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Abstract

Cell wall polysaccharides are some of the most complex biopolymers known, and yet their functions remain largely mysterious.

Advances in imaging methods permit direct visualisation of the molecular architecture of cell walls and the modifications that occur
to polymers during growth and development. To address the structural and functional relationships of individual cell wall compo-
nents, we need to better characterise a broad range of structural and architectural alterations in cell walls, appearing as a con-

sequence of developmental regulation, environmental adaptation or genetic modification. We have developed a rapid method to
screen large numbers of plants for a broad range of cell wall phenotypes using Fourier transform infrared microspectroscopy and
Principal Component Analysis. We are using model systems to uncover the genes that encode some of the cell-wall-related bio-
synthetic and hydrolytic enzymes, and structural proteins. # 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The plant cell wall is a highly organized composite of
many different polysaccharides, proteins, and aromatic
substances that undergo dynamic changes during cell
division, expansion and differentiation (McCann and
Roberts, 1991, Carpita and Gibeaut, 1993). However, it

has been difficult to ascribe specific functions to these
molecules. Molecules of the cell wall must provide
mechanical strength, regulate porosity, and control cell-
cell adhesion. The functions of the wall are not only
mechanical, but also biological. Like the animal extra-
cellular matrix, plant cell walls are a source of signalling
molecules that elicit a range of cell behaviours, such as
in response to pathogen invasion. Built largely from
polysaccharides, the components of the wall are subject
to many modifications between the processes of gene
expression and assembly in the apoplast. Glycoproteins
and polysaccharides are assembled in the Golgi appa-
ratus, enter the secretory pathway in vesicles that release
their contents into the apoplast, where cell–wall
enzymes act upon their substrates and incorporate them
into precise architectures. The current field of cell wall
research must encompass the signal transduction
mechanisms that result in up- or down-regulation of the
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genes that encode biosynthetic and wall-modifying
enzymes, the transcription and translation of those
genes, the synthesis of wall polysaccharides by those
gene products, and the assembly of the components of
the wall into a functional architecture that responds
during growth and differentiation to the changing needs
of the cell and transmits information back to the pro-
toplast. Such a goal requires both broad and directed
views to address the specifics of function. In this paper,
we discuss three approaches to characterising cell wall
architecture: imaging techniques that probe the location
of specific molecules; screening for variation in archi-
tecture using IR spectroscopy, and identifying differen-
tially-expressed genes in a model system in which wall
synthesis and deposition are the key events.

2. Results and discussion

2.1. Imaging the compositional diversity of walls at the
single cell level

The fast-freeze rotary-shadow replica technique has
previously been used to directly visualise cell-wall archi-
tecture of dicotyledonous species (McCann et al., 1990;
Fujino et al., 2000). The images obtained are thought to
preserve the native architecture of cell walls, and many
thin cross-linking fibres are visible as well as cellulosic
microfibrils. In dicots, these cross-linking glycans are
xyloglucans — they have a glucan backbone that can
hydrogen bond to the surface of cellulose microfibrils and
are decorated with xylose-containing side-chains. Xylo-
glucans are long enough to link two or more microfibrils
together to form a network. This network is embedded in
a second independent but coextensive network of pectins,
the most variable and complex component of the wall.
Pectins are loosely defined as polymers rich in galacturo-
nic acid and their associated side-chains, and comprise 20–
50% of the wall. Homogalacturonans (HGAs) are long
polymers of galacturonic acids that can be methyl-ester-
ified. If methyl groups are removed, then calcium can bind
to the carboxylate ions of the galacturonic acid to cross-
link them (Goldberg et al., 1996). Some pectins called
rhamnogalacturonan I (RGI) are built from a backbone
of alternating rhamnose and galacturonic acid residues
and carry side-chains of arabinans and galactans.
Dissection of a particular cell type at a specific devel-

opmental stage is seldom practical for chemical analysis,
which requires microgram to milligram quantities of
material. Thus, traditional methods of biochemistry
average out the intrinsic heterogeneity of plant tissues
(McCann et al., 1997). Two approaches offer the
opportunity to analyse wall composition at the single
cell level — the use of probes such as antibodies (Knox,
1997), and Fourier transform infrared (FTIR) micro-
spectroscopy (McCann et al., 1997).

Longitudinal and transverse sections of plant stems,
roots, or leaves, provide a developmental snapshot of
cell growth and differentiation. In the light microscope,
the use of probes, such as monoclonal antibodies cou-
pled to fluorescent markers, has revealed the tissue-spe-
cific distributions of particular cell components in
transverse sections of plant materials (Knox, 1997),
whilst longitudinal sections reveal developmental reg-
ulation of those components. This is illustrated in Fig. 1
using monoclonal antibodies as designer stains for
molecules of the pectin network in potato tubers.
Reflectance confocal laser scanning microscopy
(RCLSM) allows pectins to be localised to different
domains within a wall, even at the light microscope
level, by silver enhancement of immuno-gold-labelled
tissue and imaging in the confocal microscope (Bush
and McCann, 1999). Methyl-esterified pectin is present
throughout the walls of parenchymal cells, the galactan
side-chains of RGI are next to the plasma membrane
but excluded from the middle lamella region that sticks
two cells together, and the calcium cross-linked junction
zones are localised to the cell corners (Fig. 1a–c). Dif-
ferent tissues contain combinations of different pectic
epitopes. Fig. 1d and e shows that parenchymal cells
contain both arabinans and galactans, whilst the vas-
cular cells contain arabinans but very little galactan. In
the potato stolon, developmental patterns rather than
tissue specificity is marked by the presence of arabinan
in all of the tissues from the tip to the hook of the sto-
lon, and then calcium pectate and also galactans in all
of the tissues beyond the hook (Bush et al., 2001).
Although antibodies are powerful tools, their avail-

ability is confined to a small number of wall epitopes
and is not comprehensive of the structural complexity of
the wall. An alternative technology, called chemical
imaging, is becoming available, which combines spatial
information with chemical information deduced from
relative IR absorbances. In the IR spectrometer, a source
emits radiation with a range of frequencies which is then
passed through the sample. Particular chemical bonds in
the sample absorb radiation of specific frequencies from
the beam, and this is plotted as an absorbance spectrum
against frequency. IR spectroscopy simultaneously
reveals the type, distribution and relative abundances of
chemical components within a particular system. How-
ever, a single IR spectrum also contains information
about the molecular structure and intermolecular inter-
actions among the individual sample components
(McCann et al., 1992, 1997). A microscope accessory can
be attached such that the infrared beam from the spec-
trometer is diverted to pass through a sample placed on
the microscope stage. The sample can be imaged with
visible light and apertures used to restrict the area of
sample from which IR spectroscopic data are to be
obtained. Therefore, determining the presence and dis-
tribution of the chemical constituents within a sample
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depends only on the intrinsic spectral characteristics of
the sample, and not on the addition of fluorescent tags
or stains. The synergy of what have traditionally been
two distinct methods for studying the chemistry and

morphology of a sample, IR spectroscopy and optical
microscopy, is called chemical imaging.
Current IR microscopes work in two modes. The first

mode is single spectrum collection in which data are

Fig. 1. Potato tuber sections of perimedullary tissue gold-labelled with mAbs (A) JIM 7, (B) 2F4 and (C) LM5 then silver-enhanced and viewed by

reflectance confocal microscopy. (A) Methyl-esterified pectic epitopes are throughout the wall, (B) calcium pectate is localised to cell corners, and

(C) galactans are present in a region close to the plasma membrane but excluded from the cell corners and middle lamellae. Vascular tissues are

labelled with mAb LM6 (D) but label lightly with mAb LM5 (E), indicating the presence of arabinan but very few galactan side-chains of RG1 in

these tissues. (F) Longitudinal section of a stolon tip labelled with mAbs 2F4 (blue) and LM6 (pink). The 2F4 epitope is only detected in walls from

more proximal regions of the stolon, where it is concentrated in the epidermal and cortical walls. In contrast the LM6 arabinan epitope is localised

to walls of young cells at the stolon tip. Scale bars for A, B, C, D, and E represent 20 mm, bar F is 0.5 mm.
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collected from a region of the sample as small as
10�10 mm. This is accomplished by limiting the area of
a sample illuminated by adjusting an aperture located
at a remote image plane. During this process the size of
the IR beam focus remains fixed as does the detector
area. The maximum size from which a spectrum can be
collected is 100�100 mm, which is the size of the detector
area. When the smallest usable aperture of 10�10 mm is
employed only a fraction of the detector area is illumi-
nated. This small fraction of the detector generates the
signal whilst the entire detector area generates noise.
Consequently the spectroscopic performance falls dra-
matically with the size of aperture used.
The second mode of operation is mapping (McCann

et al., 1997). In this mode the sample is moved under
computer control such that different areas of the sample
are measured in turn. Eventually an array of spectra is
generated. These spectra can be correlated with visual
images of the sample so that optically observed features
can be associated with functional groups. While con-
trast in MRI images is determined by differences in the
NMR spectrum of the sample components, contrast in
IR spectroscopic imaging is determined by differences in
the vibrational spectral response. It is possible to gen-
erate a contour plot (map) of the distribution of func-
tional groups within a sample, using colour to represent
absorbance intensities.
A 3-day-old maize coleoptile was sectioned transver-

sely by hand, cleared of its soluble material and moun-
ted on a barium fluoride window for chemical imaging.
Mapping software allowed the collection of 273 indivi-
dual FTIR spectra with an aperture size of 25�25 mm in
an array encompassing epidermal, vascular and meso-
phyll cells from a transverse section of one-quarter of the
coleoptile (Fig. 2a). The spectra in the data set were first
area-normalised to compensate for any changes in thick-
ness across the section. Peaks corresponding to phenolic
esters (1720 cm�1) or to methyl esters (1740 cm�1) were
enriched in the vascular bundle, and slightly enhanced
in the outer epidermis (Fig. 2b, c). A peak correspond-
ing to phenolic ring absorbance (1515 cm�1) is enriched
in the vascular tissue, and is decreased in the inner epi-
dermis (Fig. 2d). The chemical images thus indicate
some differences between the inner and outer epidermis.
Absorbances at 1000 and 1020 cm�1 are enriched in the
mesophyll layer (Fig. 2e, f), whilst absorbances at 1090
and 1034 cm�1 are enriched in the epidermal tissues
(Fig. 2g, h). These latter two absorbances are potentially
diagnostic for the presence of glucomannans (Kacur-
àková et al., 2000). These data demonstrate the ability of
chemical imaging to localise different chemical species to
specific cell types and the large heterogeneities in wall
composition within the maize coleoptile. A new genera-
tion of instruments are becoming available that combine
an IR microscope with focal plane array detector. These
devices collect spectra simultaneously from all points in

a field of view, reducing collection times for equivalent
samples from a few hours to a few minutes.

2.2. Detecting cell walls of altered composition

Why cell walls are structurally complex seems obvious—
cell walls must function in cell–cell adhesion, signal trans-
duction both cell-to-cell and environment-to-cell, cell
division, growth and differentiation, but how the mole-
cular machinery of the wall is assembled and later
modified to carry out those functions is still unknown.
By studying cell walls with altered compositions, either
as a consequence of developmental regulation, environ-
mental adaptation, or genetic modification, we can
assess the effect of such modifications on cell wall prop-
erties and on plant development. The selection of mutant
plants with altered cell wall compositions and archi-
tectures is particularly useful because of the wide range
of potential modifications and the possibility of unco-
vering novel genes that encode enzymes that participate
in biosynthetic pathways, wall assembly, or in mod-
ifications to polymers in muro (Reiter, 1998). Mutants
with altered cellulose deposition have been identified
directly by birefringence (Potikha and Delmer, 1995).
Other cell-wall mutations have appeared serendipitously
in the course of screens for developmental phenotypes,
such as a temperature-sensitive radial cell swelling
mutant that was cellulose-deficient (Baskin et al., 1992,
Arioli et al., 1998) or a collapsed xylem phenotype
(Turner and Somerville, 1997).
Mutations in non-cellulosic polysaccharides may not

always have visually abnormal or otherwise predictable
phenotypes, and, hence, a general method is necessary to
select for a broad range of potential modifications. One
method that has been successfully applied is to screen
directly for neutral sugars of cell-wall polymers that are
over- or under-represented when compared with their
distribution in the walls of a wild-type population (Reiter
et al., 1997). This screen employs derivatisation of the
cell-wall non-cellulosic sugars from leaves to alditol
acetates, with subsequent quantitation by gas–liquid
chromatography. Sugar composition can be assayed with
great precision by this method, but the large numbers of
plants involved in a mutant screen make it labour-inten-
sive. FTIRmicrospectroscopy is an extremely rapid, non-
invasive vibrational spectroscopic method that can
quantitatively detect a range of functional groups
including carboxylic esters, phenolic esters, protein
amides and carboxylic acids, and can provide a complex
‘‘fingerprint’’ of carbohydrate constituents and their
organization (McCann et al., 1992, 1997; Séné et al.,
1994). The time taken to acquire a spectrum of a sample
is roughly 30 s. It is non-destructive and does not require
derivatization of the sample, so further assays can be
applied to the same sample once potential mutants are
identified.
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The effective analysis of large data sets of spectra is
complex and the use of multivariate data reduction
techniques (Massart et al., 1988) is now standard practice
for many applications. Spectra are not analog, but are
constructed from data points collected at intervals of 8
cm�1. Principal component analysis (PCA) is a widely-
used mathematical technique that is used to reduce the

dimensionality of the data from the several hundred
data points in the original spectra to a fewer number of
dimensions (Kemsley, 1998). The variability in each
individual spectrum relative to the mean of the popula-
tion can then be represented as a smaller set of values
(axes) termed principal components (see Fig. 3). The
effect of this process is to concentrate the sources of

Fig. 2. Chemical images of a transverse section of 3-day-old maize coleoptile derived from FTIR spectra sampled with a 25�25 mm window. (A)

Brightfield micrograph of the coleoptile section using mirror optics in the IR microscope. An example of the area from which IR data is sampled is

delimited by a pair of transparent double-bladed apertures. (B) Phenolic esters of uronic acids sampled at 1720 cm�1. (C) Carboxyl esters sampled at

1740 cm�1. (D) Aromatic substances sampled at 1515 cm�1. (E) Absorbance intensity at 1000 cm�1. (F) Absorbance intensity at 1020 cm�1. (G, H)

Absorbances at 1034 and 1090 cm�1, respectively, characteristic of glucomannan.
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variability in the data into the first few PCs. Plots of the
so-called PC scores (projection on to PC axes) against
one another can reveal clustering or structure in the
data set.
We established and validated a model that can dis-

criminate between the leaves of wild-type and a pre-
viously defined set of cell-wall mutants of Arabidopsis.
Exploratory PCA indicated that mutants deficient in
different cell-wall sugars are distinguished from each
other (Chen et al., 1998). We have also used IR micro-
spectroscopy to screen a population of hypocotyl
mutants for alterations in their cell walls. The Arabi-
dopsis hypocotyl mutants were selected from seedlings
that are dwarf when dark-grown, and thus affected in
cell elongation (Gendreau et al., 1997). The hypocotyl is
laid down by a set of programmed cell divisions during
early embryogenesis. Post-embryogenic growth of this
organ involves no further cell divisions and so separates
the events of cell division from those of cell expansion.
From a pre-selected sample of 40 dwarf mutants,

PCA shows that both pectic (Sene et al., 1994) and cel-
lulosic (Liang and Marchessault, 1959) features in the
FTIR spectra can be used to discriminate mutants from
a population of wild-type (Fig. 3). The wild-type popu-
lation shows that a tight ratio exists under normal
growth conditions, but this proportionality is disrupted
in the mutants. PCA also revealed a dose-dependent
reduction in cellulose content within hypocotyls treated

with increasing concentrations of dichlorobenzonitrile
(DCB), an inhibitor of cellulose synthesis. Cellulose
deficiency was also detected in hypocotyl cell walls of
rsw1, a temperature-sensitive mutant when grown at the
restrictive temperature for a gene encoding the catalytic
subunit of cellulose synthase (Arioli et al., 1998). The
kor mutation (korrigan) is a mutation in a gene encod-
ing an endo-glucanase (Nicol et al., 1998). Analysis of
FTIR spectra of rsw1, kor, and DCB-treated seedlings
showed that cellulose deficiency was invariably asso-
ciated with an increased pectin content (Fig. 3). These
observations are consistent with earlier results using
suspension-cultured cells of tomato adapted to growth
on DCB which make a pectin-rich wall that virtually
lacks a cellulose-xyloglucan network (Shedletzky et al.,
1990). The formation of one network has been pre-
vented, while the other is still able to provide a cell wall
with at least some of its usual functions.
Transgenic materials in which cell-wall-related genes

have been up- or down-regulated provide a useful com-
plement to mutants. We are also studying transgenic
potato tubers in which fungal cell-wall enzymes have
been over-expressed in a tuber-specific manner as a
means to valorise the waste from starch production
(Vincken et al., 2000). Removal of galactans by apo-
plastic expression of a fungal galactanase resulted in
normal tuber development (Oxenbøll-Sørensen et al.,
2000). We used PCA of IR spectra to screen a number

Fig. 3. Exploratory PCA of IR spectra sampled from populations of Arabidopsis hypocotyls. (A) Relative cellulose content of populations can be

estimated from their scores on PC1, a loading with characteristic features of cellulose (Liang and Marchessault, 1959). Peaks associated with pectin

are negatively correlated in the loading. The rsw1 mutants discriminate on PC2 probably because they are in a different ecotype background. (B)

Some dwarf hypocotyl mutants can be discriminated from wild-type on the basis of two principal components, PC1 has features of cellulose (Liang

and Marchessault, 1959) whilst PC2 shows features of pectin (Sene et al., 1994).
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of transgenic lines, and selected one line that can be
distinguished from the relevant control because of
changes in pectic characteristics (Fig. 4a). Immuno-gold
labelling confirmed that this line indeed had a greatly
reduced galactan content (Fig. 4b–e).

2.3. Expression profiling — a molecular approach to
identify genes that encode cell-wall related proteins

The wall contains structural proteins as well as hundreds
of different cell-wall enzymes, and polysaccharides are the

Fig. 4. (A) Top: averaged FTIR spectra of potato tuber cortex from 20 wild-type tubers (solid line) and 20 transgenic tubers (dashed line) over-

expressing a fungal galactanase targetted to the apoplast. Middle. Exploratory PCA discriminates the transgenic population from the wild type,

using the third and fifth PC scores. The loadings for PC3 (black line) and PC5 (gray line) show features characteristic of pectins at 1745, 1250, 1150,

1105 and 1018 cm�1. Sections of wild-type tuber gold-labeled with mAb LM5, that recognises a galactan epitope, and imaged by RCLSM (B) and in

the TEM (C), and equivalent of the galactanase transformant (D, E). The walls of wild-type parenchymal cells are strongly labelled (green in A,

black particles in B) whereas in the transformant, the labelling density is greatly reduced and localised only to some cell corners (arrows) close to the

plasma membrane. Scale bars represent 100 mm for RCLSM images and 2 mm for electron micrographs.
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products of biosynthetic enzymes. The genes that encode
these classes of cell-wall-related proteins belong to large
multi-gene families. Much work remains to be done to
elucidate the functions of the different family members,
and to identify cell-wall-related genes without sequence
identities. We are using a model system in which synthesis
and deposition of cell wall is the main event, to identify
cell-wall-related genes involved specifically in xylogenesis.
The construction of a tracheid or xylem element

involves deposition of thick reinforcing hoops of sec-
ondary cell wall, waterproofing it with lignin followed
by autolysis of the cell contents. In a plant, only a few
cells are in the process of forming xylem, but we can
study this entire developmental pathway in vitro using
the Zinnia mesophyll cell system originally developed by
Fukuda and Komamine (1980). In our laboratory, the
Zinnia system consists of mesophyll and palisade cells
isolated from the leaves of Zinnia elegans cv. Envy that
are put into liquid culture and supplied with two plant
growth factors, auxin and cytokinin, after 48 h
(McCann et al., 2000). In a further 48 h, over half of the
living cells have synchronously undergone trans-differ-
entiation, making it possible to precisely stage the
events involved in building a TE. Thus, one cell type can

be reproducibly and synchronously switched, with
known external signals, into a different cell type.
We have recently applied a novel RNA finger-printing

technology, cDNA-AFLP (Bachem et al., 1996, Dur-
rant et al., 2000), that allowed the detection of differen-
tially-regulated genes across the time-course of xylo
genesis. cDNAs are synthesized from mRNA populations
isolated from the Zinnia cultures at five time-points,
digested with a pair of restriction enzymes, adaptor-liga-
ted and amplified by PCR to produce the primary tem-
plate. A subset of this population of fragments is
selectively amplified using primers with two selective
nucleotides, and then analysed on polyacrylamide gels.
Over 600 genes, whose transcription show overt changes
in abundance over time, have been selected and partial
sequences obtained. These sequences were then com-
pared with databases from the plant and animal genome
sequencing projects, allowing an identity to be assigned
to about half of the predicted gene products, including
about 10% that encode cell wall biosynthetic enzymes,
hydrolytic enzymes or structural proteins (manuscript in
preparation).
The deposition of hoops of secondary wall material

occurs at 90–96 h of culture (between 42 and 48 h after

Fig. 5. Time course of the trans-differentiation of isolated Zinnia mesophyll cells to tracheary elements and the expression patterns of six cell wall

biosynthetic genes identified so far by the cDNA-AFLP screen. Micrographs, left to right. (1) A palisade parenchyma cell appears unchanged after

48 h in liquid culture without TE-inducing growth factors. Auxin and cytokinin are added at 48 h, and RNA is extracted at this time and then 30

min, 4 h, 24 h and 48 h later. (2) At the 16 h point after induction, the chloroplasts move to the cell edges, and most of the cells have divided. (3) By

42 h after induction, the secondary wall thickenings have been deposited. (4) By 48 h after induction, the thickenings become lignified, and can be

stained with phloroglucinol (above). Shading intensities of the bars indicate relative abundance of the cDNA-AFLP fragment in the gel.
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addition of auxin and cytokinin). We have over 50 par-
tial sequences of cell-wall related genes, many of which
are hydrolytic enzymes (Milioni et al., 2001). Fig. 5
shows the expression patterns of six of the sequences
that encode biosynthetic enzymes. A cellulose synthase is
up-regulated early, perhaps simply induced by auxin,
and a late-expressed cellulose synthase has high sequence
identities with an Arabidopsis sequence (AB006703), the
cotton cellulose synthase that is expressed in differ-
entiating cotton fibers (Holland et al., 2000), and with a
xylem-specific cellulose synthase gene from aspen (Wu
et al., 2000). There are two sugar transferases for adding
sugars to non-cellulosic polymers and a cellulose-syn-
thase-like gene, which may encode a biosynthetic enzyme
making a different polymer backbone. The enzyme caf-
feic acid O-methyltransferase from the lignin biosyn-
thetic pathway is also expressed. About 40% of our
sequences are unknowns — either hypothetical proteins
in the Arabidopsis database or not represented in any of
the plant or animal databases. As known genes encod-
ing cell wall-related proteins comprise about 10% of our
600 sequences, then there may be further 30 sequences
that represent cell-wall-related proteins of totally
unknown function.

3. Conclusion

Genetically-defined variation through mutant approa-
ches or transgenic technologies offers the best opportu-
nity to identify a broad range of structural and
architectural alterations in cell walls, leading to
improved understanding of plant cell growth and differ-
entiation. Gene discovery in the Zinnia system will have
relevance for many commercially important tree species.
By defining the key structural components in Arabi-
dopsis, there is the opportunity to define wall proper-
ties in which variation is economically desirable
include the length, substitution, and cross-linking of
pectic polysaccharides, the relative levels of cellulose,
the length and mechanical properties of fibres, the
relative allocation of carbon to wall biomass, the reg-
ulation of cell–cell adhesion, wall-based growth con-
trol, and lignin composition, architecture, distribution
and amount.

4. Experimental

4.1. Tissue preparation for immunocytochemistry

Elongating stolons and mature tubers were cut from
mature Solanum tuberosum (L.) plants (cv. Karnico) and
immersed in 2.5% (v/v) glutaraldehyde (EM grade) in
0.05 M sodium cacodylate containing 0.05% (v/v) NP-
40 (Sigma, Poole, UK). All of the samples were pro-

cessed for low temperature L.R. White resin embedding
as described previously (Bush and McCann, 1999).

4.2. Immunogold labelling

Blocks of tissue were sectioned: 0.5-mm thick resin
sections were collected on multi-well glass slides for
light microscopy and ultrathin sections for electron
microscopy were collected on Formvar-carbon coated
gold grids. The sections were labelled as described pre-
viously (Bush and McCann, 1999), with mAbs that
recognise the following pectic epitopes; JIM 7, 535%
methyl-esterified homogalacturonan (Knox et al., 1990);
2F4, a calcium-dependent conformational epitope of at
least nine contiguous galacturonic acid residues (Liners
et al., 1989); LM5, (1!4)-b-d-galactan (Jones et al.,
1997); LM6, (1!5)-a-l-arabinan (Willats et al., 1998).
After three 10 min washes in phosphate-buffered saline
(PBS) the sections were incubated with 5 nm gold con-
jugates (British BioCell International) overnight at 4�C.
Sections were washed in PBS again, fixed in 1% (v/v)
glutaraldehyde, and finally rinsed thoroughly with dis-
tilled water prior to silver enhancement. Control sec-
tions were treated in parallel but with the omission of
the primary mAb. Silver enhancement of 5 nm gold
probes was performed for 2 min at 20�C for electron
microscopy, but this was extended to 10–15 min for
light microscopy; the BioCell silver enhancement kit
(British BioCell International) was used according to
the manufacturer’s instructions.

4.3. Reflectance confocal laser scanning microsopy
(RCLSM)

Gold-labelled and silver-enhanced 0.5 mm-thick resin
sections were counter-stained with basic fuchsin and
examined with a Leica TCS NT laser scanning confocal
microscope, using an RT 30/70 mirror and excitation
and emission wavelengths of 488 and >515 nm,
respectively. Images of autofluorescence and epi-reflec-
tance were recorded separately, and merged and pro-
cessed with Adobe Photoshop 4.0. Ultrathin sections
counter-stained with uranyl acetate and lead citrate
were examined in a Jeol 1200EX transmission electron
microscope.

4.4. FTIR microspectroscopy and chemical imaging

The Arabidopsis hypocotyls were placed on 2-mm
thick�13-mm diameter barium fluoride windows, and
the materials were air-dried at 37�C for about 1 h. The
windows were supported on the stage of a UMA500
microscope accessory of a Bio-Rad FTS175c FTIR
spectrometer equipped with a liquid nitrogen-cooled
mercury cadmium telluride detector. An area of wall
(100�100 mm) was selected for spectral collection in
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transmission mode. One hundred and twenty-eight
interferograms were collected with 8 cm�1 resolution
and co-added to improve the signal-to-noise ratio for
each sample. Three spectra were collected from different
areas of each hypocotyl, avoiding the stele and then
averaged and baseline-corrected.
For chemical imaging, transverse sections were hand-

cut from 3-day-old maize coleoptiles that were frozen in
a cryosectioning medium (Tissue-Tek, Agar UK). Sec-
tions about 50 mm thick were picked up onto barium
fluoride windows. The sections adhering to the surface
were then washed extensively with water to remove all
traces of the sectioning medium. A small amount of the
sectioning medium was also streaked across a barium
fluoride window as a control. FTIR spectra were acquired
with an aperture size of 25�25 mm from an array encom-
passing epidermal, vascular and mesophyll cells from
transverse sections comprising about 25% of the
coleoptile area.

4.5. Preparation of cell cultures

Seeds of Zinnia elegans c. Envy (Chiltern Seeds Ltd,
UK) were germinated in a peat/sand potting compost in
a controlled environment room at 20�C with a 16 h day.
The first true leaves of 14-day-old plants were removed,
surface-sterilised in 5% commercial NaOCl, and rinsed
three times in sterile distilled water. Single cells were
isolated by gently grinding the leaves in 0.2 M mannitol
in a mortar and pestle. The suspension was filtered
through two layers of muslin and washed three times in
0.2 M mannitol by spinning at 800 rpm for 2 min. Cells
were resuspended in culture medium (Fukuda and
Komamine, 1980) with no hormones (maintenance
medium), or 1 mg l�1 BAP and 1 mg l�1 NAA (induc-
tive medium). Cultures were maintained at 27�C in the
dark, shaking at 80 rpm, with 3 ml of cell suspension per
well in six-well plates (Sterilin, UK) at a density of 106

cells ml�1. At 48 h, cells were transferred by pipetting
media and cells from the wells in the six-well plates into
30-ml screw-cap tubes (Sterilin, UK), spinning the tubes
at 800 rpm for 2 min, pouring off the supernatant and
re-suspending the cells in new medium at the same cell
density of 106 cells ml�1.

4.6. cDNA-AFLP

Total RNA was extracted from Zinnia cells at differ-
ent stages of in vitro TE formation, according to Shir-
zadegan et al. (1991). Poly(A+) RNA was obtained by
using magnetic oligo(dT)25 Dynabeads, according to
the manufacturer’s (DYNAL, UK) instructions. Synth-
esis of the first strand of cDNA was carried out with
Expand Reverse Transcriptase (Boehringer Mannheim),
as described by the manufacturer. The second strand
cDNA synthesis was performed according to Gubler et

al. (1983). cDNA-AFLP was performed according to
Bachem et al. (1996) and Durrant et al. (2000). The
AFLP products were analyzed on a 6% polyacrylamide
denaturing gel, at constant power (90 W) until the bro-
mophenol blue dye reached the bottom. Gels were dried
under vacuum at 80�C and exposed to X-ray films
(KODAK X-OMAT AR) for autoradiography.

4.7. Isolation of cDNA clones and sequence data
analysis

The cDNA bands of interest were marked and the X-
ray films were repositioned on the radioactive gels. The
segments of interest were cut out with a surgical blade,
eluted and re-amplified with the same primer set as used
for the initial amplification. The re-amplified cDNAs
were subcloned using the pGEM-T easy vector system
(PROMEGA). For each re-amplified fragment, several
independent E. coli colonies were selected and the
inserted fragments were sequenced on an automated
sequencer using the BigDye Terminator kit (Applied
Biosystems). Each sequence was analyzed against the
sequences in Genbank non-redundant and expressed
sequence tag (EST) databases using the BlastN pro-
gramme for nucleic acids and the BlastX programme for
proteins at the NCBI web server (Altschul et al., 1997).
Default parameters of the programmes were used in
both cases.
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