gomez et al. 2008). In elongating plant tissue,
cellulose deposition is generally considered to occur perpendicular to the axis of
elongation, constraining lateral swelling (due to turgor pressure) and allowing
longitudinal or anisotropic cell expansion (Mutwil et al. 2008). A surprising gap in our
understanding concerns fibril length and what controls it, with current estimates ranging
from 300 to 15,000 glucan units (Brett 2000). Another unresolved question regarding
cellulose biosynthesis is whether cellulose fibril orientation, length or crystallinity may
provide differential biomechanical properties to certain cell and tissue types and how this
may correspond to a specific ecological niche?
Study of the overall variation in plant function have largely focused on traits such as
foliar stoichiometry (Vitousek et al. 1995), specific leaf area (Niklas and Cobb 2008),
* This chapter was originally published as: Harris D and DeBolt S (2008) Relative
crystallinity of plant biomass: studies on assembly, adaptation and acclimation. PLoS
ONE 3: e2897. Copyright permission was granted by the authors for inclusion in this
dissertation.
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seed and seedling characteristics (Wright et al. 2000), leaf area/dry mass (specific leaf
area) (Vile et al. 2005), wood specific gravity (Woodcock and Shier 2003), stem diameter
(Niklas and Cobb 2008) and the relationship between stem and branch wood specific
gravity (Swenson and Enquist 2008). This building number of key functional traits is
aimed at providing botanists with the ability to characterize the differential body plan and
biomass allocation of plants with respect to their ecological niche (Graham et al. 2000).
Do plants adapt to environmental stimuli by regulating the density, orientation and/or
biomechanical properties of cellulose fibrils in differentiated tissues? Recent studies of
cellulose biosynthesis have shown that the upper hypocotyls of dark-grown A. thaliana
seedlings expressing a functional YFP tagged cellulose synthase 6 (CESA6) have a
transverse oriented CESA array. Yet, when this array is exposed to light the array rapidly
changes (within 20 min) to a longitudinal array (Paredez et al. 2006) suggesting that
elongating plants that are searching for light are very rapidly able to alter the
biomechanics of their cellulose array. The orientation of CESA motility (Paredez et al.
2006; DeBolt et al. 2007a) appears to be guided by underlying cortical microtubules.
Moreover, the site of CESA insertion at the plasma membrane occurs in a non-random
pattern suggestive of regulation (DeBolt et al. 2007b). It has recently been found that the
plant may have a cell wall sensing mechanism, THESEUS1, to provide transcriptional
feedback on the integrity of the cell wall (Hématy et al. 2007). Recent discoveries at the
cellular level suggest much is to be learnt about the regulation and plasticity of cellulose
synthesis and its contribution to morphogenesis. The necessary body plan and biomass
allocation properties of plants that proliferate under certain selection pressures such as
growing at a rainforest floor have been found to differ dramatically from those that
adapted to the upper canopy environment (Wright et al. 2007). Land plant ecology on
the basis of functional traits would thus suggest that plants adapt their biomechanical
structure (Read and Stokes 2006; Smith and Ennos 2003); this hypothesis was to be
addressed in the current study with respect to the structure of cellulose.
Experiments described herein were designed to determine whether relative crystallinity
of plant biomass samples was capable of responding to environmental cues. A central
tool for polymer scientists studying the structure of cellulose polymorphs has become Xray diffraction (Segal et al. 1959; Weimer et al. 1995), which has been shown to reflect
the degree of polymerization (Puri 1984) as well as structure (Andersson et al. 2003;
Andersson et al. 2000; Andersson et al. 2004; Honjo and Watanabe 1958; Sarén et al.
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2001; Teeäär et al. 1987). Adopting published methods for the calculation of a relative
crystallinity index (RCI, Weimer et al. 1995) as well as results gathered using synthetic
cellulose (Simacell, Weimer et al. 1995 or Avicel, Andersson et al. 2004), RCI was
determined using X-ray diffraction (XRD) in various plant samples. RCI determination
can be influenced by the preferred orientation of cellulose crystallites in a sample
(Andersson et al. 2004) or the size and surface area of the cellulose crystallites (Yoshida
et al. 2008). Hence it is important to note that the RCI parameter is relative to the portion
of crystalline cellulose in the sample, thus defined as crystallinity of the sample rather
than absolute crystallinity of the cellulose itself. Problems in crystallinity determination for
wood samples from Norway spruce and Scots pine by transmission X-ray diffraction
suggest that cellulose properties of size, orientation and crystalline:amorphous ratios are
important considerations when assessing diffractogram differences (Andersson et al.
2004). Plant response to abiotic physical stresses such as wind was assessed by RCI
and in more detail etiolation was assessed by X-ray diffraction, YFP::CESA6
experiments and FTIR analysis. RCI was measured in a study of 35 diverse plant
species, spanning liverworts to several C4 grasses. The RCI values of root, shoot and
leaf were compared to assess differences among plant assembly components. Finally,
these results are discussed with respect to technical challenges and ecological and
biomechanical context.
Materials and Methods
Chemicals All chemicals and reagents used were of analytical grade or higher.
Authentic samples of organic acids and their salts were obtained from Sigma Aldrich,
FMC BioPolymer, Fisher Scientific, Riedel den Haan and BDH as applicable.
Statistical analysis Hierarchical clustering, frequency distribution analysis (histogram)
and analysis of variance were performed in the freeware statistical program R
(Auckland, NZ).
Plant Material and Sampling Foliar samples from non-Arabidopsis thaliana plants were
from plants grown in Lexington Kentucky at the University of Kentucky Arboretum on the
University of Kentucky campus and an Agricultural Experimental Station research farm.
Samples from 35 different plant specimens were used in experiments were as follows:
Marchantia polymorpha, Sphaeopterus cooperi, Asparagus setaceus, Sedum
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morganianum, Podocarpus macrophyllus, Cycas circinalis, Araucaria araucana,
Equisetum hyemale, Epiphyllum oxypetalum, Aspidistra elatior, Drosera adelae,
Arabidopsis thaliana, Pisum sativum, Panicum virgatum (Cave in Rock, Alamo,
Trailgrazer), Arundo donax, Miscanthus giganteus, Miscanthus sinescens, Miscanthus
saccharifolia, Cyanodon tactylon, Phalaris arundinacea L., Eragrostis tef, Eragrotis
curvula, Tripsacum dactyloides (PMK24, Meade Co and Jackson), Festuca arundinacea,
Spentina pectinaria, Chasmanthium latifolium, Sorghastrum nutans (Cheyenne and
Rumsey), Muhlenbergia shreberi, Andropogon gerardii (KYAG9601 and KAW) and
Sorghum bicolor. Sampling occurred during 2007-2008 and leaf samples for the study of
RCI were batch samples of 15 leaves. Arabidopsis thaliana cv. Columbia plants were
analyzed as whole plants samples or divided into roots, shoots and leaves. These plants
were grown at 22°C under a 16 h light 8 h dark regime in 3 batches of 50 plants and
harvested as plant biomass. The transgenic plants expressing YFP::CESA6 were slightly
different than those previously published (DeBolt et al. 2007a; DeBolt et al. 2007b;
Hématy et al. 2007) in that we extensively re-screened the T1 generation of the
transformation described by Paredez et al. (2006) to isolate a homozygous allele that
complemented the procuste (CESA6) mutant since the previous allele was
heterozygous. We selected the homozygous allele that had functional and bright
expression of the YFP.
Characterization of Natural Variation in Relative Crystallinity by X-ray Scattering
Samples were prepared by oven drying biomass at 60°C for 36 hours. Alternative
temperatures for the drying regime were used, such as 37°C for 7 days or 80°C for 12
hours followed by 110°C for two hours, neither of which altered the RCI value measured
in A. thaliana tissue. Tissue was then homogenized using as Arthur H Thomas Co
Scientific grinder (Philadelphia, PA) equipped with a 1 mm sieve. For experiments
testing finely ground biomass, homogenization was achieved by ball milling into fine
powder. Biomass samples were then contained in a custom built sample holder of
pressed boric acid. In brief, plant material was placed into a mold, containing a sleeve
and hand pressed with a solid metal plug forming a disk shape. The sleeve and plug
were removed and a boric acid (Fischer, Madison, WI) base was then formed by pouring
the boric acid over the bottom and sides of the sample and applying 40,000 psi of
pressure to the 40X40 mm mold using a Carver Autopellet Press (Wabash, IN). Samples
were pressed to create an even horizontal surface. A Bruker-AXS Discover D8
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Diffractometer (Bruker-AXS USA, Madison, WI) was used for wide angle X-ray diffraction
with Cu Ka radiation generated at 30 mA and 40 kV. The experiments were carried out
using Bragg-Brentano geometries (symmetrical reflection). Diffractograms were
collected between 2º and 70º or 2º and 40º (for samples with little baseline drift), with
0.02º resolution and 2 s exposure time interval for each step (run time, 2 h). Sample
rotation to redirect the X-ray beam diffraction site was achieved per replicate. A. thaliana
material was grown under both greenhouse and growth chamber for analysis. The data
analysis was carried out using the calculation for relative crystallinity index (22) of:
RCI=I002-Iam/I002 x 100, where I002 is the maximum peak height above baseline at
approximately 22.5º and Iam is the minimum peak height above the baseline at ~18º. For
assessment of experimental accuracy, the pressed samples were examined using
reflective geometries at 22.5º 2-theta with the sample scanned rotationally (360º) and in
an arc (90º) to obtain an intensity/spatial orientation plot of a sample for which the RCI
had already been established. The range of reflective intensities was then used to
estimate the accuracy of the RCI determination using a 95% cutoff across the plot range.
Diffractograms were collected in Diffrac-Plus-XRD Commander software (Bruker-AXS,
Karlsruhe, Germany) and minimally processed (baseline identification, noise correction,
3D display and cropping of RCI signature region) using the EVA and TexEval (BrukerAXS Karlsruhe, Germany) software.
Etiolation and high wind experiments Pisum sativum (pea) was chosen for etiolation
experiments. Changes in the cellulose relative crystallinity index were tested in
hypocotyls of pea plants grown under light and dark conditions. Approximately 100 pea
seedlings were germinated in soil and identical flats were halved and either grown in
darkness to encourage etiolated hypocotyls or in light (16:8 light: dark) conditions for 7
days. Whole plants were then harvested, cleaned with Millipore water and leaf and root
tissue removed and discarded. Hypocotyls were then pooled and oven dried to complete
dryness at 80°C for 36 hours and pressed and packed in custom-built boric acid base as
described above for measurement of relative crystallinity by X-ray diffraction. For high
wind experiments, Arabidopsis thaliana Columbia plants were germinated and grown for
7 days under no wind conditions and then either exposed to wind produced by a fan at a
constant average air velocity of 4.6 meters per second for a period of 14 days. All plants
were container grown under growth room conditions of 16:8 light: dark for both
treatments and watered regularly to avoid dehydration. Stem tissue and leaf tissues
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were separated and independently dried at 80°C for 36 hours prior to processing and
XRD analysis as described above. Static and video imaging was performed using a
Kodak M863 camera (8.2 MegaPixel) (Eastman Kodak Company, Rochester, NY).
Leaf Mass/Area and Leaf Length Measurements Correlated With RCI Leaf mass per
unit area (LMA) measures the dry mass investment per unit of light intercepting the leaf
area deployed and leaf length of all leaves was measured from the beginning of the leaf
blade to the axial tip of the leaf (cm). All measurements were plotted against the RCI
values in Excel (Microsoft) software.
Confocal Microscopy. Seeds were germinated on 0.5 X MS agar for 2–4 d in darkness
at 21°C by wrapping in aluminum foil. Seedlings were mounted in water between a slide
and a cover slip. Once mounted, specimens were imaged in darkness, then exposed to
light for 5 min and then imaged again 30 minutes later. Imaging was performed on an
Olympus FV1000 laser scanning confocal microscope using a 63X N.A 1.4 oil-immersion
objective. The microscope is equipped with lasers for excitation wavelengths ranging
from 405-633 nm and EYFP was excited using the EYFP setting in the Olympus
Fluoview software (Olympus). All image processing was performed by using Olympus
Fluoview software (Olympus) and ImageJ (W. Rasband, National Institutes of Health,
Bethesda, MD) software.
FTIR Spectroscopy For Fourier Transform Infrared analysis (FTIR), pre-cleaned by
solvent extractions and dried pea material were pooled and homogenized by excessive
milling. The powder was mixed with KBr, and pressed into 7-mm pellets. Four FTIR
spectra for each line were collected on a Thermo Nicolet Nexus 470 spectrometer
(ThermoElectric Corporation, Chicago, IL) over the range 4,000–800 cm-1 (Kacuráková
et al. 2000). For each spectrum, 200 scans were co-added at a resolution of 8 cm -1 for
Fourier transform processing and absorbance spectrum calculation by using OMNIC
software (Thermo Nicolet, Madison, WI). Spectra were corrected for background by
automatic subtraction and saved in JCAMP.DX format for further analysis. Using win-das
software (Wiley, New York), spectra were baseline-corrected and were normalized and
analyzed by using the analysis covariance matrix method. Figures were processed using
Adobe Illustrator.
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Cellulose determinations Cellulose contents were measured spectrophotometrically
according to the protocol of (Updegraff 1969) on homogeneous samples of ground
biomass. Spectrophotometry was performed on a ThermoFischer Biomate3 (Madison,
WI).
Results
Determining crystallinity index for plant biomass
Previous methods for estimating the crystallinity of cellulose (Andersson et al. 2003;
Andersson et al. 2000; Andersson et al. 2004; Honjo and Watanabe 1958; Puri 1984;
Sarén et al. 2001; Segal et al. 1959; Teeäär et al. 1987; Weimer et al. 1995). were
adapted to plant biomass samples (Figure 4.1A and B, Methods and Materials). Initially,
synthetic cellulose (Avicel) was pressed into a custom-built boric acid base using 40,000
pounds per square inch (psi) and analyzed using Bragg-Brentano reflective geometries.
X-ray diffraction pattern (Figure 4.1A) showed consistent signature peak distribution with
previous published reports (Andersson et al. 2003; Andersson et al. 2000; Andersson et
al. 2004; Honjo and Watanabe 1958; Puri 1984; Sarén et al. 2001; Segal et al. 1959;
Teeäär et al. 1987; Weimer et al. 1995) and an average relative crystallinity index for
synthetic crystalline cellulose of 65.8 ± 8.12%. The experimental accuracy was
approximated by determining the noise in the diffractogram using a Phi and Chi scan
(360° rotational by 90° in an arc) of the sample, creating a intensity/ spatial orientation
plot at 22.5° 2-theta (Figure 4.1B). However, this value does not take into account the
possibility that texture of the sample influences RCI. It was found to be extremely
challenging to use the leaf and non-woody biomass samples for the analysis of
transmission geometries. Most technically challenging was mounting the sample, X-ray
penetration through the sample and orientation of the fiber axis (some of which is
random in leaf cells). Our attempts centered on the use of pressed potassium bromide
(KBr) into a 7 mm diameter mold to create an opaque disk with the sample embedded,
but maintaining any control over fiber orientation was not achieved. Also, the X-rays
were not penetrating the disk well enough to provide enough intensity of the symmetrical
transmission geometries (even at 110 and 200 A our peaks were very low intensity with
rocking in the 110 A range required to create peak resolution). A lack of texture analysis
in the samples by transmission geometries does not allow us to predict the preferred
orientation of crystallites within the samples, nor the size or density of crystallites.
Rather, RCI provides relative value for the reflective geometry of sample crystallinity.
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Figure 4.1. X-ray diffraction and plant ontogeny. A) Synthetic crystalline cellulose
(Avicel) displayed a diffractogram pattern consistent with diffractogram from plant
biomass derived from A. thaliana whole plant biomass (B) Schematic of the sample scan
used to estimate the experimental accuracy of pressed biomass at 22.5u 2-theta.
Experimental accuracy was determined to be 8.99% (C) Roots, leaves and shoots from
A. thaliana plants were sub-sampled and analyzed by XRD showing variability of RCI
between tissues. (D) RCI values for ball milled samples, whole plant sample and stem,
rosette (leaf) and root values. *Rosette RCI was significantly lower than stems or roots
(P,0.001, ANOVA) whereas stems and roots were not significantly different. (E) RCI
values for ball milled samples, whole plant sample and stem, rosette (leaf) and root
values with experimental accuracy included.
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Experimental samples were packed and analyzed in triplicate and the error estimated
between sample replicates was added to the estimated accuracy error. A. thaliana whole
plant samples were measured in 12 independent samples and the value remained
between 47.5% and 49.8%, suggesting that the relative estimate was reproducible, but
only provided a relative crystallinity value of the sample not absolute crystallinity.
Nonetheless, total error may still be underestimated, considering the results of
(Andersson et al. 2004) who found that texture considerably affected determination of
the experimental accuracy.
RCI measurement of root, stem and rosette tissue in Arabidopsis thaliana
Whole plant Arabidopsis thaliana Columbia tissue from a combined 50 plant crop grown
at 22°C under 16:8 light: dark cycle demonstrated that the average crystallinity of
cellulosic biomass was 48.49 % with a total RCI error of 4.71, which gave a total error of
9.47%. These data were consistent in several independently grown crops and gathered
from 12 experimental replicates. Treatment of sample with three hot ethanol (70%)
washes to remove chlorophyll and other cellular debris did not alter the RCI
measurement nor did the drying samples at 37° C for 7 days compared with drying at
80° C (data not presented). Arabidopsis thaliana Columbia plants grown to maturity (at
which time siliques had filled out containing mature seed) were harvested and divided
into roots, stems and leaves (Figure 4.1C). Average RCI value for 3 independent
measurements for stem was 54.79% ± 0.83, leaf (rosette RCI = 41.99% ± 3.21) and root
(RCI = 53.42% ± 0.42) (Figure 4.1D). However, taking into consideration the
experimental accuracy the total error was considerably greater with stems (54.79% ±
5.76), leaf (rosette RCI = 41.99% ± 6.98) and root (RCI = 53.42% ± 5.22) (Figure 4.1E).
Relative crystallinity index of the A. thaliana leaf tissue was 23.6% and 21.4% lower that
shoot and root tissue respectively (Table 4.1). The volume fraction of cellulose in the leaf
tissue (22% of total biomass) was approximately 36% lower than both stems (35%) and
roots (32%).
Crystallinity index among a spectrum of land plants
Foliar samples of 35 different plants were collected, oven dried and the RCI measured
by XRD (Table 4.1, Figure 4.2A and B). It was evident that crystallinity measurements
varied greatly among species assayed. The grasses had the highest RCI (58.5%) of all
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Table 4.1 Plant species analyzed within this study
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Tissue
Synthetic Cellulose
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf
Leaf

RCI
(avg)
65.80
18.18
31.75
33.33
33.93
35.24
37.50
40.00
41.11
41.76
46.15

St.
Dev
2.20
0.89
1.04

Whole Plant
Leaf
Leaf

48.94
48.75
55.54

0.31

0.40

Exp
Rep #
2
2
2
1
1
2
2
2
2
1
1

Exp
Accy
1.97
0.91
1.59
1.67
1.70
1.76
1.88
2.00
2.06
2.09
2.31

Total
Error
4.17
1.80
2.63
1.67
1.70
2.52
2.33
2.49
2.95
2.09
2.31

Total
Error
%
6.3
9.9
8.3
5.0
5.0
7.2
6.2
6.2
7.2
5.0
5.0

12
1
3

2.45
2.44
2.78

2.76
2.44
3.42

5.6
5.0
6.2

1
1
1
1

2.78
2.78
2.68
2.90
2.61

3.18
2.78
2.68
2.90
2.61

5.7
5.0
5.0
5.0
5.0

Common Name
Avicel
Liverwort
Lance leaf sundew
Monkey puzzle
Buddhist pine
Australian tree fern
Horsetail
Burro tail
Cyad Queen Sago
Cyrus spp
Plumosa fern

Botanical Name

Emergence

Marchantia polymorpha
Drosera adelae
Araucaria araucana
Podocarpus macrophyllus
Sphaeopterus cooperi
Equisetum hyemale
Sedum morganianum
Cycas circinalis
Epiphyllum oxypetalum
Asparagus setaceus

Arabidopsis
Cast iron plant
Switchgrass Kan
Low
Switchgrass Cave in
Rock
Sweet Sorghum
Arundo donax
Giant Miscanthus
Sweet Mischanthus

Arabidopsis thaliana
Aspidistra elatior
Panicum virgatum

Ordovician
Cretaceous
Jurassic
Permian
Mid-Devonian
Carboniforous
Carboniforous
Jurassic
Cretaceous
Cretaceous
Devonian/
Carboniforous
Cretaceous
Cretaceous

Panicum virgatum
Sorghum bicolor
Arundo donax
Miscanthus giganteus
Miscanthus saccharifolia

Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous

Leaf
Leaf
Leaf
Leaf
Leaf

55.54
55.54
53.57
57.90
52.20

Flame Mischanthus

Miscanthus sinescens

Cretaceous

Leaf

55.20

1

2.76

2.76

5.0

Tripsacum dactyloides

Cretaceous

Leaf

55.70

1

2.79

2.79

5.0

Tripsacum dactyloides

Cretaceous

Leaf

55.90

1

2.80

2.80

5.0

Eastern gamagrass
PMK24
Eastern gamagrass
Meade

0.76
0.45
0.49
0.89

0.64

3

Continued on the following page.

Eastern gamagrass
Jackson
Indian gamagrass
Cheynne
Big Bluestem KAW
Big Bluestem
KYAG09
Arabidopsis
Arabidopsis
Arabidopsis
Arabidopsis
Arabidopsis
Arabidopsis
Arabidopsis
Arabidopsis
Arabidopsis
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Tripsacum dactyloides

Cretaceous

Leaf

56.30

1

2.82

2.82

5.0

Sorghastrum nutans
Andropogon gerardii

Cretaceous
Cretaceous

Leaf
Leaf

52.10
58.50

1
1

2.61
2.93

2.61
2.93

5.0
5.0

Andropogon gerardii
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana
Arabidopsis thaliana

Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous

55.60
22.14
48.94
54.79
41.99
53.42
52.08
55.80
42.02
42.64

0.22
0.36
0.83
3.21
0.42
1.23
0.38
0.88
0.98

1
2
3
3
3
3
3
3
3
3

2.78
1.11
2.45
2.74
2.10
2.67
2.60
2.79
2.10
2.13

2.78
1.33
2.81
3.57
5.31
3.09
3.83
3.17
2.98
3.11

5.0
6.0
5.7
6.5
12.6
5.8
7.4
5.7
7.1
7.3

Pea

Pisum sativum

Cretaceous

23.07

1.54

3

1.15

2.69

11.7

Pea

Pisum sativum

Cretaceous

Leaf
Ball Milled
Whole plant (Grind)
Stem (Mature)
Rosette (Mature)
Root (Mature)
Stem +wind (3 wk)
Stem –wind (3 wk)
Leaf +wind (3wk)
Leaf –wind (3 wk)
Hypocotyl Dark
(7d)
Hypocotyl Light
(7d)

26.86

1.18

3

1.34

2.52

9.4

Common and botanical names, evolutionary emergence, tissue used in analysis, relative crystallinity index (RCI), number or sample
replicates, standard error among replicates where applicable, experimental accuracy and total error.

species tested and liverwort (Marchantia polymorpha), had the lowest RCI (18.8%). Of a
collection of 22 grass species, the range in RCI was determined to be 51.1% to 58.5%,
which was higher than leaves from all other species and more similar to values acquired
from the stem of A. thaliana. Other noteworthy observations were the similarity of RCI
values for Podocarpus macrophyllus and Araucaria araucana, which are both of the
pinophyta phylum. Cycas circinalis (Cycad), Sedum morganianum (Burro tail),
Equisetum hyemale (horsetail) and Epiphyllum oxypetalum (Orchid) also displayed a
similar RCI value ranging from 37.5 to 41.7%. The carnivorous plant Drosera adelae
(lance leaf sundew) measured the second lowest RCI of 31.8%. Indeed, other plants
with a similar morphology to the lance leaf sundew but very different metabolism such as
A. thaliana displayed higher RCI values (Table 4.1, Figure 4.2).
Relative crystallinity, analysis of cellulose reorientation using YFP::CESA6 in dark
to light conditions and FTIR spectral analysis of etiolated versus light-grown pea
hypocotyls
Dark-grown versus light-grown seedlings invest a greater proportion of cellular energy
into seeking light (elongation) and maximizing, capturing and transmitting light (Mandoli
and Briggs 1982). Shade conditions have also been shown to increase Young’s modulus
in petioles resulting in greater tensile strength (Liu et al. 2007). Because the plant
modified its body plan under dark growing conditions, this provided an opportunity to test
whether RCI changed. Seven-day-old, dark-grown etiolated pea (Pisum sativum)
seedlings displayed no pigmentation of hypocotyls and the tissue geometry and
morphology were perpendicular to the growth media horizontal surface. Seedling heights
were variable as demonstrated by the average height frequency graph (Figure 4.3A and
3B). The average height of dark-grown seedlings (9.5 ± 2.8 cm) was significantly greater
than light-grown seedlings (3.7 ± 1.2 cm P<0.001, Wilcoxan Ranked Signed Test). Leaf
and root tissue was separated and discarded and light and dark-grown hypocotyls were
then oven dried, pressed and packed into boric acid for analysis by XRD. The
corresponding RCI measurement of dark-grown hypocotyls was 23.07 ± 1.54% (n=3)
with an estimated experimental accuracy of 2.07 (total was 3.61 or 15.64%). Based on
sample replicates, this value was significantly lower (P<0.05, ANOVA) than
measurements made in light-grown hypocotyls 26.86 ± 1.17%, however considering the
level of experimental accuracy measured using a scan of the sample (Figure 4.1B), the
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Figure 4.2. RCI values and their hierarchical cluster dendogram for foliar samples from
diverse range of species indicates a large degree of variability. A) Samples were
clustered based on values for their RCI (B).
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Figure 4.3. Hypocotyl lengths and RCI of etiolated pea (Pistum sativum) seedlings
compared with light-grown seedlings were significantly different. (A) Histogram of
hypocotyl length for light-grown and (B) dark-grown. Dark-grown hypocotyls had a
significantly lower RCI that light-grown (C) (*P,0.001, ANOVA). (D) A. thaliana plants
expressing YFP::CESA6 displayed a transverse orientation under dark conditions and
longitudinal array under light conditions, images are time averages of 61 frames taken
10 sec apart for 10 min. Maximal linear trajectories particles was 14.66 mm for dark and
26.8 mm for light-grown. Scale bar = 10 mm (E) FTIR spectral variance plot of light
versus dark-grown pea plant samples.
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determination of significance was not substantiated (Figure 4.1C and D, Figure 4.3C,
Table 4.1).
Because it is postulated that each visible YFP::CESA6 puncta represents an intact
cellulose synthase rosette, we performed measurements of the YFP::CESA6 dynamics
before and after light exposure. Dark-grown seedlings were exposed to a light source for
5 min and then reimaged 30 minutes later (Figure 4.3D). Firstly, we confirmed
orientation shift from within the range of 180º ± 20 to 90º ± 20 (Paredez et al. 2006).
Secondly, measurement of particle velocity of membrane bound YFP::CESA6 particles
between transverse (dark) and longitudinal (light) oriented arrays were not significantly
different (274 nm.min-1 ± 34 and 268 nm.min-1 ± 41, Wilcoxan Ranked Signed Test).
Thirdly, average track lengths in the transverse array were 11.33 ± 1.46 µm compared
with 14.1 ± 2.9 µm (P>0.05, ANOVA) for the longitudinal array. Maximum track lengths
were 14.66 µm in the transverse array compared with 26.8 µm after exposure to the light
in the longitudinal array. The combined length of a cellulose track in a given time
consists of multiple particles in a 61 frame time lapse image. Fourth, the number of
individual CESA puncta in a given track were compared by the calculation: CesA D = TL /
Pn where CESAD is CESA density along a track, TL is the track length over 61 frames
(µm) and Pn is the average particle number along that track. An average of 12.02 ± 2.92
particles per strand (n=47 strands) were counted in transverse arrays compared with
13.36 ± 4.30 particles per strand (n=47 strands) in longitudinal arrays (P>0.05, Wilcoxan
Ranked Signed Test). Average CESA density (particles. µm -1) along a single track was
lower in the transverse array (0.86 ± 0.08 particles.µm-1) than the longitudinal array (1.05
± 0.13 particles. µm -1) but again not significantly lower (P>0.05, ANOVA). Hence,
orientation was the only significant change in the cellulose array. The FTIR spectra from
the cell walls showed a clear separation of the light-grown pea hypocotyls compared
with dark-grown seedlings using an analysis of variance spectra generated from four
replicates. Spectral variance in the FTIR data (Figure 4.3E) within thepolysaccharide
fingerprint region was difficult to assign to a single cell wall polymer and was more likely
a reflection of cell wall reorganization. In the variance spectrum, there were distinct
peaks in the FTIR spectrum that have been defined as arising from cellulose
(Kacuráková et al. 2000) (990, 1033, 1059, 1120, 1152 and 1369 cm -1) (Figure 4.3E). In
addition, amide-I absorption peak at 1673 cm-1 (Figure 4.3E) may reflect higher protein
content.
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Figure 4.4. Pairwise comparison of foliar traits with RCI. (A) RCI versus leaf mass per
unit area. (B) RCI versus leaf length.
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Relative crystallinity under artificial high wind conditions in the stems and leaves
of Arabidopsis thaliana
Plant responses to the effect of high wind have been well reported (reviewed in Smith
and Ennos 2003). In particular wind treatment is known to decrease Youngs modulus
(Wright et al. 2007). Cellulose is the main structural component of the cell wall, yet
effects of high wind on the crystalline physical properties of plant samples by XRD have
not been established. A constant flow of wind energy was passed over 7-day-old A.
thaliana plants in a crude wind tunnel within a growth chamber. Plants exposed to
constant high wind conditions were dwarfed and leaf area decreased consistent with
previous reports (Read and Stokes 2006). The RCI values for stems tissue sampled
from plants exposed to high wind (4.3 m.sec-1)(RCI = 52.08 ± 1.23%) were significantly
lower (among experimental replicates (P<0.001, ANOVA) than stems from plants not
exposed to wind (RCI = 55.8 ± 0.38%) (Table 4.1). Yet again, given the estimated
experimental accuracy of 11.2 and 9.52 % respectively, a conclusion regarding the
significance of these results cannot be substantiated. Particularly since in leaves the RCI
measure under wind exposure was not significantly lower than from those no wind
experiments based just on sample replicates alone (P>0.05, ANOVA).
Leaf Mass Per Unit Area and Leaf Length Measurements Correlated With RCI
Species analyzed in this by RCI study were correlated against measurements of leaf
mass per unit area (LMA) and leaf length. The correlation between RCI and LMA
demonstrated the as LMA increased, so did the value for the RCI of the biomass sample
(Figure 4.4A). Individual pairwise analysis of measurements of leaf length with RCI also
showed positive correlation between these traits (Figure 4.4B).
Discussion
All plant cells are surrounded by a rigid cell wall that constrains internal turgor pressure
and yet must yield in a controlled and organized manner to allow the cell to grow and
acquire a specific shape (Brown 2004). The major load-bearing constituent of the higherplant cell wall is cellulose, which forms crystalline fibrils that are often highly organized
with respect to cell shape and growth pattern (Brown 2004). Yet, microfibril chains are
thought to periodically fail to coalesce into an ordered crystalline structure and thus may
have variation in the frequency of amorphous regions within the crystalline fibrils (Gomez
et al. 2008). These less crystalline regions are postulated to functionally serve to link

86

fibrils with other wall components and thus may alter the wall structure and
biomechanics. Biomechanical properties of various plant tissues under various
conditions have been examined using primary shearing force, punch and dye testing or
tensile strength (Read and Stokes 2006; Smith and Ennos 2003). The aims of this study
were to explore the technical limitations and responses of the relative crystallinity
measure to ecosystem level processes using X-ray diffraction (Andersson et al. 2003;
Andersson et al. 2000; Andersson et al. 2004; Honjo and Watanabe 1958; Puri 1984;
Sarén et al. 2001; Segal et al. 1959; Teeäär et al. 1987; Weimer et al. 1995). RCI
analysis was overlaid with plant species diversity, response to abiotic community
boundaries and endemic plasticity. These combined data showed marked variability of
relative sample crystallinity in plants across these ecological niches, but detailed
quantitative determination of cellulose crystallite size, orientation and density of samples
remained elusive.
Care must be taken when correlating the RCI index against plant samples. A series of
detailed studies on the properties of wood cellulose have shown that RCI for pure
cellulose samples is directly related to the cellulose crystallinity, but in plant samples that
contain a matrix of amorphous polymers in addition to cellulose, the RCI represents the
volume fraction of crystalline cellulose within the given sample (Andersson et al. 2000;
Puri 1984; Sarén et al. 2001). The central problem in interpreting the diffractograms by
the RCI value is the preferred orientation of the crystallites (texture) contributing to
change in RCI (Andersson et al. 2000; Andersson et al. 2004). Therefore, RCI values as
measurement of the absolute crystallinity per se are comparable only if the samples
have the same texture, which can be altered by orientation and size of crystallites
(Andersson et al. 2000; Puri 1984; Sarén et al. 2001; Yoshida et al. 2008). It is
postulated that even within the cell wall of a single cell, considerable variability in the
cellulose length, orientation and absolute crystallinity may exist. Despite the problems
with using X-ray diffraction to analyze plant materials (Andersson et al. 2004),
determination of RCI has the capacity to distinguish changes in the volume fraction of
cellulose as the crystallinity of a sample. Further, established covariance of any trait
against the complexity of a biological system, in particular the relatively uncharted plant
biomechanical system poses many challenges. Therefore, RCI was examined in three
definable experimental categories; 1) comparison of leaves, stems and roots (assembly)
2) acclimation to abiotic stress in hypocotyls, stems and leaves and 3) adaptation of RCI
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in leaves of a diverse group of land plants. Are results for different samples comparable?
Analysis of 12 different A. thaliana sample replicates showed very high similarity of RCI
between replicates (approx. 2%, Table 4.1). Moreover, upon examination of grasses,
several wild grown Switchgrass species were analyzed from different sites and growing
seasons and were not significantly different from the previous analysis. However, when
defining RCI, we cannot guarantee that samples are comparable other than the
determined RCI parameter is related to the proportion of crystalline cellulose in the foliar
sample.
Within the body plan of a single plant (A. thaliana) there was significant variability in RCI
values between the roots or stems and rosettes (Figure 4.3A and 4.3B), but not between
roots and stems, suggestive of the different biomechanical architecture underlying
ontogeny. For example, the RCI value was 23.4% lower in rosettes than stems.
Structural requirements and allocation of cellular energy into maximal photosynthetic
surface area (Mandoli and Briggs 1982) in rosettes is greatly different from the
requirements of rigidity and solute transport in the stem tissue (Ennos 1997). Keeping in
mind that the RCI measure does not determine whether preferred orientation, size or
absolute crystallinity were contributing to the lower RCI value of leaves, it is evident that
RCI represents a much lower crystallinity of the leaf sample. The volume fraction of
cellulose in these tissues followed a similar trend with 36% lower cellulose content in
leaves than stems.
When A. thaliana plants were grown under conditions of constant wind
(thigmomorphogensis) stems had lower RCI under high wind conditions than those
grown without high wind stress (Table 4.1). It is established that wind treatment results in
decreased Young’s modulus (stiffness of a material) (Smith and Ennos 2003), which
infers a positive correlation between RCI and Young’s modulus. Reports of the effect of
wind on biomechanics suggest that plants are dwarfed due to investing a greater
proportion of energy into mechanical reinforcement rather than surface area for
photosynthesis (Read and Stokes 2006; Smith and Ennos 2003). In stems, structural
changes have been reported as producing “flexure fibers” or postulated high
microfibrillar angle cellulose observed under conditions of high wind to provide greater
flexibility (Telewski 1989). But, crystallinity for compression wood has been shown to be
lower than that of normal wood simply because the share of amorphous cell wall
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components is larger in compression wood and the difference in crystallinity between
normal wood and compression wood is modest (Newman 2004).
Experimental analysis of hypocotyls from dark-grown pea plants showed that the RCI
decreased compared with light-grown hypocotyls (Figure 4.3C). The biophysical nature
of etiolated tissues was very different from light-grown with more than double the
average length of light-grown hypocotyls (3.7 cm to 9.5 cm, P<0.001) and the cellulose
synthase array oriented from transverse to longitudinal when dark-grown seedlings were
exposed to light (within 30 min, Paredez et al. 2006, Figure 4.3D). Given the results of
(Stubiçar et al. 1998; Yoshida et al. 2008), the lower RCI measured in dark-grown
hypocotyls may be achieved by reducing the physical length dimensions of cellulose
fibrils. Or, given the experiments of Andersson et al. (2004), several factors associated
with sample texture, including orientation, are likely to contribute.
In attempting to use the leaf and non-woody biomass samples for the analysis of texture
by transmission geometries, several technical challenges arose. Mounting the sample
into a pressed KBr opaque disk with the sample embedded was achieved but
maintaining any control over fiber orientation was not. Further, X-ray penetration
through the sample was not sufficient for symmetrical transmission geometries (110 and
200 A peaks were below measureable intensity). Alternatively, FTIR analysis of the light
versus dark-grown pea hypocotyls distinguished between the samples based on
variance in the polysaccharide fingerprint region (Kacuráková et al. 2000). Several
spectral peaks in the variance plot were assigned to cellulose (Figure 4.3E). We
attempted to investigate this hypothesis using live-cell imaging to compare the
orientation, velocity, track length, rosette number and density of YFP::CESA6 particles at
cortex in dark (transverse) versus after light exposure (longitudinal) arrays. However,
only array orientation was found to significantly differ among treatments (Paredez et al.
2006). It was evident that longer maximum trajectories of YFP::CESA6 particles could be
traced after light exposure induced reorientation to a longitudinal array (14.4 !m in dark
to 26.8 !m after light exposure), but the average track lengths were not significantly
different due to the large range and an inability to track through the z-focal plane. Since
each tracks was the sum of multiple particles (YFP puncta) we assessed the particle
number per track and found that within the dark-grown hypocotyl of A. thaliana
seedlings, regardless of dark growth or brief light exposure the YFP:CESA6 density
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were 0.86 and 1.05 particles per mm respectively. Given this density and their
bidirectional velocity of approximately 270 nm.min -1 (Paredez et al. 2006; DeBolt et al.
2007b) microfibril overlap along a track would perhaps be clearer in micrographs (Brown
2004).
It was evident that monocotyledons had greater foliar RCI values than the dicotyledons
tested (Figure 4.2). Also, a trend of increasing RCI with increasing LMA and leaf length
was measured (Figure 4.4A and B), which leans towards a possible allometric
relationship (McCarthy et al. 2007). Studies on the tensile properties of plants have
shown that the grasses have 5-10 times higher tensile strength than dicots for a given
LMA, which suggests that the amount of fiber itself cannot account for the difference in
tensile strength (Yusuke Onoda, Personal Communication). In addition to being central
to plant cell shape and morphogenesis, cell walls and their biomechanical properties are
thought to play a vital role in plant defense against both biotic and abiotic stress and
hence have an integral role in functional plant ecology (Read and Stokes 2006). Yet,
plant biomechanics are poorly understood compared with other functional traits.
Does RCI depend linearly on the crystallinity of the biomass sample? From the RCI
value and experiments performed, it is arguable that the answer is no. Preferred
orientation of the fibril array may in fact cause changes in the RCI consistent with finding
of Andersson et al. (2004) and YFP::CESA6 experiments as can the size of cellulose
crystallites (Yoshida et al. 2008) and ball milling experiments. It is noteworthy that the
possibility of exploiting RCI as a trait may exist; in that lower RCI values of plant samples
were far more readily turned into fermentable sugars (Weimar et al. 1995; Yoshida et al.
2008). Therefore RCI may be part of the assessment strategy useful to breeders for
selection of perennial grasses with more digestible properties for forage and biofuel
production.

Copyright © Darby M. Harris 2011
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Chapter V*
Genetic modification in cellulose-synthase reduces crystallinity and
improves biochemical conversion to fermentable sugar
A sustainable human economy will require the implementation of renewable forms of
energy to reduce the impacts of climate change associated with continued fossil fuel
consumption (Searchinger et al. 2008). One renewable form of bioenergy that has
gained consider able interest is to exploit the capacity of land plants to fix atmospheric
carbon using energy from the sun to make sugar polymers (photosynthesis) (Farquhar et
al. 2001). The most plentiful of these plant sugar polymers is cellulose, and it is
noteworthy that plants proliferate in nearly every biome on the planet (Wright et al. 2004)
and cellulose is the most abundant biopolymer on Earth (Sticklen 2008), which add to its
attractiveness as a source of renewable energy. Unfortunately, cellulose polymers,
referred to as microfibrils, are crystalline and highly recalcitrant to enyzmatic breakdown
to form fermentable sugars that can be fermented to make alcohol for biofuel. This
crystallinity presents a major technical hurdle to overcome if cost-effective biochemical
conversion of lignocellulosic biomass into biofuels is to be realized.
Providing a fundamental understanding of cellulose biosynthesis may also assist in
understanding how it could be more efficiently broken down to biofuel. In elongating
plant tissue, cellulose deposition is generally considered to occur perpendicular to the
axis of elongation, constraining lateral swelling and allowing longitudinal, or anisotropic,
cell expansion (Brown 1996). The cellulose polymer is arranged in 3-nm-thick microfibrils (Delmer and Haigler 2002). These microfibrils are believed to consist of 8000
(primary cell wall) to 15,000 (secondary cell wall) glucose molecules (Somerville et al.
2004). Cellulose is synthesized by plasma membrane-localized proteins containing
several structurally similar cellulose synthase (CESA) subunits (Arioli et al. 1998) that
can be visualized as symmetrical rosettes of six globular complexes approximately 2530 nm in diameter (Herth 1983; Brown 2004). The only known components of the
*This chapter was originally published as: Harris D, Stork J, DeBolt S (2009)
Genetic modification of cellulose-synthase reduces crystallinity and improves
biochemical conversion to fermentable sugar. Glob Change Biol Bioenergy 1:51-61.
Copyright permission was granted by the authors for inclusion in this dissertation.
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CESA complex in higher plants are the CESA proteins, 10 genes of which have been
identified in the sequenced genome of Arabidopsis thaliana (Richmond & Somerville
2000). Advances in our understanding of the required stoichiometry of CESA subunits
within the CESA complex have also recently been made demonstrating that the
hexameric model for CESA complex formation requires three functional CESA subunits,
with CESA1 and CESA3 compulsory, whereas CESA2, 5, 6, 9 and 10 are
interchangeable (Desprez et al. 2007). It has also recently been found that the plant may
have a cell wall sensing mechanism, requiring THESEUS1, to provide transcriptional
feedback on the integrity of the cell wall (Hématy and Höfte 2008; Hématy et al. 2007).
Chemical and genetic screens for swollen organ morphology have also identified a
handful of genes that participate in cellulose biosynthesis, such as the COBRA
(Schindelman et al. 2001) and KORRIGAN (Lane et al. 2001: Paredez et al. 2008).
However, the complexity of events contributing to activation of the CESA at the plasma
membrane and its motility suggests that the list of players is far from complete.
Finally, of considerably greater potential benefit, and accordingly greater difficulty, is the
possibility of changing the nature of cellulose itself. Could the cellulose synthase
complex be altered to produce ‘wounded’ (in terms of either degree of crystallization or
polymerization) cellulose more amenable to deconstruction? Would such a plant survive
and thrive? (Himmel et al. 2007).
The tight bonding capacity of the hydroxyl groups via hydrogen bonding are critical to
determining how the crystal structure of cellulose forms and also in directing important
physical properties of cellulose materials (Nishiyama et al. 2002, 2003). It is postulated
that the chains of glucosyl residues in the fibril periodically fail to coalesce into an
ordered crystalline structure; these amorphous zones along the fibril length are
recognized as possibly facilitating the association between hemicellulose and cellulose
fibrils (Gomez et al. 2008). Indeed, the regulation of amorphous to crystalline zones in
the cellulose microfibril and the potential for biological regulation has important
connotations for plant design and cellulose bioconversion, but as yet this area of
research is poorly understood. Herein, we demonstrate the first example of a viable low
biomass-crystallinity mutant in A. thaliana. The mutant plant contains a point mutation in
the trans- membrane region of CESA3 in the previously identified mutant ixr1-2 (Heim et
al. 1989; Heim et al. 1990). Specifically, the resulting amino acid residue change is from
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threonine 942 to an isoleucine. Through combined genetic and biochemical screening
analysis, with the use of X-ray diffraction studies to allocate structural information about
cellulose crystallinity, we demonstrate the capacity to modulate cellulose digestibility via
this straight- forward genetic modification of CESA.
Material and Methods
Chemicals
All chemicals and reagents used were of analytical grade or higher. Authentic samples
of organic acids and their salts were obtained from Sigma-Aldrich, FMC-BioPolymer,
Fisher Scientific, Riedel den Haan and BDH as applicable.
Plant material and sample collection
Mutants used in this study had either been previously published as, or were isolated as,
homozygous T-DNA insertional alleles or point mutations screened from the ABRC stock
center (Table 5.1). These plants were grown at 22ºC under a 16h light 8h dark regime in
crops of 50 plants and harvested as aerial plant biomass. Four independent growing
cycles and analysis were performed for top candidates.
Microscale enzymatic saccharification
Celluclast 1.5L (cellulase from Trichoderma reesei) and Novozyme 188 (cellobiase from
Aspergillus niger) were purchased from Sigma-Aldrich (St Louis, MO, USA). The
enzyme cocktail was obtained by mixing equal volumes of the two enzymes that
contained an enzymatic activity of 486 endoglucanase units (mL-1 for cellulase [45.6 filter
paper units (FPU) - as standardized in LAP-009] and 134 CBU mL-1 for cellobiase.
Enzymatic saccharification of lignocellulosic material was according to the laboratory
analytical procedure #009 (LAP-009) of the National Renewable Energy Laboratory
(NREL). The cellulose content of mutant and wild-type A. thaliana plants was measured
spectrophotometrically (ThermoFischer Biomate3, Madison, WI, USA) on homogeneous
samples of 150 ground whole A. thaliana plants and sugar release values are a
percentage of this total (described in detail below). Modification for the microscale
experiment was made using dry biomass samples equivalent to 0.02 g cellulose. In
addition, the total reaction volume was reduced to 2 mL and a range of enzyme
concentrations based on cellulase activity were used including 60, 30, 15 and 7.5 FPU.
The samples were positioned horizontally in an Innova 4300 incubator/shaker (New
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Brunswick Scientific, New Brunswick, NJ, USA) at 50ºC while shaking at 100 rpm using
a 1-inch orbit. The progress of the reaction was measured by taking representative 100
µL aliquots at 2, 4, 6, 12, 24, 72 and 168 h. Enzyme blanks and Whatman #1 filter paper
were digested alongside the samples.
X-ray scattering
A. thaliana material was grown under both greenhouse and growth chamber for analysis.
Plant samples were prepared by oven drying biomass at 60ºC for 36 h. Alternative
temperatures for the drying regime were used, such as 37ºC for 7 days or 80ºC for 12 h
followed by 110ºC for 2 h, neither of which altered the measured values in A. thaliana
tissue (similar to Harris and DeBolt 2008). Tissue was then homogenized using an
Arthur H Thomas Co Scientific grinder (Philadelphia, PA, USA) equipped with a 1mm
sieve. Biomass samples were then contained in a custom built sample holder of pressed
boric acid. In brief, plant material was placed into a mold, containing a sleeve and hand
pressed with a solid metal plug forming a disk shape. The sleeve and plug were
removed and a boric acid (Fischer, Madison, WI) base was then formed by pouring the
boric acid over the bottom and sides of the sample and applying 40,000 psi of pressure
to

the 40 x 40 mm mold using a Carver Autopellet Press (Wabash, IN, USA).

Samples were pressed to create an even horizontal surface. A Bruker-AXS Discover D8
Diffractometer (Bruker-AXS USA, Madison, WI, USA) was used for wide angle X-ray
diffraction with Cu Ka radiation generated at 30 mA and 40kV. The experiments were
carried out using Bragg-Brentano geometries (symmetrical reflection). Diffractograms
were collected between 2º and 70º or 2º and 40º (for samples with little baseline drift),
with 0.021 resolution and 2 s exposure time interval for each step. Sample rotation to
redirect the X-ray beam diffraction site was achieved per replicate. The data analysis
was carried out using the calculation for relative crystallinity index (RCI) = I002-Iam/I002 x
100, where I002 is the maximum peak height above baseline at approximately 22.5º and
Iam is the minimum peak height above the baseline at 18º (Weimer et al., 1995). Peaks at
the 22.5º and 18º were consistent with a control of synthetic crystalline cellulose
(Avicels, FMC-Biopolymer, Philadelphia, PA, USA) (Andersson et al. 2003). For
assessment of experimental accuracy, the pressed samples were examined using
reflective geometries at 22.5º 2! with the sample scanned rotationally (360º) and in an
arc (90º) to obtain an intensity/spatial orientation plot of a sample for which the RCI had
already been established. The range of reflective intensities was then used to estimate
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the accuracy of the RCI determination using a 95% cutoff across the plot range (Harris
and DeBolt 2008). Three experimental replicates for mutant and wild-type biomass
samples were performed. Diffractograms were collected in DIFFRAC-PLUS-XRD
COMMANDER software (Bruker-AXS, Karlsruhe, Germany) and minimally processed
(baseline identification, noise correction, 3D display and cropping of RCI signature
region) using the EVA and TEXEVAL (Bruker-AXS) software.
Enzyme kinetics
The initial rate of sugar release using identical enzyme cocktail loadings (Celluclast 1.5
and Novozyme 188) as a function of substrate concentration was obtained by performing
a similar microscale experiment as that conducted for the saccharification analysis. Dry
biomass samples equivalent to sequentially increasing amounts of mutant and wild-type
plant derived cellulose were mixed with enzyme (7.5 FPU) and incubated for 2h. Similar
to the NREL LAP-009 saccharification experiments and using the same enzyme buffer
solution, the samples were incubated in an Innova 4300 incubator/shaker
(NewBrunswick Scientific) at 50 1ºC while shaking in a horizontal position at 100 rpm.
The progress of the reaction was measured by taking individual aliquots at 2h and
determining the glucose concentration using a Yellow Springs Instruments (YSI)–
glucose analyzer standardized for glucose determination using YSI buffer and
membranes purchased from YSI (Yellow Springs, OH, USA). Enzyme blanks and
Whatman #1 filter paper were digested alongside the samples. The inability to exactly
calculate the number of catalytic ends in the complex mixture of cell wall biomass
allowed only the calculation of a relative estimation, expressed as apparent kinetics
values. Hence, classical Michaelis–Menten kinetics are not determined and the Km and
Vmax values are apparent Km and Vmax relative estimates. The enzyme kinetics
experiment varied the concentration of substrate (cellulose) and measured enzyme
velocity to determine the difference in enzyme velocities between the two substrates.
These values were generated using the statistical graphing program GRAPHPAD
PRISM-4 (Graphpad, La Jolla, CA, USA).
Cellulose content measurement
Crude cell walls were prepared as published previously (Reiter et al. 1993). Briefly the
samples for the measurement were homogenized using an Arthur H Thomas Co
Scientific grinder (Philadelphia, PA, USA) equipped with a 1 mm sieve. Twenty-five
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milligram plant material were incubated in 1 mL 70% ethanol overnight at 65 °C, and
washed twice with 1 mL 70% ethanol for 1 h and once with 1 mL acetone for 5 min. After
washing solutions were extracted using a 1 mL pipette the samples were dried under
vacuum. Cellulose content determination was essentially achieved using the methods
described by Updegraff (1969): briefly, 5 mg of the dry biomass extract were weighed
out in triplicates from either wild-type or mutant plants and boiled in acetic-nitric reagent
(acetic acid : nitric acid : water 8 : 1 : 2) for 30 min to remove lignin and hemicellulose.
The samples were allowed to cool down to room temperature and the reagents were
carefully removed. The plant cell wall material was washed twice with 8 mL MQ-water
and 4 mL acetone, and dried under vacuum. The cellulose samples were then
hydrolyzed in 67% sulfuric acid for 1 h. The glucose content of the samples was
determined by the anthrone method (Scott & Melvin, 1953). Exactly 25 mL of the sulfuric
acid hydrolyzed samples were mixed with 475 mL water and 1 mL 0.3% anthrone in
concentrated sulfuric acid on ice. The samples were boiled for 5 min then placed
immediately back on ice. The absorbance of the samples was measured using a BioMate thermo scientific spectrophotometer (Thermo Fischer, Waltham, MA, USA) set at
Abs620 and compared with a standard curve obtained from known (10-50 mM)
concentrations of glucose (the standard curve was set each time together with the
reaction). The cellulose content was calculated by multiplying the measured glucose
concentration of each sample by the total volume of the assay and then by the hydration
correction factor of 0.9 (to correct for the water molecule added upon hydrolytic release
of each glucose residue from the cellulose polymer).
High-pressure liquid chromatography (HPLC) analysis of fermentable sugars
Aliquots of the fermentable sugars released by enzymatic hydrolysis were isolated and
their sugar composition quantified by HPLC according to methods of (Zhao et al. 2004).
The enzymatic hydrolysates of 20 mL were injected into an eluent of 19 mM NaOH
introduced at 1 mL min-1 using a Bio-LC HPLC (Dionex Corp., Palo Alto, CA, USA) and
separated through anion exchange using a Carbo-Pac PA1 with guard column (Dionex
Corp.). Signal strength from a pulsed electrochemical cell monitoring eluting sugars in
column effluent amounts was estimated by numerical integration of the pulsed electrical
cell monitor signal (CHROMELEON software version 6.80, Dionex Corp.). Sugars were
identified and quantified by comparing their retention times and peak areas with that of
known standards for glucose, xylose, galactose, fucose and rhanmose. Glucose was
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quantified by comparing the sample peak areas to that of known concentration
standards.
Statistical analysis
Analysis of variance was conducted using the freeware statistical software package R
(Auckland, NZ, USA) to test the null hypothesis of no statistical differences in RCI values
between the mutant plants and wild-type. The null hypothesis was rejected at the 0.05
level. Nonlinear regression analysis was performed using the statistics program built into
GRAPHPAD PRISM.
Sequence alignment and analysis
The protein sequence for A. thaliana was BLAST against all plant protein sequence data
using the NCBI PBLAST format (Altschul et al. 1997). Sequences with significant
homology and computational annotation as putatively encoding a CESA were aligned
manually.
Results
Cell wall mutant selection
To establish whether genetic mutations in genes central to cell wall synthesis could
result in improved enzymatic saccharification due to a wounded or flawed cellulose fibril,
previously generated A. thaliana plants containing homozygous T-DNA insertions or
point mutations in different genes potentially involved in cellulose biosynthesis as well as
plants with mutations conferring resistance to cell wall synthesis inhibitors (Table 5.1)
were selected. Selections were made based on both the type of mutation, being either a
T-DNA mutation or a point mutation, and the coverage of the different CESA genes in
the A. thaliana genome as well as several mutants that we term ‘outliers’. These outliers
are thought to be involved in cell wall synthesis but not directly in catalysis of UDPglucose to cellulose (Table 5.1). The study was performed in A. thaliana because
identifying a gene mutation that results in a wounded cellulose fibril is very fundamental
in nature and has been identified as a major challenge (Somerville et al. 2004; Himmel
et al. 2007; Gomez et al. 2008; Harris and DeBolt 2008). Moreover, the genetic
resources that have been compiled over the past two decades provided a base of
mutants with which to work. A vigorous and upright growth phenotype of the mutant
plant was used as additional selection criteria. Mutants such as eli1-1 or cev1
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Table 5.1. Cell wall mutations in Arabidopsis thaliana and their source.
Gene

CESA1
CESA2
CESA3

Mutation

rsw1-2
A549V
T-DNA insertion
ixr1-2
T942I

Gene ID

At4g32410
At4g39350
At5g44030

Source

Gillmor et al J Cell Biol
2002 156:1003-1013
SALK 096542 (ABRC)
Scheible W-R et al PNAS 2001
98:10079-10084

CESA6

ixr2-1
R1064W

At5g64740

Desprez T et al Plant Physiol
2002 128:482-490

CESA6

T-DNA insertion

At5g64740

SALK 004587 (ABRC)

CESA9

T-DNA insertion

At2g21770

SALK 046455 (ABRC)

CESA10

T-DNA insertion

At2g25540

CESA2/PRC1-1
Theseus1-3
Theseus
CTL1
Cobra1-1

SALK 052533 (Staffan Persson)
Persson S et al PNAS 2007
104:15566-15571

the1-3
T-DNA insertion
5´UTR

At5g54380

ctl1
W181Stop
cob1-1
G167R

At1g05850

2569-2789

At5g60920

Hématy K et al Current Biology
2007 17:922-931
Hématy K et al Current Biology
2007 17:922-931
Zhong R et al Plant Cell 2002
14:165-179
Schindelman G et al Genes Dev
2001 15:1115-1127

Cobra1-5

cob1-5

At5g60920

Schindelman G et al Genes Dev
2001 15:1115-1127

IRX8

irx8
T-DNA insertion

At5g54690

Persson S et al PNAS 2005
102:8633-8638

Korrigan

rsw2-1
G429R

At5g49720

Lane DR et al Plant Physiology
2001 126:278-288

Korrigan

kor16-2
T-DNA insertion

At5g49720

Nicol F et al EMBO J 1998
17:5563-5576

CSLC4

cslc4

At3g28180

Cocuron JC et al PNAS 2007
104:8550-8555

At3g28180/4g31590

Courtesy of J. Milne

CSLC4/CSLC5
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summarized in (Robert et al. 2004), which have severe growth phenotypes due to
impairment of CESA1 or CESA3, were therefore eliminated from the study. Severe
phenotypic differences in growth habit were also avoided to the best of our ability. In
order to control for differences in the stage of growth that might affect the results, all
plants were harvested at maturity defined as the onset of senescence after seed
maturity and maximal plant biomass have been reached. Harvesting at maturity was also
an attempt to nullify any influence of spatial or temporal gene expression and focus on
mutations that alter cellulose in the whole plant. To further reduce any bias resulting
from phenotype each plant replicate was a crop of 50 plants grown under identical
conditions that were dried and homogenized to create a pool.
Screening for altered digestibility
Based on the cellulose content determined for each mutant, identical cellulose loadings
were analyzed for recalcitrance to saccharification after 24 h of enzymatic digestion
using a commercial cellulase cocktail from T. reesei (Sigma-Aldrich). The results for
each mutant were then compared as the percentage of cellulose converted into
fermentable sugars (Figure 5.1a). In order to confirm that cellulose was being converted,
the fermentable sugars released by enzymatic hydrolysis were analyzed by HPLC,
which indicated that >90% of sugar was glucose. The highest saccharification efficiency
was 51.2% (±0.6) measured using ixr1-2 biomass relative to wild-type, followed by
cesa10-salk, cesa2-salk and ixr2-1, which displayed 14.8% (±1.2), 11.4% (±1.4) and
6.3% (±0.8) higher saccharification efficiency than wild-type, respectively (Table 5.1 and
Figure 5.1a). The ixr1-2 mutant displayed greater than threefold improvement in
saccharification than the next closest candidate (CESA10). A large majority of mutants
analyzed displayed very similar and/or negative conversion potential relative to wild-type
biomass (Figure 5.1a). Lower saccharification efficiency relative to wild-type was evident
for cobra1-1, cobra1-5, the1-3, CESA6-salk, ctl1, rsw2-1, irx8, korrigan16-2 and clsC4
as well as the double mutants clsC4/cslC5 and cesa2/prc1-1 (Cocuron et al. 2007;
Hématy et al. 2007; Lane et al. 2001; Persson et al. 2007; Persson et al. 2005;
Schindelman et al. 2001; Zhong et al. 2002b) (Figure 5.1a, Table 5.1). Batch
comparisons from four independent plantings of mutant ixr1-2 vs. wild-type plants
indicated that improved conversion efficiency remained at approximately 151% (Figure
5.1b). From this saccharification efficiency screen of A. thaliana cell wall mutants, we
identified the missense mutant ixr1-2 as the top candidate for further investigation.
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Figure 5.1. Improved biochemical conversion of dry biomass into fermentable sugars in
the cell wall mutants. (a) Analysis of various A. thaliana plants carrying mutations in a
number of genes critical to cellulose biosynthesis by saccharification efficiency using
hydrolytic enzymes. The graph plots fermentable sugars released relative to the
conversion rate of wild-type biomass as a percentage (n=3). (b) Batch comparison
between wild-types and ixr1-2 mutant biomass over three generations of plants (B
stands for batch)
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Figure 5.2. Plots of the relative crystallinity index for the biomass sample of seven
different mutant plants measured by X-ray diffraction (n=3). Selected from the
saccharification screen, four out of the seven mutants (cesa2-salk, ixr1-2, ixr2-1 and
cesa10-salk) yielded significantly more fermentable sugar than wild-type. As controls,
two mutants that yielded comparable amounts to wild-type (rsw1-2, cesa9-salk) and one
mutant that yielded less (cobra1-1) are represented.
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Screening for altered cellulose structure by X-ray diffraction
A second screen for altered cellulose structure was performed on selected mutant plants
identified in the saccharification efficiency screen. X-ray scattering analysis was
performed to generate a RCI (Figure 5.2) that established possible changes in the
orientation, size or density of the cellulose crystallites (Andersson et al. 2003; Harris and
DeBolt 2008). X-ray diffraction patterns showed consistent signature peak distribution
with previous published reports (Weimer et al. 1995) and these were overlayed with
synthetic crystalline cellulose (Avicel) to determine the relative crystallinity index for
synthetic crystalline cellulose (Weimer et al. 1995; Harris and DeBolt 2008). The
experimental accuracy was approximated by determining the noise in the diffractogram
using a Phi and Chi scan (360° rotational by 90° in an arc in the X-ray diffractometer) of
the sample, creating an intensity/spatial orientation plot at 22.51 2y and was determined
to contribute approximately 10% error, which was added variability between replicates.
Experimental accuracy value does not take into account the possibility that texture of the
sample influences RCI (Andersson et al. 2003). Attempts to determine sample texture by
transmission geometries (Sarén et al. 2001) were not successful in the A. thaliana plant
material. Most technically challenging was mounting the sample, X-ray penetration
through the sample and orientation of the fiber axis, which was random in leaf cells and
highly diverse in a heterogeneous total plant sample. A lack of texture analysis in the
samples by transmission geometries does not allow us to determine the preferred
orientation of crystallites within the samples, nor the size or density of crystallites.
Rather, RCI provided a screening tool for sample crystallinity of which the crystalline
polymer within the complex mixture of polysaccharides is cellulose. The examination of
mutant alleles compared with wild-type parental lines were performed in triplicate. The
RCI of wild-type parental lines was measured to be 48.9 ±4.5%. Furthermore, five out of
the seven plants displayed RCI values similar to that of wild-type. Mutants analyzed
were the non-conditional CESA1 allele rsw1-2 that displayed an RCI of 44.82 ±4.9%,
cesa2-salk 46.3% ±5.2%, CESA3 ixr1-2 allele 31.9 ±3.4%, CESA6 ixr2-1 allele 38.6
±3.8%, CESA9 allele cesa9-salk 47.9 ±4.2%, and CESA10 allele cesa10-salk 50.0
±5.2%. In addition the cobra1-1 mutant was analyzed and was not different to wild-type
(n=3) (Figure 5.2).
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Figure 5.3. Sequence alignment and genetic mutation. (a) The region containing the
ixr1-2 mutation was compared between A. thaliana CESA3 and homologs from Betula,
Zea, A. thaliana, Solanum, Populus, Vitis, Bambusa, Acacia, Eucalyptus, Oryza, Triticum
and Physcomitrella (b) Schematic of the structure of the CESA3 gene highlighting the
region of the threonine to isoleucine mutation in the C-terminal transmembrane region
(adapted from Scheible et al. 2001). (ZBD = zinc binding domain, HVR = hypervariable
region, TSR = transmembrane spanning region at N-terminus and C-terminus).
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Analysis of the FTVTSKA domain in higher plant genomes
CESA orthologs were identified based on homology to the CESA3 gene from
A. thaliana and amino acid sequences examined. Orthologs were identified in many
sequenced or partially sequenced plant genomes available on public databases
including Betula, Zea, A. thaliana, Solanum, Populus, Vitis, Bambusa, Acacia,
Eucalyptus, Oryza and Triticum. Analysis of sequence conservation among CESA genes
revealed that the threonine-942 that was mutated to an isoleucine in the ixr1-2 mutant
occurred within a highly conserved FTVTSKA domain among all sequences analyzed. A
putative ortholog from the sequenced moss Physcomitrella patens also contained the
FTVTSKA domain (Figure 5.3). In A. thaliana CESA3, the FTVTSKA domain is located
in a cluster of six C-terminal transmembrane spanning regions and is specifically located
on the extracellular loop between transmembrane spanning regions 3 and 4 (Figure 5.3).
Furthermore, analysis of the CESA protein family showed that several other CESA
proteins including CESA1, CESA4 and CESA8 contained the FTVTSKA domain (Figure
5.3, data not shown).
Kinetic analysis of cellulose bioconversion in the ixr1-2 reduced crystallinity
candidate
To gain a better understanding of the increased saccharification efficiency in the ixr1-2
mutant, a more detailed saccharification experiment was conducted to determine
kinetics of the reaction by measuring eight time points from zero to 168 h and using four
different enzyme concentrations ranging from 7.5 to 60 FPU. The results indicated that
at the 168h time point in conditions of excessive enzyme loading (60 FPU), the
fermentable sugar released was over 50% for the ixr1-2 mutant as compared with
approximately 30% for wild-type (Figure 5.4a). In addition, the ixr1-2 mutant released a
greater percentage of sugar at each time point during the reaction (Figure 5.4a–d) and
more sugar was released by ixr1-2 using the lowest enzyme concentration (7.5 FPU)
than that of wild-type using the highest enzyme concentration (60 FPU) (Figure 5.4a
compared with Figure 5.4d). The nature of the improved conversion efficiency was
examined further by determining pseudo-apparent Michaelis–Menten kinetic parameters
recognizing that there are inherent ambiguities with an insoluble substrate like cellulose
and a multienzyme cellulase cocktail. Nevertheless, pseudo-apparent Km (K'm) and
Vmax (V'max) values were significantly different between wild-type and ixr1-2 forms of
cellulose. Wild-type displayed a V'max of 4.18 x 10
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-6

moles min-1 unit-1 protein-1 glucose

Figure 5.4. Saccharification efficiency reported as % of cellulose converted to glucose at
2, 4, 6, 12, 24, 48 and 168 h using (a) 7.5, (b) 15, (c) 30 and (d) 60 FPU of enzyme.
Wild-type (dashed line) and ixr1-2 (solid line) (error bars n=4).
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Figure 5.5. Initial rate of sugar release from biomass by the enzyme mixture as a
function of cellulose concentration. Wild-type biomass closed circles and dashed line;
ixr1-2 closed squares and solid line (error bars n=3).
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and K'm of 10.26 mg cellulose whereas ixr1-2 displayed a V'max of 7.93 x 10-6 moles
min-1 unit-1 protein-1 glucose and K'm of 16.55 mg cellulose. There was a 61% increase
in the K'm for cellulose between wild-type and ixr1-2 suggesting a significant reduction in
the binding affinity for ixr1-2 cellulose. However, the V'max for ixr1-2 cellulose was 88%
higher than for wild-type indicative of a higher enzymatic turnover rate as might be
expected if ixr1-2 is to be considered as a preferred substrate. A relative estimation of an
apparent specificity-like constant (V'max /K'm) for wild-type was 40.7 x 10-3 and ixr1-2
was 47.9 x 10-3 moles min-1 unit-1 protein-1 mg-1 (Figure 5.5), representing a 17%
improvement for ixr1-2 in the hydrolytic efficiency of the reaction.
Discussion
The overarching aim of this study was to establish whether mutations in genes central to
cell wall synthesis could result in improved enzymatic saccharification efficiency of
lignocellulosic biomass. This was possible due to the massive genetic infrastructure and
research efforts invested in the model plant A. thaliana over the past two decades. A
central discovery was the identification of a missense mutant in CESA3 that resulted in
marked 51% improvements in saccharification efficiency relative to wild-type biomass
(Figure 5.1a). Relatively minor effects on plant growth resulted from this mutation,
namely ixr1-2, possibly due to the mutation occurring far distal to the active site in an
extracellular loop between two transmembrane spanning regions (Scheible et al. 2001).
Further, ixr1-2 displayed a 34% lower relative crystallinity measurement compared with
wild-type biomass; possibly providing a mechanism underlying higher saccharification
efficiency. These results are discussed in detail below.
Screening for improved saccharification efficiency resulted in the identification of 4
mutants, namely ixr1-2, ixr2-1, cesa2-salk and cesa10-salk that yielded significantly
more fermentable sugar than wild-type (Table 5.1 and Figure 5.1a). The ixr1-2 mutant
contains a point mutation in CESA3, which is a compulsory subunit in the cellulose
synthesizing machinery (Scheible et al. 2001). Null mutations in CESA3 are embryo
lethal (Somerville et al. 2004) and thus it is likely that the ixr1-2 mutation is not
completely deleterious to protein function, but more likely is altering a part of its normal
structure or function. In contrast, the ixr2-1 mutant also confers resistance to isoxaben
(Desprez et al. 2002) and contains a point mutation in the CESA6 subunit. Moreover, the
CESA2 and CESA10 mutants, cesa2-salk and cesa10-salk, contained T-DNA insertions
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and are null mutants. These latter three plants were not selected as top candidates
because CESA2 and CESA6 are partially redundant and gene expression is limited to
elongating tissue (Desprez et al. 2007; Persson et al. 2007), whereas it is evident that
CESA3 gene expression occurs in all tissues at all times (Persson et al. 2007). Thus, of
the genetic mutations that were analyzed in this study, only one cellulose biosynthesis
mutant was capable of providing a substantive improvement in the digestibility of
cellulose. It is also noteworthy that a majority of the mutants analyzed displayed very
similar and/or negative conversion potential relative to wild-type biomass (Figure 5.1a)
and that most of these mutants are knockouts beckoning the question as to the result of
over-expressing these genes. Hence, from this initial screen for conversion efficiency
ixr1-2 was identified as the top candidate due to its greater than threefold improvement
in saccharification over the next closest candidate (cesa10-salk) and due to the intrinsic
nature of CESA3 expression in all plant cells.
The determination of plant sample crystallinity through X-ray scattering analysis
indicated that five of the seven mutant plants displayed RCI values similar to that of wildtype, while two of the mutants, ixr1-2 and ixr2-1, were identified as having lower RCI
values than wild-type (Figure 5.2). Interestingly, both of these mutants were previously
identified in a forward chemical genetics screen as conferring resistance to the cellulose
synthesis inhibitor isoxaben (Heim et al. 1989, 1990) and both mutant alleles displayed
improved cellulose conversion efficiencies meeting the selection criteria for enhanced
biofuel conversion (Figure 5.1a). Why similar mutations in different but related proteins
confer isoxaben resistance, increased saccharification efficiency and reduced RCI value
is not clear. With respect to the latter two characteristics, perhaps these mutations
create structural changes in the proteins that alter their orientation within the CESA
membrane complex, giving rise to irregular angles at which they produce and
incorporate their glucan chain into the growing microfibril. This repositioning could
disrupt a certain percentage of hydrogen bonding within the microfibril causing an
increase in amorphous zones along the fibril length which may contribute to a reduction
in RCI in the biomass sample and an increase in accessibility to enzymatic hydrolysis. In
addition, the partial redundancy between CESA6 and other CESA isoforms could help
explain why our data indicates that ixr2-1 displays similar RCI and enzymatic hydrolysis
characteristics as ixr1-2 albeit not to the same extent. At a fundamental level, the RCI
determination accounts only for the volume fraction of cellulose within a complex matrix
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of cellular biomass. For this reason, we do not and cannot claim that absolute
crystallinity of cellulose is lower, but rather that the relative crystallinity arising from the
cellulose within the cell wall is lower in the ixr1-2 and ixr2-1 mutants. Consistent with RCI
data (Figure 5.2), evidence for altered cellulose structure in the ixr1-2 mutant was
previously shown using Fourier transform infrared spectroscopy (FTIR) (Robert et al.
2004).
Kinetic analysis of the saccharification reaction indicated three areas where ixr1-2
showed marked improvement over wild-type: fermentable sugar released at the 168 h
time point was 151% that of wild-type (Figure 5.4d); at each time point a larger percent
of fermentable sugar was released in ixr1-2 compared with wild-type (Figure 5.4a–d);
more sugar released using eight fold less enzyme than wild-type (Figure 5.4a compared
with Figure 5.4d). At an application level, this gain in saccharification efficiency alone
represents a dramatic improvement in bioconversion without costly chemical or heat
pretreatment (Sticklen 2008). Further analysis of the affinity of the enzyme cocktail for
the cellulosic substrate was also suggestive of altered cellulose as the appVmax/Km
value indicated a 17% increase in hydrolytic efficiency when using the ixr1-2 cellulose
compared with wild-type cellulose (Figure 5.5). Hence, analysis of pseudo apparent
catalytic efficiency of cellulose breakdown provided a quantitative measure that the ixr12 cellulose substrate was preferred over wild-type cellulose by a cellulase cocktail.
Herein, we identify the first viable low biomass-crystallinity mutant in A. thaliana and
demonstrate the capacity to alter the efficiency at which cellulosic biomass is converted
to fermentable sugars through the genetic modification of the primary cell wall CESA3.
Creating plants with low lignin has also been shown to be a viable strategy to improve
the efficiency of using lignocellulosic rather than starch based biomass for biofuel
production (Chen and Dixon 2007). A. thaliana is not a biofuel crop and therefore longterm targeted mutagenesis studies to enhance biomass to fermentable sugar conversion
in mainstream biofuel crops such as maize or switchgrass are needed in order to
determine whether similar enhanced bioconversion can be obtained. More
fundamentally, these findings raise intriguing questions regarding the point mutation in
the extracellular loop between transmembrane regions 3 and 4 at the C-terminus of
CESA3. Further, what, if any, is the importance of transmembrane anchoring in
establishing the correct organization of the CESA subunits within the CESA complex?
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The ubiquitous nature of CESA3 orthologs in the primary cell wall of higher plants and
conservation of the FTVTSKA domain (Figure 5.3) further indicates that the outcome of
this study could have high value in the development of feedstock grasses for both the
biofuels and forage industry. An additional point of interest pertains to secondary cell
wall cellulose, which occurs as wall thickenings of woody vascular tissue (Taylor et al.
2004). Because the ixr1-2 mutation occurs in the universally present primary cell wall
CESA subunit number 3, it is quite plausible that efforts to generate the same amino
acid change in the C terminal transmembrane region of the secondary cell wall CESA
subunits (CESA4, 7 and 8) may provide a rational strategy to similarly improve the
efficiency of biomass conversion from tree crops such as Populus.

Copyright © Darby M. Harris 2011
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Chapter VI*
Forward chemical genetic dissection of cellulose synthase structure and
function
Regulation of cell and tissue morphogenesis is essential for building a multicellular
organism. In plants, this is fundamentally controlled by a rigid and yet structurally
dynamic cell wall that extends in a highly controlled manner to constrain cellular turgor
pressure and define cell shape. The main load-bearing component of plant cell walls is
cellulose, which occurs in its native form as para-crystalline microfibrils. These fibrils
consist of multiple chains of unbranched "-1,4-glucan that aggregate via hydrogen
bonds and van der Waals forces. The architecture of cellulose is thought to be controlled
by the mechanism of biosynthesis, which is catalyzed by large plasma membrane (PM)localized cellulose-synthase complexes (CSCs) that are present in all cellulosesynthesizing organisms. The CSCs utilize cytoplasmic UDP-glucose to synthesize "-1,4glucans that are then extruded from the external face of the PM.
Central components of the CSC are the cellulose synthase A (CESA) enzymes, which
are structurally conserved in bacteria (Saxena et al. 1990) and plants (Pear et al. 1996;
Arioli et al. 1998). The topology of plant CESA, predicted by computational methods, is a
cytoplasmic N-terminal region containing zinc-finger domains, followed by two
transmembrane domains, a large cytoplasmic domain with the catalytic motifs and finally
a cluster of six more transmembrane domains at the C-terminus (Delmer 1999). Threedimensional predictions of a typical CESA suggest that the transmembrane domains
anchor the protein in the PM and form a pore, either as a single polypeptide or as a
CESA dimer, through which the growing glucan chain extends into the cell wall (Carpita
2010; Delmer 1999). Therefore, the CESA-facilitated unidirectional passage of the
glucan chain across the PM appears to be a fundamental mechanism required for
cellulose production. In Arabidopsis thaliana, 10 CESA genes have been identified
(Richmond and Somerville 2000). A combination of biochemical and genetic analyses
*This chapter is currently under review as: Harris D, Corbin K, Wang T, Gutierrez
R, Bertolo A, Petti C, Smilgies D-M, Estevez JM, Bonetta D, Urbanowicz B,
Ehrhardt D, Somerville C, Rose JKC, Hong M, DeBolt S (2011) Forward chemical
genetic dissection of cellulose biosynthesis in plants. Proceeding of the National
Academy of Sciences, U.S.A. Copyright permission was granted by the authors for
inclusion in this dissertation.
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has shown that at least three CESA subunits directly interact to form a CSC during
primary (Desprez et al. 2007; Persson et al. 2007) and secondary (Taylor et al. 2003)
cell wall cellulose formation. Further evidence has revealed that under oxidative
conditions CESA proteins dimerize by intermolecular disulfide bonds via the zinc finger
domain, although other domains are likely involved (Kurek et al. 2002; Timmers et al.
2009; Wang et al. 2006). However, the full complement of different CESA subunit
interactions is unclear due to redundancy in the CESA gene family and separate
combinations of CESAs that may be active in different cell types and at different times.
The temperature-sensitive mutation (or homozygous allele) rsw1-1 (CESA1) results in
primary wall deficiencies accompanied by a disappearance of rosettes from the
membrane at the non-permissive temperature (Arioli et al. 1998), and strong
homozygous alleles are either male gametophyte or embryo lethal (Persson et al. 2007;
Gillmor et al. 2002). CESA3 is co-expressed with CESA1, and null homozygous cesa3
alleles are also male gametophyte lethal (Persson et al. 2007). CESA6 appears to be
required for the elongation of hypocotyl cells in etiolated seedlings but can be partially
complemented by other CESA6-related subunits such as CESA2, CESA5 and CESA9
(Desprez et al. 2007; Persson et al. 2007).
Recent experiments with CESA fused to fluorescent reporter proteins suggest that CSCs
move at a constant velocity at the PM via a microtubule (MT) guidance mechanism.
However, when MTs are completely depolymerized, CESA velocity remains unchanged
in otherwise wild-type plants (Paredez et al. 2006; DeBolt et al. 2007a) suggesting that
energy provided by glucan chain polymerization is primarily responsible for movement
rather than MT motor proteins. It has recently been shown that both phytochrome
regulation (Bischoff et al. 2011) and the phosphorylation status of CESA1 (Chen et al.
2010a) result in changes in the rate of YFP::CESA6 movement. Despite evidence that
CESA proteins assemble into higher order complexes whose movement, and
presumably biosynthetic rate, can be regulated by CESA modifications (Bischoff et al.
2011; Chen et al. 2010a), structure-function relationships between the CSC, the
resulting microfibril and the expansion state of the cell are not well understood. Here,
we address this challenge using forward chemical genetics. Resistance to a panel of
drugs that target cellulose biosynthesis was conferred by mutations in the CESA1 and
CESA3 C-terminal transmembrane spanning domain region, henceforth termed the
TMR. We used X-ray diffraction (XRD) and

13

C solid-state nuclear magnetic resonance
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(SSNMR) spectroscopy to show that the TMR of CESA1 and CESA3 are involved in the
ordered crystallization of glucan chains in the interior of cellulose microfibrils, thereby
providing evidence for a relationship between the primary structure of CESA and the
architecture and organization of its product.
Materials and Methods
Plant material and growth conditions. All wild-type and mutant A. thaliana used were
of the Columbia (Col-0) ecotype and seedlings were germinated and grown as
previously described (DeBolt et al. 2007a). Inhibitors were dissolved in dimethylsufoxide
(DMSO) and added to media so that DMSO never exceeded 0.1%. Isoxaben was
purchased from Chem Service Inc., West Chester, PA. Chemical libraries used and
screening conditions have been described in (DeBolt et al. 2007a) and supplemental online material. ixr1-2 was obtained from the Arabidopsis Biological Resource Center at
Ohio State University. Transgenic plants expressing various florescent protein tagged
genes or gene knockouts were developed by reciprocal crossing and have been
described elsewhere (Paredez et al. 2006; DeBolt et al. 2007a). Complementation of
aegeus using the RSW1 locus was achieved by standard transformation (Clough and
Bent 1998) and the F2 population screened for segregation for susceptibility.
Cellulose content analysis and [14C]-glucose incorporation assays. Total cellulose
content was determined for 7-day-old dark-grown hyopcotyls and 8-week-old stems
according to Updegraff (1969). For [14C]-glucose incorporation assays, seeds were
germinated and grown in multi-well tissue culture plates at 21°C in the dark in 2 mL of
sterile, liquid MS media containing 0.5% [w/v] glucose. After 3 days, the media was
replaced with fresh MS media without glucose and containing either 0.05% DMSO or 50
!M quinoxyphen. After 1 h of preincubation with or without inhibitor, 0.5 !Ci/mL [14C]glucose (American Radiolabeled Chemicals Inc., St. Louis, MO) was added to each well.
The seedlings were incubated for 2 h in the dark at 21°C and then washed and extracted
as described Fagard et al. (2000).
Microscopy. Seedlings expressing GFP::CESA3 or YFP::CESA6 were grown in the
dark for 3 d and imaged using spinning disk confocal microscopy, as described
previously (Gutierrez et al. 2009) except a DMI6000 B inverted microscope with
Adaptive Focus Control (Leica) was used. Cells in the upper hypocotyl were imaged at
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5-s intervals for 6 min at the plasma membrane. Images were processed to minimize
signal from underlying Golgi bodies and to enhance particles at the plasma membrane.
A 5-frame running average was applied to the series followed by rolling ball background
subtraction (2 pixel radius). Then an FFT bandpass filter was applied to enhance
structures of 2-3 pixels (0.32-0.49 !m). Data were analyzed with Imaris software
(Bitplane). CESA particles were detected using the Spots module (estimated diameter =
0.5 !m) and tracked using the Autoregressive Motion algorithm (maximum frame-toframe distance = 0.067 !m, maximum gap size = 1 frame). CESA velocity was
calculated as total displacement divided by duration for tracks with a duration # 18
frames (90 s) and straightness # 0.75. Univariate analysis of variance, with Bonferroni
post hoc tests, was performed using SPSS 19 software (IBM) to compare CESA
velocities from different genotypes.
Cell wall structural analysis by XRD. A. thaliana material was prepared and RCI
determined as previously described (Harris et al. 2009) with a control of synthetic
crystalline cellulose (Avicel®, FMC-Biopolymer, Philadelphia, PA, USA). Three
experimental replicates for mutant and wild-type biomass samples were performed.
Diffractograms were collected in Diffrac-Plus-XRD Commander software (Bruker-AXS,
Karlsruhe, Germany) and minimally processed (baseline identification, noise correction
and cropping of RCI signature region) using the EVA and Texeval (Bruker-AXS)
software. Synchrotron X-ray scattering experiments were performed at the
macromolecular crystallography beamline F1 of the Cornell High Energy synchrotron
source. A high-flux wiggler X-ray beam with a photon energy of 13 keV was focused to a
spot size of 20 microns using an X-ray focusing capillary with 4 mrad acceptance. Plant
samples were mounted in a helium-filled enclosure to reduce air scattering. Due to the
high intensity of the microbeam no further processing was necessary. A Quantum 210
area detector was placed at a distance of 120 mm from the sample and the full 2D
cellulose fiber diffraction image was recorded. Data were integrated using the Fit2D
software (Grenoble, France). Scherrer equation analysis was performed by fitting a
Gauss peak to the 200 reflection.
Cell wall structural analysis by

13

C magic angle spinning SSNMR. For 13C solid state

magic angle NMR plants were grown in sterile media supplemented with U-13C glucose
and 15N NH4Cl (100 mM), and cell walls were extracted, desalted and examined by NMR
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as previously described (Dick-Pérez et al. 2011).

13

C SSNMR spectra were measured

on a Bruker Avance 600 (14.1 Tesla) spectrometer operating at resonance frequencies
of 600.13 MHz for 1H and 150.9 MHz for 13C. A double-resonance 4 mm magic-anglespinning (MASº probe was used to measure all spectra). Typical radio-frequency field
strengths were 62-70 kHz for 1H decoupling and 50 kHz for 13C pulses. The samples
were spun under 7 to 12 kHz MAS.

13

C chemical shifts were referenced to the

signal of $-glycine at 176.49 ppm on the TMS scale. For quantitative
experiments, the

13

13

13

CO

C 1D

C magnetization was created by direct excitation using a 90˚ pulse

and using a long recycle delay of 20 s. To preferentially detect mobile polysaccharides, a
short recycle delay of 2 s was used in the

13

C direct polarization experiment.

13

C

chemical shifts were assigned by reference with the recently published result (DickPérez et al. 2011) and were confirmed by 2D

13

C-13C spin diffusion correlation

experiments with a 40 ms mixing time and by 2D J-INADEQUATE experiments (DickPérez et al. 2011). The latter correlates 13C double-quantum chemical shifts with singlequantum chemical shifts, and gives relatively high spectral resolution.
Results
Forward chemical genetics: isolation and characterization of the cellulose
biosynthesis inhibitor quinoxyphen. The herbicide quinoxyphen (Figure 6.1a; a
structure-based analysis of analogs can be found in Figure S6.1, Table S6.1 and SI
Text) was identified in a screen for compounds that inhibit cell growth anisotropy.
Germination on quinoxyphen above the IC50 value of 1.0 µM caused severe cell and
tissue swelling of the hypocotyl and upper root in A. thaliana seedlings (Figure 6.1b). In
addition, there was a 50% inhibition of

14

C-glucose incorporation into crystalline cellulose

in plants germinated and grown on a 5.0 µM concentration of quinoxyphen (Figure 6.1c).
Clear differences in cell wall composition based on principle component analysis of FTIR
spectra were detected in quinoxyphen treated seedlings (Figure S6.2a-b), as well as
significant increases in the abundance of cell wall neutral sugars (Figure S6.2c).
Additional analysis of seedlings exposed to quinoxyphen showed other cell wall
compositional alterations, including hyper-accumulation of callose and ectopic lignin
production; both common phenotypes observed following chemical inhibition of cellulose
biosynthesis (Desprez et al. 2002) (Figure S6.3a-d).
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Figure 6.1. Identification of quinoxyphen as a cellulose biosynthesis inhibitor. (a)
Structure of 4-(2-bromo-4,5-dimethoxy-phenyl)-3,4-dihydro-1H-benzo-quinolin-2-one
(C21H18BrNO3 MW 412.28), named herein quinoxyphen. (b) A. thaliana seedlings grown
under continuous light for 5 days on MS agar containing 5 !M quinoxyphen (right)
showed reduce growth compared with control plant (left). Scale bar 10 mm. (c)
Incorporation of 14C-glucose in the acid-insoluble fraction in wild-type treated and
untreated with 5.0 !M quinoxyphen. (*P<0.001, Student’s t-test, n=3). (d) Time lapse
confocal images of YFP::CESA6 in hypocotyl cells of 3-day old etiolated plants were
compared between mock control treatment and 20 µM quinoxyphen treatment revealing
clearance of the PM CSCs after 120 min. Each image in panel d is an average of 60
frames taken at 5 sec intervals on the same Z plane. Scale bar, 10 !m.

116

In expanding A. thaliana hypocotyl tissue, cellulose biosynthesis can be visualized in
living cells by labeling the CSC with fluorescently tagged CESA proteins. To establish a
possible cause of the anisotropic growth disruption and cellulose content reduction, we
used spinning disk confocal microscopy to examine the effect of quinoxyphen on the
behavior of YFP-CESA6 particles in the focal plane of the PM. Consistent with previous
observations following treatment with the herbicide isoxaben (Paredez et al. 2006;
Gutierrez et al. 2009), labeled particles with slow and steady motility were depleted from
the PM, a change visualized in time-projected images by the loss of tracks created by
particle translocation (Figure 6.1d). Concurrently, label accumulated in trafficking
compartments at the cell cortex, most of which were immobilized (Figure 6.1d, see
Gutierrez et al. 2009 for further analysis of this redistribution syndrome). In contrast, no
marked differences in morphology or general dynamics were observed in the actin
(Figure S6.3e) or microtubule (Figure S6.3f) cytoskeletons after quinoxyphen treatment.
Hence, we hypothesized that quinoxyphen targets cellulose biosynthesis, rather than
causing broad cell toxicity, and that its mechanism of action is similar to that of isoxaben
(Heim et al. 1989).
Resistance to quinoxyphen is conferred by the semi-dominant CESA1 locus. To
identify possible targets of quinoxyphen, we performed a forward genetic screen and
isolated an A. thaliana mutant showing strong resistance to quinoxyphen (>10 mM),
which we named aegeus (Figure 6.2a). Given the similar phenotypes induced by
quinoxyphen and isoxaben, as observed with live-cell imaging, we first asked whether
the two drugs shared the same resistance locus. We performed an allelism test
between aegeus and the isoxaben resistant mutant ixr1-2 and established that the F1
crosses between the two homozygotes showed sensitivity when germinated and grown
in media containing 5 µM of quinoxyphen or 10 nm of isoxaben (both lethal doses to
wild-type), indicating that the two chemical resistance loci were not allelic (data not
shown). In addition, homozygous aegeus plants displayed sensitivity to isoxaben and
homozygous ixr1-2 plants were sensitive to quinoxyphen (data not shown). Using a
positional cloning approach to identify the gene conferring resistance to quinoxyphen
(Figure S6.4a and Table S6.2), we found that the aegeus mutation corresponds to the
replacement of an alanine with a valine in the fourth transmembrane spanning domain at
amino acid position 903 in the C-terminal end of the CESA1 protein (Figure 6.2b-c). The
mutated alanine is not highly conserved among primary cell wall CESAs, but is flanked
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Figure 6.2. The aegeus mutant is resistant to quinoxyphen. (a) The phenotype of the
aegeus mutant compared to wild-type when grown for 7 days in the light (left) or the dark
(right) on medium containing 5 !M quinoxyphen. (b) The gene corresponding to the
aegeus mutation was cloned using a map-based approach (Figure S6.3 and Table S6.2)
and revealed a C to T change leading to replacement of a moderately conserved alanine
residue at position 903 in the AtCESA1 protein with a valine residue (At4g3241). (c)
Sequence logo assessment of residues in the fourth TMD of primary cell wall CESA
proteins illustrates the location and conservation of the mutated alanine residue in
CESA1 (red box). Amino acids are colored according to their chemical properties: polar
amino acids are green, basic are blue, acidic are red and hydrophobic are black.
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by several highly conserved residues (Figure 6.2c). The aegeus mutant displayed semidominant inheritance (Figure S6.4b) similar to that observed for isoxaben resistance in
the ixr mutants (Heim et al. 1989). Both cesa1aegeus and cesa3ixr1-2 occur within the TMR
of essential genes for cellulose biosynthesis in the primary wall (Figure 6.2b).
Complementation of cesa1aegeus by transformation with wild-type CESA1 restored
sensitivity to quinoxyphen (Figure S6.4c).
Generation of double drug-resistant mutants with mutations in two essential
primary cell wall CESA subunits. We generated the double mutant
cesa1aegeus/cesa3ixr1-2, thereby creating a primary cell wall CSC containing two essential
CESA subunits with similar TMR mutations conferring drug resistances (Figure 6.3). As
expected, not only did the double mutant show resistance to both quinoxyphen and
isoxaben (data not shown), but also a far more pronounced dwarf phenotype than either
of the single mutants (Figure 6.3a-b). Significant differences were also apparent during
the first 7 days of dark-grown hypocotyl elongation (Figure 6.3c and Figure S6.5b) and in
light-grown root growth (Figure S5a, c). Examination of crystalline cellulose content of
mature stem (Figure 6.3d) and dark-grown hypocotyls (Figure 6.3e) revealed a
significant reduction in all mutants compared with wild-type.
To dissect the structure of the cell wall in these mutants we combined neutral sugar
analysis, glycosidic linkage analysis (Table S6.3 and Table S6.4) and 13C SSNMR
(Figure 6.4). Neutral sugar composition analysis revealed significant differences in
neutral sugars as a proportion of total cell wall (Figure S6.6 and Table S6.3). In addition,
although there was little to no hyper-accumulation of callose in the mutant hypocotyls
(Figure S6.7a-d), similar to quinoxyphen treatment, the double mutant
cesa1aegeus/cesa3ixr1-2 showed increased ectopic lignin production (Figure S6.7e-h).
Quantitative 13C SSNMR spectra of uniformly

13

C labeled cell walls indicated increased

intensities of pectin and hemicellulose peaks relative to the interior cellulose C4 peak at
89 ppm for all mutants (Figure 6.4a-b). For example, the arabinan (Ara) C1 signal at
108 ppm, the galacturonic acid (GalA) and rhamnose (Rha) C1 signal at 101 ppm, and
the C2/C4 signals of xyloglucan (XG) Glc, GalA, Rha, and the Ara signals at 80-83 ppm,
increased markedly, consistent with linkage analysis (Figure S6.8a-b and Table S6.4).
The relative amounts of glycoprotein to interior cellulose also increased in the mutants
by about two fold
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Figure 6.3. Analysis of a double mutant with mutations in CESA1 and CESA3. Viable
growth of cesa1aegeus, cesa3ixr1-2 and cesa1aegeus/cesa3ixr1-2 were carefully documented.
The double cesa1aegeus/cesa3ixr1-2 mutant showed a far more pronounced dwarf
phenotype than single mutants from (a) rosette morphology to (b) maturity and (c)
hypocotyl elongation. (d) Crystalline cellulose content of mature stems was reduced in
the mutants compared to wild-type (*P<0.01 Student’s t-test, n=3). (e) Cellulose content
in dark-grown hypocotyls was reduced 40% ± 2.4, 30% ± 1.2 and 61% ±1.1 in the
cesa1aegeus, cesa3ixr1-2 and cesa1aegeus/cesa3ixr1-2 respectfully, as compared to wild-type
(*P<0.01 Student’s t-test, n=3).
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C magic-angle-spinning SSNMR analysis of cellulose and cell wall

structure in cesa1aegeus, cesa3ixr1-2 and cesa1aegeus/cesa3ixr1-2. (a) Quantitative 13C magicangle-spinning SSNMR spectra of wild-type and mutant cell walls. The intensity ratio of
interior (88.5-91.5 ppm) to surface (84-86 ppm) cellulose C4 peaks was the lowest for
the double mutant. The relative amount of hemicellulose and pectin signals to interior
cellulose is significantly higher in all mutants compared to wild-type. The spectra were
measured quantitatively by 13C direct polarization using a long recycle delay of 20 s. (b)
13

C direct-polarization spectra measured with a short recycle delay of 2 s, which

preferentially enhances the signals of mobile polysaccharides. The hemicellulose and
pectin signals and the 88-ppm less-crystalline cellulose signal are increased for the
mutants relative to the wild-type.
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compared to wild-type. Hence, this class of mutants displays less crystalline cellulose
and relative increases in pectin, hemicellulose and glycoprotein.
TMR missense mutations cause increased cellulose synthase movement in the
plasma membrane. Cell wall dysfunction arising from mutation of the TMR of CESA
allowed us to examine the relationship between CESA modification and CESA behavior
in the PM. We concluded that the mutant CESA1 and CESA3 proteins described here
are present within the CSC, and display some catalytic activity because null mutants
have been documented to lose CSC rosette formation and crystalline cellulose
production (rsw1-1) (Arioli et al. 1998) or to show male gametophytic lethality (Persson
et al. 2007), respectively. We examined the in vivo behavior of these mutant complexes
by creating double and triple mutants in stable transgenic plants expressing fluorescent
reporters, and using spinning disk laser confocal microscopy to visualize the movement
of the CESA subunits in living cells (proCESA3-GFP-CESA3/cesa1aegeus, proCESA6YFP-CESA6/cesa3ixr1-2, and proCESA6-YFP-CESA6/cesa1aegeus/cesa3ixr1-2). Based on
prior data suggesting that CESA movement at the PM is associated with microfibril
polymerization (Paredez et al. 2006; DeBolt et al. 2007a), faster moving CESA would
infer greater polymerization rates, whereas slower moving CESA would indicate a
suppression of polymerization. Bidirectional trajectories of fluorescent punctae were
visualized at the PM focal plane of dark-grown transgenic seedlings in all mutant
combinations (epidermal cells in the upper hypocotyl, Figure 6.5a and Figure S6.8).
Surprisingly, the mean velocity of labeled CESA complexes was significantly greater in
aegeus, ixr1-2 and the double mutant than in transgenic lines that carried wild-type
alleles of CESA1 and CESA3 (P<0.0001, ANOVA with Bonferroni tests) (Figure 6.5).
Previously, increased polymerization rates were observed in studies of bacterial
cellulose synthesis, where the disruption of crystallization prevented microfibril assembly
and caused an increased polymerization rate (Benziman et al. 1980; Haigler et al. 1980).
Based on the difference in CESA behavior (Figure 6.5), and prior evidence from
bacteria, we postulated that cellulose microfibril structure may be aberrant in TMR
mutants, and may reflect differences in cellulose crystallization.
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Figure 6.5. TMR mutants display cellulose structure and increased CESA particle
velocity at the PM focal plane documenting feedback between structure and function. (a)
Epidermal cells of 3-day old seedling expressing translational fusion reporters were
imaged in the upper hypocotyl with spinning disk confocal microscopy (72 frames).
CESA complex velocities from the indicated genotypes were compared using ANOVA
with Bonferroni tests and significant difference indicated at P<0.0001. Each result

123

represents #720 CESA complexes from #10 cells from unique plants. Error bars
represent SEM. (b) Analysis of cesa1aegeus, cesa3ixr1-2 and cesa1aegeus/cesa3ixr1-2 structural
changes in the cellulose fingerprint compared between mutant plants and wild-type were
initially screened by wide-angle X-ray diffraction (XRD) using Bragg-Brentano reflective
geometries to obtain a relative crystallinity index (RCI) (*P<0.01 Student’s t-test, n=3).
(c) Subsequently, mutant and wild-type plants were grown to maturity and the first
internode of the stem was then exposed to synchrotron X-ray analysis. Data indicated a
reduction in the crystallite size (lateral dimensionality) for cesa1aegeus of 21.9 Å ±0.35 Å,
cesa3ixr1-2 of 22.0 Å ±0.48 Å, cesa1aegeus/cesa3ixr1-2 of 22.5 Å ±0.34 Å as compared to
23.4 Å ±0.26 Å for wild-type (*P<0.01 Student’s t-test).
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TMR mutants produce structurally aberrant cellulose microfibrils. To determine
whether there were differences in cellulose microfibril structure between mutant and
wild-type plants, we first measured the relative crystallinity index (RCI) for each sample
using X- ray diffraction (XRD). A difference in the RCI could reflect a change in the
microfibril size: a reduction in microfibril width results in a larger contribution of surface
glucan chains to the overall microfibril structure. A higher percentage of surface chains
yields a lower relative crystallinity index both because surface chains are less
constrained and because they interact with other polysaccharides, such as
hemicelluloses and pectin, which distorts their hydrogen bonding. cesa1aegeus, cesa3ixr1-2
and cesa1aegeus/cesa3ixr1-2 all show significantly reduced RCI values compared to wildtype (Figure 6.5b). However, as indicated by the SSNMR analysis, the hemicellulose
fraction relative to interior cellulose also increased in the mutant, which could contribute
to the amorphous peak present in the XRD data and skew the RCI determination
towards lower crystallinity. To obtain a more accurate estimation of the microfibril
crystallinity, we examined mature stems at the first internode using high-energy
synchrotron radiation XRD. This method allows the examination of intact plant samples
and so disruptive grinding or chemical treatments are unnecessary. Synchrotron XRD
data indicated a significant reduction in the crystallite width for cesa1aegeus, cesa3ixr1-2 and
cesa1aegeus/cesa3ixr1-2 compared to wild-type (Figure 6.5c).
Further analysis of crystallite width was obtained from quantitative
of uniformly

13

13

C-SSNMR spectra

C-labeled cell wall (Figure 6.4a, see methods for labeling protocol). Based

on the intensity ratio of interior C4 (88.5 – 91.5 ppm) (iC4) to surface C4 (sC4) peak (8486 ppm) intensities, we found that the double mutant had 8% lower crystallinity relative
to wild-type (Table S6.5), while the single mutants had smaller differences from the wildtype. The mutants also displayed additional intensities in the regions of the iC4 peak,
with a new 88-ppm peak that is largely absent in the wild-type spectrum (Figure S6.9).
This 88-ppm peak is closer to the 85-ppm C4 peak of the more amorphous surface
cellulose, suggesting that it corresponds to less crystalline cellulose. (Figure 6.4b-inset).
Further, the 88-ppm intensity is preferentially enhanced in the mutant samples relative to
the wild-type when the 13C spectra were measured using short recycle delays to
increase the intensities of dynamic polysaccharides. This suggests that the less
crystalline glucan chains in the mutants are more dynamic, which is consistent with
weakened hydrogen bonding and the amorphous nature of the chains. In 2D double-

125

quantum correlation spectra, we also observed two types of interior cellulose, which
were best resolved in the CESA3ixr1-2 mutant but were also present in the other TMR
mutants (Figure S6.9). Therefore, in the TMR mutants, the microfibrils displayed reduced
width and an additional cellulose C4 peak indicative of a degree of crystallinity that is
intermediate between the surface and interior cellulose of wild-type, suggesting a
difference in glucan chain association during microfibril formation.
We hypothesized that cellulose with more mobile amorphous iC4 intensity might show
differences in saccharification efficiency when hydrolyzed with cellulase enzymes, as
cellulose crystallinity has been shown to be an important predictor of enzymatic
hydrolysis rate (Hall et al. 2010). The catalytic efficiency (appVmax/Km) value showed a
32% and 49% increase in hydrolytic efficiency when using the cesa1aegeus and
cesa1aegeus/cesa3ixr1-2 cellulose extracts, respectively (Figure S6.10), consistent with our
prior examination of cesa3ixr1-2 (Harris et al. 2009). These saccharification data support
the NMR structural information, indicating increased mobile iC4 assignments, from which
we deduce that the amino acid sequence of the TMR of CESA1 and CESA3 has an
important influence on cellulose microfibril architecture.
Discussion
Here, we identify a compound, quinoxyphen, which inhibits cellulose biosynthesis and
characterize a resistant mutant with a missense mutation in the TMR of CESA1.
Similarly, resistance to isoxaben was conferred by TMR mutations in CESA3 or CESA6
(Desprez et al. 2002; Scheible et al. 2001). Collectively, data for isoxaben and
quinoxyphen resistance loci demonstrate that they occur in the TMR and confer related
phenotypes on growth, cell wall composition and CESA crystallinity, but arise in
association with different CESAs. A plausible mechanism to explain these data is that
both drugs act to disrupt the integration of CESA into the PM (or outer face of the Golgi).
These CESA subunits are unable to fold properly into the membrane or form functional
proteins and thus prevent CSC formation and delivery to the PM. An alternative model is
that this class of drugs inhibits the association between CESA subunits. Prior studies
have shown that rsw1 (CESA1 temperature-sensitive locus) plants grown at the nonpermissive temperature fail to form CSC rosettes (Arioli et al. 1998). Live-cell imaging
studies consistently show clearance of YFP::CESA6 from the PM after quinoxyphen
treatment, although resistance is gained by mutations in CESA1, suggesting that CSC
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disruption may involve multiple subunits. As CSC rosette assembly involves multimeric
CESA associations (Taylor et al. 2003; Timmers et al. 2009; Wang et al. 2006), we
propose that isoxaben and/or quinoxyphen disrupt these inter-subunit interactions. Since
this drug resistance is conferred by TMR mutations, it is plausible that both the site of
inhibition and subunit association occur at least partially in this region. As a resistance
mechanism, a similar scenario has been observed in the case of hydrophobic sliding for
drug resistance in HIV-type 1 protease (Foulkes-Murzycki et al. 2007), where drug
binding affinity is displaced via mutation of residues in a TMR.
Collective studies integrating CESA mutants with SSNMR and XRD analysis of the
microfibril structure provide mechanistic insights into a structure-function association
during cellulose biogenesis. The amino acid sequences of the TMR of CESA1 and
CESA3 influenced the glucan chain organization in the microfibril interior. We measured
increased intensity of the 88-ppm peak, as well as lower crystallinity indices, which
support lower H-bonding and increased proportions of amorphous zones in TMR mutant
cellulose. Biochemical studies using a cellulase cocktail to digest semi-purified cellulose
show that mutant cellulose was more readily enzymatically cleaved to individual glucan
components, consistent with the structural determinations. Almost nothing is known
about the functional significance of the TMR or the structure-function relationship
between CESA and cellulose microfibril architecture. We advance three hypotheses to
explain how TMR mutants create a more amorphous and mobile cellulose-like structure
(Figure 6.4b). Firstly, the TMR mutations may result in completely dysfunctional CESA1
and CESA3 subunits. However, genetic data do not support this as null mutants result in
male gameteophytic lethality (Persson et al. 2007). Second, the TMR may be involved in
associations with other proteins in the CSC (not CESAs), which in turn play a role in
microfibril assembly. However, this is only weakly supported by the nature of the
cesa1aegeus mutation, which is predicted to lie within the fourth transmembrane spanning
domain; it would be necessary to invoke a conformation state for the interaction with
such protein cofactors. Finally, the TMR of plant CESA proteins may act to organize the
individual glucan chains and thus promote cellulose crystallinity (H-bonding) by
facilitating association with other glucan chains. This model is consistent with the only
reported crystal structure of a CSC, an octameric structure of the periplasmic AxCeSD
subunit in the CSC of the bacterium A. xylinum in complex with a 5-glucose-cellulose
product (Hu et al. 2010). Here, a dimer interface was necessary to facilitate passage and
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proper alignment of glucan chains into a crystalline microfibril. Such a model would
suggest that subtle alterations in the transmembrane helix structure via cesa1aegeus and
cesa3ixr1-2 would induce changes in the organization of glucan chains via the inner side
of a multimeric subunit association. Disruption of microfibril assembly induced
genetically herein and pharmacologically in bacteria (Benziman et al. 1980) causes an
increase in the rate of glucan chain polymerization, suggesting that the two processes
are coupled and that crystallization is rate limiting. Therefore, our data revealing aberrant
iC4 structure support a model whereby crystallization limits the polymerization rate of
wild-type cellulose and demonstrate that these two factors can be partially decoupled.

Copyright © Darby M. Harris 2011
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Chapter VI
Supporting Information
Forward chemical genetic dissection of cellulose synthase structure and
function
SI Text
Chemical screening conditions. Chemical libraries used and screening conditions
have been described (DeBolt et al. 2007a). In brief, approximately 10 sterilized A.
thaliana seeds were sown per well and the plates were incubated in 24 h light (50 !E/
m2/s) at 21°C for 3 days for initial isolation of quinoxyphen. Growth was compared to
control wells that contained the same amount of DMSO. Plates were visually scored
after three days of growth by inspecting each well with a dissecting microscope.
Structural

analogs

were

determined

using

the

ChemMine

website

(http://bioweb.ucr.edu/ChemMine) (Girke et al. 2005) and purchased from ChemBridge
(San Diego, CA). Screening of these compounds for increased potency or any change in
phenotype involved germinating seedlings on plates containing half-strength Murashige
and Skoog (MS) mineral salts (Sigma-Aldrich, St. Louis, MO), 0.8% agar and after which
grown under continuous light (200 !E/m2/s) or in the dark at 21°C for 7 days.
Analog analysis for quinoxyphen, 4-(2-bromo-4,5-dimethoxy-phenyl)-3,4-dihydro1H-benzo-quinolin-2-one action mechanism. To explore the basis for quinoxyphen
activity and determine whether a more potent analog could be identified, a structurebased analysis was conducted using tools available through ChemMine (Girke et al.
2005) and analogs tested for their ability to inhibit root growth (Figure S6.1; analogs
listed in Table S6.1). The analog study led to the observation that 5 of the 6 most active
compounds contained an arylbromine group associated with a dimethoxy substitution
(Figure S6.1; compounds 1, 2, 4, 5, 6). The ortho substituted bromine atom is predicted
to withdraw charge from the lone aryl group; specifically, the van der Waals interaction of
the relatively large bromine atom overlaps with the protons on the CH2 group adjacent to
the carbonyl. To determine whether other electron-withdrawing groups might phenocopy
the aryl bromine-containing quinoxyphen, we assayed an additional set of analogs
containing bromo, iodo, nitro and chloro substitutions (Figure S6.1). The substitution of
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bromine with similar electron-spreading atoms resulted in compounds that also caused
significantly shorter and more swollen root and hypocotyl cells. The most potent of these
compounds were a 2,3-dichloro (compound 3), 2-chloro-6-fluoro (compound 7), 2-fluoro5-bromo (compound 13), 6-nitro-1,3-benzodioxol (compound 14) or 2-chloro substitution
(compound 15) (Figure S6.1a). Hence, out of 18 compounds that caused reduced root
growth, 15 contained a bromo- or related electron withdrawing substitution. Overall, far
greater concentrations of analogs were needed to assay inhibition of radical elongation
than was required for quinoxyphen action (25 !M vs 1-5 !M), hence quinoxyphen with
its specifically positioned aryl bromine was the most effective of the tested compounds
for inhibition of radical elongation.
FTIR analysis. For Fourier Transform Infrared (FTIR) analysis, dried wild-type seedlings
(3-day old) grown in 5.0 µM quinoxyphen were pooled and homogenized by ball milling.
The powder was dried at 30°C overnight, mixed with KBr, and pressed into 13-mm
pellets. Fifteen FTIR spectra for each line were collected on a Thermo Nicolet Nexus
470 spectrometer (ThermoElectric Corporation, Chicago, IL) over the range 4,000–400
cm-1. For each spectrum, 32 scans were co-added at a resolution of 8 cm-1 for Fourier
transform processing and absorbance spectrum calculation by using OMNIC software
(Thermo Nicolet, Madison, WI). Spectra were corrected for background by automatic
subtraction and saved in JCAMP.DX format for further analysis. Using Win-Das software
(Wiley, New York), spectra were baseline-corrected and were normalized and analyzed
by using the principal component (PC) analysis covariance matrix method (Kemsley
1998). Figures were processed using Sigma Plot (Microsoft, Redmond, WA).
Callose and lignin staining. Wild-type plants were grown for 5 days in the dark on onehalf MS agar plates with of without supplementation of 1.0 µM quinoxyphen. Seedlings
were directly spread on slides where the staining components were added followed by a
coverslip. Callose staining was done with Aniline Blue Fluorochrome (Sigma-Aldrich, St
Louis, MO) at a concentration of 0.1 mg ml-1 in 0.07 M sodium phosphate buffer, pH 9.
Slides were kept in the dark for 1 h before observation under UV light. Phloroglucinol in
a 20% hydrocholoric acid solution was used for lignin staining and slides were observed
after 5 min of staining under white light.
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Neutral sugar analysis of the quinoxyphen resistant mutants. Neutral sugar
composition was determined by HPLC from approximately 500 dark-grown hypocotyls
from each plant.

Cell wall material was prepared from the hypocotyls as described

(Dick-Pérez et al. 2011) and three replicates of 4 mg of air-dried cell wall material was
then prepared for HPLC analysis as described (Mendu et al. 2011).
Glycosyl linkage analysis. For glycosyl linkage analysis 1 mg of each sample was
prepared in triplicate. The samples were then suspended in 200 ul of dimethyl sulfoxide.
The samples were then stirred for 3 days. The samples were permethylated by the
treatment with sodium hydroxide and methyl iodide in dry DMSO (Ciucanu and Kerek
1984). The samples were subjected to the NaOH base for 15 minutes then methyl
iodide was added and left for 45 minutes. The NaOH was then added for 15 minutes and
finally more methyl iodide was added for 45 minutes. This addition of more methyl iodide
and NaOH base was to insure complete methylation of the polymer. Following sample
workup, the permethylated material was hydrolyzed using 2 M trifluoroacetic acid (2 h in
sealed

tube

at

121°C),

reduced

with

NaBD4,

and

acetylated

using

acetic

anhydride/trifluoroacetic acid. The resulting (PMAAs) were analyzed on an Agilent 7890
A GC interfaced to a 5975 MSD (mass selective detector, electron impact ionization
mode); separation was performed on a 30 m Supelco 2330 bonded phase fused silica
capillary column (York et al. 1986).
Enzymatic digestion and kinetics of cellulose saccharification efficiency. Identical
loadings of semi-purified cellulose for wild-type, cesa1aegeus, and cesa1aegeus/cesa3ixr1-2,
were analyzed for recalcitrance to saccharification using a commercial cellulase cocktail
and compared with the previously measured cesa3ixr1-2 (Harris et al. 2009). The nature of
the improved conversion efficiency was quantified by determining pseudo-apparent
Michaelis–Menten kinetic parameters recognizing that there are inherent ambiguities
with an insoluble substrate like cellulose and a multienzyme cellulase cocktail.
Nevertheless, using this method we are able to calculate a K cat value, which represents
the most effective measure of substrate performance.
Statistical analyses. Crystalline cellulose content, glycosidic linkage analysis, neutral
sugar composition of wild-type seedlings germinated with quinoxyphen versus mock
treatment and wild-type versus mutant seedlings, root length of wild-type seedlings
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germinated with the analogs versus mock treatment, hypocotyl and root length of wildtype versus mutants and the RCI values and crystallite width determined by XRD of wildtype and mutant plants were compared by two-tailed Student’s t-tests. The mean
velocity of labeled CESA complexes were compared between wild-type and mutants
using a univariate analysis of variance, with Bonferroni post hoc tests.
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Figure S6.1. Analog analysis for quinoxyphen, 4-(2-bromo-4,5-dimethoxy-phenyl)-3,4dihydro-1H-benzo-quinolin-2-one action mechanism. (a) Thirty-two commercially
available analogs of quinoxyphen were identified using webtools available through
ChemMine (Girke et al. 2005). (b) Root growth measured as radical elongation was
used to assess the potency of each compound at a final concentration of 25 !M. Radical
elongation was compared to control with 10 replicates per treatment (error bars indicate
one standard deviation from the mean) and colored bars indicates significant reduction
in vertical radical length relative to untreated control (P<0.05 Student’s t-test). A
tabulated list of ChemBridge (San Diego, CA) identification numbers and chemical
formulae can be found in Table S6.1.
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Figure S6.2. Effects on cell wall composition following quinoxyphen treatment. (a) The
FTIR spectra of wild-type seedlings treated and untreated with 5.0 !M quinoxyphen. (b)
In agreement with the sugar composition, principal component analysis of the FT-IR
spectra from the cell walls showed a clear separation of the treated compared with the
non-treated seedlings in the first two components (PC). PC 1 and PC 2 explain 93.2 %
of the variability in the original IR data. Many of the differences between these two
samples are present in the fingerprint region of the polysaccharides although it is difficult
to assign to a single cell wall polymer. Absorbance peaks at 1032, 1073 and 1154 cm-1
in PC 1 and 991, 1037, 1421cm-1 in PC2 (not shown) are relative higher in the treated
sample compared with the control. In addition, amide-I absorption peak at 1673 cm-1,
stronger in the control sample may reflect higher protein content. (c) There was an
overall increase in cell wall neutral sugar content of quinoxyphen treated seedlings
compared to the wild-type control. Specifically, arabinose, xylose and galactose were
significantly higher in the treated seedlings. * Indicates changes were significantly
different from wild-type, P<0.05, Student’s t-test, n=3.
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Figure S6.3. Quinoxyphen treatment causes hyper-accumulation of callose and ectopic
lignin production but no change in the cytoskeleton. Dark-grown hypocotyls stained with
(a, c) aniline blue indicate an accumulation of callose and with (b, d) phloroglucinol show
an accumulation of lignin when wild-type seedlings are grown in the presence of 1.0 µM
quinoxyphen for 5 days. Scale bar 300 mm. Quinoxyphen (20 µM) caused no change in
morphology or motility of the (e) actin cytoskeleton (GFP::FIBRIN) or (f) microtubule
array (YFP::TUA5). Scale bar 10 mm.
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Figure S6.4. Map-based cloning of the quinoxyphen resistance locus. (a) Bulked
segregant analysis and fine-mapping narrowed the location of the quinoxyphen resistant
locus to an 830 kb region between markers UKY3 and NGA1139 that contained the
AtCESA1 gene. (b) Growth of seed from the F2 mapping population indicated that
heterozygote individuals possessed some degree of resistance to 5.0 µM quinoxyphen
as shown by the growth of radially swollen roots (indicated with black arrow) suggesting
that the aegeus mutation confers a semi-dominant phenotype. (c) To confirm that the
mutation found in the aegeus mutant was responsible for the quinoxyphen-resistance
phenotype, the wild-type AtCESA1 gene was transformed into the aegeus mutant. T2
progeny of the aegeus mutants transformed with the AtCESA1 gene segregated for
susceptibility on media containing 100 µM quinoxyphen, where only plants homozygous
for the aegeus mutation can grow.
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Figure S6.5. Analysis of a double mutant with mutations in CESA1 and CESA3. The
double cesa1aegeus/cesa3ixr1-2 mutant showed a far more pronounced dwarf phenotype
than single mutants in seedling root growth. Measurement of 7-day-old (b) hypocotyl and
(c) root elongation. * Indicates changes were significantly different from wild-type,
P<0.05, Student’s t-test, n=10. * Indicates changes were significantly different from the
single mutants, P<0.05, Student’s t-test, n=10.
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Figure S6.6. Cell wall monosaccharide analysis. There were significant percentage
changes in cell wall neutral sugars between wild-type and the mutants. Specifically,
cesa1aegeus had decreased rhamnose, arabinose, xylose, and galacturonic acid, but
increased in galactose and glucose. cesa3ixr1-2 was decreased in rhamnose, xylose,
galacturonic acid and glucuronic acid, but increased in arabinose and galactose.
cesa1aegeus/cesa3ixr1-2 was decreased in rhamnose, xylose, galacturonic acid and
glucuronic acid, but increased arabinose. The results are expressed in mol %. *
Indicates changes were significantly different from wild-type, P<0.05, Student’s t-test,
n=3.
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Figure S6.7. Ectopic lignin production primarily occurs in cesa1aegeus/cesa3ixr1-2. Sevenday-old dark-grown hypocotyls stained with phloroglucinol show no accumulation of
lignin in (a) wild-type or (b-c) the single mutants, but strong accumulation in (d)
cesa1aegeus/cesa3ixr1-2. Scale bar 100 mm.
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Figure S6.8. CESA motility is enhanced in aegeus and ixr1-2 mutants. Transgenic
seedlings expressing (a) GFP::CESA3, (b) YFP::CESA6, (c) GFP::CESA3- cesa1aegeus,
(d) YFP::CESA6- cesa1aegeus/cesa3ixr1-2 and (e) YFP::CESA6- cesa3ixr1-2 were grown in
the dark for 3 days. Epidermal cells in the upper hypocotyl were imaged with spinning
disk confocal microscopy and are presented as both single frame images and time
projections (tp) of 72 frames. Time projections are used to create kymographs for PM
localized CESA documenting bidirectional velocity (inset for each panel).
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Figure S6.9. 2D 13C double-quantum correlation spectra of wild-type and
cesa1aegeus/cesa3ixr1-2 cell walls showing changes in the cellulose structure. (a) wild-type
cell wall spectrum. Colored assignments denote polysaccharides whose amounts
changed in the double mutant. These include xylose (blue), a modified interior cellulose
(red with prime) with different C4 and C5 chemical shifts from those of regular crystalline
interior cellulose, and a modified surface cellulose (purple with prime) whose C1 and C2
chemical shifts differ from those of regular surface cellulose. (b) cesa1aegeus/cesa3ixr1-2
spectrum. The xylose peaks increased in intensity, the modified surface cellulose signals
are absent. (c) 1D cross sections at the specified double-quantum chemical shifts,
showing the relative increase of the xylose peak intensities of cesa1aegeus/cesa3ixr1-2
compared to the wild-type cell wall and the loss of the modified surface cellulose. (d)
Expanded C3-C4 and C4-C5 region of the 2D spectra. The C4’ and C5’ peaks of the
modified interior cellulose are highlighted in yellow. The intensities of this species
relative to the regular interior cellulose are higher in the double mutant than in the wildtype, which is further shown in the (e) 1D cross sections.
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Figure S6.10. Enzymatic digestion and kinetics of cellulose saccharification efficiency in
mutants containing cellulose structural variation. Pseudo-apparent Km (K%m) values were
determined in the present study for wild-type, cesa1aegeus and cesa1aegeus/cesa3ixr1-2
samples, corresponding to 9.0 ± 1.8 mg, 9.2 ± 2.3 mg and 9.1 ±0.9 mg cellulose
respectively. Likewise, wild-type displayed a V%max of 7.82 ± 0.8 &
10'9 moles min'1 unit'1 protein'1 glucose, cesa1aegeus displayed a V%max of 10.6 ± 1.4 &
10'9 moles min'1 unit'1 protein'1 glucose and cesa1aegeus/cesa3ixr1-2 displayed a V%max of
11.8 ± 0.6 & 10'9 moles min'1 unit'1 protein'1 glucose. Comparing these measurements
with the previously reported values for cesa3ixr1-2 (Harris et al. 2009), the mutant
cellulose represents an improvement of 17%, 32% and 49% for cesa3ixr1-2, cesa1aegeus,
and cesa1aegeus/cesa3ixr1-2 respectively, in the hydrolytic efficiency of the reaction.

142

Table S6.1. Quinoxyphen analogs
Analog analysis of structural variations in the quinoxyphen (Q1) backbone structure and
the corresponding ChemBridge (San Diego, CA) identification number. Analog potency
was assessed via a radical elongation assay at a concentration of 25 µM. One asterisk
indicates significantly reduced elongation compared to mock treated seedlings, P<0.05
Student’s t-test. An increase in asterisks correlates to an increase in elongation
reduction and an increase in potency.
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Table S6.2. Map-based cloning PCR markers
The cleaved amplified polymorphic sequences markers uky1, uky2 and uky3 were newly
created for this study by D.M.H.

Table S6.3. Cell wall monosaccharide analysis
The results are expressed in mol %. * Indicates changes were significantly different from
wild-type, P<0.05 Student’s t-test, n=3.

144

Table S6.4. Glycosyl linkage analysis
The results are expressed in relative %. * Indicates changes were significantly different
from wild-type, P<0.05 Student’s t-test, n=3.

Table S6.5. Relative intensities of interior and surface cellulose C4 signals of different
cell walls from quantitative

13

C NMR spectra. cesa1aegeus/cesa3ixr1-2 cell wall exhibits a

clear reduction in crystallinity.
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European Journal of Biochemistry 245: 156-163.
Book Chapters
Harris D° & DeBolt S (2011) The use of small molecules to dissect and manipulate the
cytoskeleton and biosynthesis of the plant cell wall. In Plant Chemical Biology
(Overvoorde P & Audenaert D, eds), John Wiley & Sons, Ltd, Chichester, UK.
(In press).
Harris D°, Petti C, DeBolt S (2011) The synthesis, regulation and modification of
lignocellulosic biomass as a resource for biofuels and bioproducts. In Advanced
Biofuels and Bioproducts (Lee JW, ed), New York: Springer Science+Business
Media, LLC (In press).
Patent
DeBolt S, Stork J, Harris D (Provisional patent UKRF 1595) Invention title:
Improved conversion of lignocellulosic biomass to fermentable sugars by altering
the high-order structure of cellulose via genetic modification of cellulose synthase
genes (2008).
Presentations/Abstracts/Awards
Seminar Speaker, Ph.D. Exit Seminar, Plant Physiology Seminar Series, University of
Kentucky, Department of Plant and Soil Sciences, Lexington, KY, November 9, 2011.
Presentation title: “Forward chemical genetic dissection of cellulose biosynthesis in
plants.”
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Seminar Speaker, Plant Physiology Seminar Series, University of Kentucky,
Department of Plant and Soil Sciences, Lexington, KY, April 8, 2011. Presentation title:
“Cellulose microfibril structural variants in Arabidopsis.”
Invited Seminar Speaker, Paul Burton Seminar Series, Western Carolina University,
Department of Biology, Cullowhee, NC, Oct 1, 2010. Presentation title: “The molecular
and chemical dissection of cellulose biosynthesis and its application towards biofuel and
biochemical production.”
Seminar Speaker, The University of Kentucky Center for Ecology, Evolution and
Behavior Spring Research Symposium, Lexington, KY, May 14, 2010. Presentation title:
“Modifications of lignocellulosic biomass for conversion to biofuels and bioproducts.”
Seminar Speaker and Best Presentation Award Recipient, University of Kentucky
Graduate Student Interdisciplinary Conference, Lexington, KY, April 9, 2010.
Presentation title: “Genetic modification in cellulose-synthase reduces crystallinity and
improves biochemical conversion to fermentable sugar.”
Gamma Sigma Delta Inductee, Agricultural Honor Society, Kentucky Chapter, March
2010.
Student Voice Representative and Travel Grant Recipient for the University of
Kentucky College of Agriculture, National Agricultural Biotechnology Conference 21
“Adapting Agriculture to Climate Change” at the University of Saskatchewan, Saskatoon,
Saskatchewan Canada, June 24-26, 2009.
*Seminar Speaker and Most Outstanding Graduate Student Presentation Award
Recipient, The Plant Cell Walls Gordon-Kenan Graduate Research Seminar held in
conjunction with the 2009 Plant Cell Walls Gordon Research Conference at Bryant
University, Smithfield, RI, Aug 2-7, 2009. Presentation title: “Genetic modification in
cellulose-synthase reduces crystallinity and improves biochemical conversion to
fermentable sugar.”
*This is the #1 International Conference in the field of Plant Cell Wall research
Seminar Speaker, Plant Physiology Seminar Series, University of Kentucky,
Department of Plant and Soil Sciences, Lexington, KY, Feb 6, 2009. Presentation title:
“Molecular and chemical dissection of cellulose biosynthesis.”
Student Voice Representative and Travel Grant Recipient for the University of
Kentucky College of Agriculture, National Agricultural Biotechnology Conference 20
“Reshaping American Agriculture to Meet its Biofuel and Biopolymer Roles” at The Ohio
State University, Columbus Ohio, June 3-5, 2008.
Masters Thesis Presentation/Defense, Department of Biology, Western Carolina
University, Cullowhee, NC, April 15, 2005. Presentation title: “The identification and
characterization of a novel protein that interacts with the catalytic subunit of Arabidopsis
thaliana protein phosphatase 2A.” Advisor: Dr. Sabine J. Rundle
Outstanding Graduate Student Teaching Award 2004-2005, Department of Biology,
Western Carolina University, Cullowhee, NC.
Graduate Research Conference Presenter, Thesis Research, Western Carolina
University, Cullowhee, NC, March 19, 1998.
Poster Presenter, American Society of Plant Physiology Conference, Madison,
Wisconsin. June 27-July 1, 1998. Poster title: “Differential expression of three
Arabidopsis genes encoding the B' regulatory subunit of protein phosphatase 2A.”
Undergraduate Research Student Mentoring
The DeBolt Lab NSF-funded Mentoring Program exposes high school seniors and
college undergraduates to scientific research while also allowing graduate students and
post-docs a chance to develop mentoring skills. Students mentored directly by me:
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Megan Reynolds, Northern Kentucky University, Summer 2008
Rachael Strang, Hanover College, Summer 2009
Kendall Corbin, University of Kentucky Agricultural Biotechnology Program. Fall 2009Spring 2011
Eliana Geissingworth, Sayre High School, Lexington, KY, Summer 2010
Rachel Crowley, Dunbar High School, Lexington, KY, Spring 2011
Undergraduate Presentations/Research/Awards
Most Outstanding French Major 1999-2000, Department of Modern Foreign
Languages, Western Carolina University.
Phi Sigma Iota Inductee, International Foreign Language Honor Society, Western
Carolina University Chapter, March 2000.
Undergraduate Research Conference Presentation: Albert Camus: L'Étranger,
Department of Modern Foreign Languages, Spring 2000, Western Carolina University
Undergraduate Research Conference Presentation: Intellectual Reparations: The
Exploitation and Denial Programs of German Science and Technology after World War II,
Department of History, Spring 2000, Western Carolina University.
Undergraduate Senior Thesis: Detection of Protein-Protein Interaction of the Catalytic
Subunit of Arabidopsis PP2A and Novel Subunits and/or Substrates, Department of
Biology, Spring 1997, Western Carolina University
Undergraduate Research Conference Presentation: Senior Thesis Research,
Department of Biology, Spring 1997, Western Carolina University
Research in Chemistry: Isolation and Characterization of a Natural Product: Maltol
from Fraser Fir Foliage, Department of Chemistry, Fall 1996, Western Carolina
University.
Undergraduate Research Grant Recipient, Department of Biology, 1996-1997, Western
Carolina University.
Organic Chemistry Tutor, Department of Chemistry, 1996-1997, Western Carolina
University.
Genetics Tutor, Department of Biology via Student Support Services, 1996-1997, Western
Carolina University.
General Chemistry Tutor, Department of Chemistry, 1995-1996, Western Carolina
University.
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