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Plant cell walls are composed of independent but inter-
acting networks of carbohydrates, proteins, and aro-
matic substances. Interacting with this complex matrix
are several hundred enzymes and other proteins, some

with known functions in wall assembly but many of
unknown function. Tentative annotations of the Ara-
bidopsis genome reveal more than 1000 genes encoding
cell-wall-related proteins encompassing precursor-gen-
erating enzymes, synthases and glycosyl transferases,
structural proteins, and a host of enzymes involved in
polysaccharide modification and depolymerization
(Carpita et al. 2001). An equal number of unannotated
genes are suspected of encoding proteins that function in
wall assembly or disassembly. Proteomics approaches
that select for polypeptides secreted to the exterior of the
plasma membrane reveal sequences of many proteins
whose function is completely unknown (Borderies et al.
2003). Complete genome sequences of model fungi, ani-
mals and plants provide a powerful means to identify
proteins that are unique to plants (Gutiérrez et al. 2004).
Other strategies to identify unannoted genes as wall-re-
lated include database profiling of the expression of
genes closely associated with genes of known function
(Perrin et al. 2001) and global expression of genes asso-
ciated with secondary wall induction during trans-dif-
ferentiation of Zinnia mesophyll cells into tracheary
elements in vitro (Milioni et al. 2002).

Two types of walls are found among angiosperms.
For extensive review of the differences between grass
species and all other angiosperms with respect to poly-
mer structure, architecture, and biosynthesis, see McC-
ann and Roberts (1991) and Carpita and Gibeaut (1993).
Briefly, ‘‘Type I’’ walls, which are found in dicots and the
non-commelinoid monocots, contain about equal
amounts of cellulose and cross-linking xyloglucans, with
minor amounts of arabinoxylans, glucomannans, and
galacto-glucomannans. This strong framework is
embedded in a pectin matrix of homogalacturonans and
rhamnogalacturonan I that controls several physiologi-
cal properties, such as wall porosity, charge density, and
microfibril spacing. A variant of homogalacturonan,
called rhamnogalacturonan II, is decorated with side-
groups containing many rare sugars and linkage struc-
tures and forms boron di-diester dimers that function in
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control of porosity and tensile strength. Grasses and
other commelinoid monocots possess a ‘‘Type II’’ wall
(Carpita and Gibeaut 1993). They contain cellulose mi-
crofibrils of the same structure as those of the Type I
wall, but glucuronoarabinoxylans are the major micro-
fibril tethering molecules. In the Poales mixed-linkage
(1 fi 3),(1 fi 4)-b-D-glucans are synthesized specifically
during cell expansion. In general, grass walls are pectin-
poor and have very little structural protein compared to
Type I walls. Instead, they possess extensive intercon-
necting networks of phenylpropanoids that form pri-
marily when cells stop expanding.

New genetic resources of Arabidopsis and maize
cell-wall mutants

A powerful way to probe function of the individual com-
ponents of the cell wall is through identification and
characterization of mutants (Reiter et al. 1997). Given the
two distinct types of cell walls that angiospermsmake, two
distinct genetic models are required, a dicot with Type I
walls, such asArabidopsis, and a grass species withType II
walls. The goal of our ‘‘Cell Wall Genomics’’ project is to
provide a characterization of the cell wall phenotypes of
homozygous cell-wall mutants of Arabidopsis and maize
for use by the cell wall community and other interested
researchers (http://cellwall.genomics.purdue.edu). Large-
scale insertional DNA lines for both species are now
publicly available. The Salk Institute resource of T-DNA
insertional mutants was developed with the goal of pro-
viding a mutant in every single gene of Arabidopsis
(Alonso et al. 2003). A robotics-assisted selection of
homozygous, single lines of the Salk Institute’s SIGnAL
collection is being developed for widespread distribution.
Additional insertional lines have become or will soon be
available in which flanking sequences are used to guide the
researcher to the gene of interest.

The Uniform Mu maize population developed at the
University of Florida provides a comparable resource of
tagged mutants in genes of interest in a highly uniform
background (http://uniformmu.org). Robertson’s Muta-
tor elements introgressed into a consistent inbred genetic
background, W22, gives a mutagenized population of
maize for which forward screens and reverse genetics ap-
proaches can be used to identify cell-wall-related genes.
Random sequencing of Mu-tagged genes provides a
growing list of these genes. Furthermore, DNA-grids
representing nearly 20,000 mutated lines are being
screened by PCR for potential maize cell-wall genes. This
approach has identified mutations in genes representing
many families of enzymes associated with substrate gen-
eration, polysaccharide synthesis, and wall remodeling.

Mutations in known cell-wall-related genes give
a library of spectrotypes

Cell wall biogenesis encompasses many distinct but
interactive biochemical pathways and mechanisms. We

have grouped genes that function in the synthesis,
assembly, and disassembly of the plant cell wall into six
categories, but because these stages are tightly inte-
grated, some proteins and enzymes may function in
several of them. We are currently establishing infrared
spectral phenotypes, called ‘‘spectrotypes’’, for cell walls
of mutants representing most of the following.

Substrate generation

The substrates for polysaccharide synthesis are nucleo-
tide-sugars, which are made de novo through the nucleo-
tide-sugar interconversion pathways (Reiter and Vanzin
2001). Mutations that affect the synthesis of a monosac-
charide are expected to give more complicated spectro-
types than mutations in glycosyltransferase genes because
every polysaccharide containing that sugar will be altered.

Polysaccharide synthesis

Genes encoding synthases and glycosyl transferases that
polymerize monosaccharides into complex polysaccha-
rides have been grouped into several families (Coutinho
et al. 2003). Interactions between three different isoforms
of CESA polypeptides appears to be required for pri-
mary and secondary wall cellulose synthesis in Arabid-
opsis, rice, and other species (Taylor et al. 2003). Several
dozen related genes, called ‘cellulose-synthase-like’
(CSL) genes, likely function in the synthesis of other
cross-linking glycans (Richmond and Somerville 2001;
Hazen et al. 2002). Those related to the Arabidopsis
CslA class have been shown to encode (1 fi 4)-b-man-
nan and glucomannan synthases (Dhugga et al. 2004;
Liepmann et al. 2005). The glycosyl transferases (GTs)
involved in the synthesis of branched polysaccharides fall
into numerous classes, families and clades (Coutinho
et al. 2003). Through mutants, GTs involved in decora-
tion of xyloglucans and complex pectins have been
characterized.

The secretory pathway

The cytoskeleton plays a major role in the delivery
mechanism of polysaccharide-laden vesicles from the
Golgi membranes to particular sites at the plasma
membrane. Several mutants in secretory pathway-related
genes result in cell wall abnormalities. The primary de-
fect in these mutants is in motor proteins and other
cytoskeleton-associated proteins (Zhong et al. 2002), in
N-glycosylation and trimming pathways (Gillmor et al.
2002), or in vesicle targeting (Lukowitz et al. 1996).

Wall assembly and dynamics

Gene families involved in the assembly and architectural
rearrangements of the wall include a- and b-expansins
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(Cosgrove et al. 2002) and xyloglucan endotransglucos-
ylase/hydrolases (XTHs, Rose et al. 2002). Structural
proteins are integrated with polysaccharide components
during wall assembly. The phenotype of the root-shoot-
hypocotyl (rsh) mutant, which has a defective structural
extensin gene, results in grossly altered plantlet form that
is ultimately lethal (Hall and Cannon 2002). Plants with
Type I and II walls have also developed different reper-
tories of hydrolases that function in disassembly of their
different cell wall polysaccharides (Hrmova and Fincher
2001; Coutinho et al. 2003).

Lignin biosynthesis

Monolignol precursors of lignin are generated from
phenylalanine by a large variety of enzymes, including
hydroxylases, methyltransferases, and dehydrogenases
(Boerjan et al. 2003). Lignin is then formed through
oxidative coupling of monolignols within the apoplastic
space. The availability of whole-genome sequences (Raes
et al. 2003), along with detailed chemical analyses in
Arabidopsis (Franke et al. 2002) and maize (Marita et al.
1999), have contributed to a better understanding of
lignin biosynthesis.

Signaling and response systems in the cell wall

Several membrane surface proteins and proteoglycans,
including the glycosylphosphatidylinositol (GPI)-an-
chored AGPs (Gaspar et al. 2001) and a large family of
transmembrane receptor-like kinases (Shiu and Bleecker
2001), interact with the cell wall. Curiously, broad classes
of secreted proteins are predicted to be GPI-anchored
(Eisenhaber et al. 2003).

High through-put screening for cell wall mutants

Fourier transform infrared (FTIR) microspectroscopy is
an extremely rapid, non-destructive vibrational spec-
troscopy that can quantitatively detect a range of func-
tional groups that provides a composite ‘‘fingerprint’’ of
carbohydrate constituents and their organization
(McCann et al. 2001). Mid-infrared spectra of cell walls
identify particular functional groups, including esters,
amides, hydroxyls, and carboxylates, and a carbohydrate
fingerprint region (Fig. 1). The spectrum of a cell wall
also contains information that reflects the local envi-
ronment of molecular bonds, such as their hydration
state, the conformation of the molecule, and interactions
with other molecules (McCann et al. 2001). Therefore,
the spectrum is characteristic of the architecture as well
as the composition of the wall, providing the basis of a
spectrotype characteristic for that mutant.

We have made the cell wall mutant screen high
through-put. Purified walls from two-week-old Arabid-
opsis plantlets and etiolated 5-day-old maize coleoptiles
are placed in the wells of 48-well gold-coated microscope

slides, mounted on a computer-driven stage of an infra-
red microscope. Five infrared spectra from each of the
wells of the slide are collected by an automated mapping
program (Fig. 1). Acquisition of each spectrum requires
less than one minute. We also use near-infrared (NIR)
reflectance spectroscopy, with a spectral window between
400 nm and 2500 nm, as a high through-put screen for
mutations in secondary walls of maize under field growth
conditions (Fig. 1). As we generate homozygous lines,
the seed stocks will become available to the plant re-
search community at ABRC and the Maize Genetics
Cooperation Stock Center.

We have shown how statistical algorithms, such as
Principal Components Analysis (PCA) and Linear Dis-
criminant Analysis (Kemsley 1998), can be applied to
FTIR spectra of cell walls as broadly applicable methods
to identify otherwise ‘‘invisible’’ defects in wall structure
and architecture (Chen et al. 1998). This allows the
natural variation within a population to be accounted for
while identifying sources of variance arising as a conse-
quence of mutation (Fig. 1). While PCA can identify and
classify spectrotypes that are characteristic of cellulose
deficiencies or alterations in xyloglucan or pectin struc-
ture, artificial neural networks are used in order to refine
the classification of spectrotypes in large sample sets
(Almeida 2002). A neural network comprises three lay-
ers: an input layer, which comprises the absorbance
values of infrared spectra, a ‘‘hidden’’ layer of about 50
neurons, and an output layer, which are the discrete
mutant classes to which each individual might belong.
The weightings of each input are adjusted for each
neuron as the network is ‘‘trained’’ by mutant and wild-
type standards until it makes the minimum number of
errors in classification to a specific output. When dealing
with mutants for which we do not know if a spectrotype
exists, ‘‘unsupervised’’ Kohonen networks detect clus-
tering structure in the data set without having to assign
specific output classes and provide probability values for
class membership. The probability of being classified into
particular classes establishes similarity relationships be-
tween different mutants, sometimes to a mutant with a
well-characterized cell-wall phenotype. These data indi-
cate the biochemical defect in mutants and target further
chemical characterization.

A direct relationship between genotype and
spectrotype is not expected

Characterizing and classifying the functions of previ-
ously unannotated genes is a formidable task. Quite di-
verse gene products can alter wall architecture in similar
ways, for example, cellulose deficiency can result from
mutations in an endoglucanase, the cobra protein, and a
mannose-1-phosphate guanylyltransferase, as well as
from mutations in the catalytic subunits of cellulose
synthase (McCann and Carpita 2005). Plants are
known to alter gene expression in several pathways to
compensate for defects in cell wall structure caused by
mutation. Alterations in cell walls can also be an indirect
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Fig. 1 Screening for cell-wall defective mutants by Fourier trans-
form mid-range and near infrared spectroscopy. a. Isolated cell
walls from an individual plant are placed in one of 48 wells of a
gold-plated, IR-reflective slide. b. A computer-driven stage of the
FTIR Microscope collects several mid-range IR spectra from each
wall sample. c. Leaves from up to twenty individuals from 1000
segregating Uniform Mu lines are collected from field-grown
plants, and air-dried at 50�C, d. Thirty near IR spectra are collected
from a 1 cm diameter spot on the adaxial surface of a leaf blade,
averaged and recorded. e. Analysis of infrared spectral signatures
begins with digital subtraction. Average spectra generated from 30
spectra of wild-type and 30 spectra of the xyloglucan galactosyl
transferase mutant, mur3, are very similar, but digital subtraction
of the averaged mur3 spectrum from that of the wild-type reveals

some differences (f). g. Spectra obtained from populations of wild-
type and mur3 cell walls are subjected to data compression using
Principal Components Analysis, followed by Canonical Variate
Analysis (CVA). CVA is a widely used method for analyzing group
structure in multivariate data (Kemsley 1998) and is mathemati-
cally equivalent to a one-way multivariate analysis of variance.
Wild-type and mur3 cell walls can be discriminated from each other
using one CV score, with a correct classification of 87%, reflecting
the probability of correctly identifying an unknown on the basis of
its spectral signature. Similar methods are applied to the NIR data
to select potential mutant individuals from each of the segregating
Uniform Mu lines
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consequence of mutations in genetic elements controlling
developmental programs rather than in mutation of a
gene directly involved in wall biogenesis. Therefore, a
simple or direct relationship is unlikely to exist between a
mutant genotype and its impact on wall architecture as
revealed by a mutant spectrotype. However, establishing
a broad library of distinct spectrotypes will provide
essential information on the chemical and physical assays
needed to dissect gene function.
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