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The use of probes such as menoclonal and polyclonal antibodies to specific cell wall
components, at both the light and electron microscope levels, has demonstrated the di-
versity in cell wall composition between species, between tissues, between different
regions of the cell surface, and even within a single wall. Traditional methods of cell
wall analysis have provided valuable information on wall composition and architec-
ture, but, by having to rely on the use of bulk samples, have averaged out this intrinsic
heterogeneity. Fourier Transform Infrared (FTIR) microspectroscopy addresses this
problem by providing chemical information from an area as small as 10x10 pm of a
single cell wall fragment or area of a tissue section that has been imaged with a micro-
SCOpE accessory.

We have used FTIR microspectroscopy as a powerful and extremely rapid assay for
wall components and putative cross-links in muro. The spectra are sensitive to poly-
mer conformation, and the use of polarisers in the microscope accessory allows the
orientation of particular functional groups to be determined, with respect to the long
axis of elongating cells. The spectra constitute species and tissue-specific ‘finger-
prints’, and the use of classical discriminant analysis may provide the opportunity for
correlating spectral features with chemical, architectural or rheological wall proper-
ties. Spectral mapping of an area of a specimen allows the morphological features re-
sulting from cell growth and differentiation to be characterised chemically at the sin-
gle cell level.
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FTIR spectroscopy and plant cell walls

Longitudinal and transverse sections of plant parts,
stems, roots, or leaves, provide a developmental snap-
shot of cell growth and differentiation. In the light mi-
croscope, the use of probes, such as monoclonal antibod-
ies coupled to fluorescent markers, has revealed the tis-
sue-specific distributions of particular cell wall compo-
nents in transverse sections of plant materials (Knox et
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sections reveal developmental regulation of those com-
ponents. For example, Fig. 1 A,B shows that a carbohy-
drate epitope on an arabinogalactan protein is restricted
to guard cells in the epidermis of Zinnia leaves, whilst
methyl-esterified pectin is present in all of the epidermal
cell walls. In the electron microscope, two neighbouring
tomato cells of the same tissue type can have very differ-
ent cell surface composition during fruit ripening (Fig.
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Fig. 1. Light micrographs of 1 pm sections of Zinnia leaves
which have been immunogold-labelled and silver-enhanced. Im-
munolabelled material appears black using bright-field micros-
copy, but the spotty staining inside the cells is an artefact as a re-
sult of precipitation of silver grains on the chloroplasts (indicated
by arrows). (A) JIM 7, a monoclonal antibody that recognises a
relatively methyl-esterified pectic epitope, labels all cell walls in
the leaf. (B) JIM 13, a monoclonal antibody that recognises a
carbohydrate epitope on an arabinogalactan protein, labels guard
cells in the epidermis. Scale bars in A and B represent 75 pm. (C)
In pericarp cell walls of orange tomatoes, labelling with the JIM
5 antibody that recognises a relatively unesterified pectic
epitope, shows that the pectin within the wall of one cell has un-
dergone de-esterification, while domains of the neighbouring cell
wall remain methyl esterified. Scale bar represents 500 nm.
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1C) (Steele et al. 1997). Dissection of a particular cell
type at a particular developmental stage is seldom practi-
cal for chemical analysis, which requires microgram to
milligram quantities of material. Thus, traditional meth-
ods of cell wall chemistry average out the intrinsic heter-
ogeneity of the plant extracellular matrix (McCann et al.
1995).

Gas chromatography-mass spectroscopy (GC-MS) is
the most widely used technigue for carbohydrate analysis
of cell walls, providing information on the sugar compo-
sition and the glycosidic linkages of the polymers. Iso-
lated polysaccharides or cell walls are first methylated,
and then hydrolysed to monosaccharides and derivatised
to volatile alditol acetates, that can be separated and iden-
tified by gas chromatography. Linkage structure is de-
duced from characteristic molecular fragmentation pat-
terns of the partially-methylated derivatives (Carpita and
Shea 1989). This has provided valuable information on
polysaccharide chemistry but we also require methods of
analysis that can probe the wall without modifications to
cell wall architecture by preparative treatments, to exam-
ine polymer conformations, orientations, and interactions
in situ. Spectroscopies including nuclear magnetic reso-
nance (NMR) spectroscopy (Foster et al. 1996, Ha et al.
1996), Fourier Transform Infrared (FTIR) and FI-Raman
offer this opportunity (McCann et al. 1992, Sene et al.
1994). For homogeneous bulk sampling, NMR spectros-
copy is used to probe wall chemical composition, orien-
tation of polymers, relative mobility of polymers in solu-
tion, and even how polymers interact with each other.
Ideally though, we would like to obtain chemical infor-
mation from single cell walls.

New microspectroscopic techniques allow us to probe
micro-heterogeneity in samples, non-invasively, obtain-
ing chemical information from picogram or even femto-
gram quantities of material. The coupling of an FTIR
spectrometer to an appropriate microscope allows selec-
tion of a particular area (as small as 10 pm x 10 pm) in
any field of view for microsampling, whilst Raman mi-
croscopes have a resolution of 1 pm x 1 ym. However,
we have found that many primary cell walls (thin walls
deposited during growth) are not good Raman scatterers,
meaning that the Raman signal is too weak to provide
good quality spectra of single cell walls. Secondary cell
walls (thick walls deposited after cell growth has ceased)
which predominate in woods are very suitable substrates
for Raman microscopy (Atalla 1987). In this review, we
will focus on the application of FTIR microspectroscopy
to primary cell walls (McCann et al. 1992, 1993, 1994,
1995, Kemsley et al. 1994, Sene et al. 1994) including
the spectral fingerprinting of cell walls and their compo-
nent molecules, functional group mapping of an area of
a sample, defining the orientation of macromolecules by
polarised FTIR microspectroscopy, and identifying
chemical differences between samples by digital sub-
traction or between groups of samples by principal com-
ponent analysis. By relating optical images of the speci-
men to chemical information from IR spectroscopy, we
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can begin to characterise changes in cell wall architec-
ture during cell growth and differentiation at the single
cell level.

A microscope accessory for the FTIR spectrometer

The energy of molecular vibrations corresponds to the in-
frared region of the electromagnetic spectrum. Complex
molecules have a large number of vibrational modes as-
sociated with vibrations of specific bonds or functional
groups including rocking, twisting, wagging, stretching
and bending. In the IR spectrometer, an infrared source
emits radiation with a range of frequencies (400 to 4 000
wavenumbers, measured in units of em™) which is then
passed through the sample. IR radiation is absorbed when
the oscillating dipole moment due to a molecular vibra-
tion interacts with the oscillating electric vector of the IR
beam in the spectrometer. This interaction will occur
only if the vibration has an associated change in the di-
pole moment: the bond must be asymmetric (Williams
and Fleming 1980). Particular chemical bonds in the
sample will thus absorb radiation of specific frequencies
from the beam, which passes to a detector.

The spectrometer is based on the optical design of the
Michelson interferometer (Fig. 2). The IR beam from a
conventional IR source is split into two paths. In one
path, the beam is reflected by a fixed-position mirror
where it is partially reflected to the source and partially
transmitted to the detector. In the other leg of the inter-
ferometer the beam is also reflected, this time by a mov-
able mirror that can be translated back and forth without
tilt or wobble. The energy that reaches the detector is the
sum of these two beams — both partially transmitied by

I HeNe laser
reference

~

infrared
source

Michelson interferameter

Imovi i ier | laser
Im‘W'ng mirror beamsplitter | -
I I AN O
| |
| N
| fixed I
mirror |
infrared (sample | i
detector | compariment |
| :
sample |
\ Q | P \ ‘ /

Fig. 2. Diagram of an FTIR spectrometer.
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the beam-splitter. The optical path difference gives rein-
forcement for an integral multiple of wavelengths (n4)
of the emitting source and destructive interference for
(n+1/2)4 as the mirror is moved. In a conventional infra-
red instrument, each frequency is passed through the
sample and detected singly, but in an FT instrument, all
of the frequencies are scanned simultaneously, speeding
up data acquisition times from hours to minutes. The re-
sulting interferogram can be described as an infinitely
long cosine wave: for more than one frequency, the in-
terferogram is the sum of the cosine waves of all the fre-
quencies present in the source. It is the interferogram
(intensity vs time) that is measured physically but the
spectroscopist is more generally interested in the spec-
trum {intensity vs frequency). The interferogram and the
corresponding spectrum are mathematically related to
each other by a Fourier Transformation.

The two advantages of this approach for microspec-
troscopy are (1) the absence of slits and dispersing optics
increases the energy arriving at the sample and (2) each
interferogram, and therefore each spectrum, is generated
rapidly (< I s) such that many spectra can be co-added in
a short acquisition time to yield a spectrum with im-
proved signal-to-noise ratio. Thus, the energy ineffi-
ciency of diverting the beam over an extended path
through a microscope accessory can be tolerated (Per-
kins 1987). In addition, the tracking of the moving mir-
ror position with a He-Ne laser (Fig. 2) produces a spec-
trum with a highly reproducible frequency scale, allow-
ing digital subtraction of spectra (Wilson 1990). Glass
absorbs in the IR region and so the beam is passed by a
system of mirrors to a sample mounted on a barium fluo-
ride window (an IR-transparent material) on the micro-
scope stage and then by a special mirrored objective lens
(Cassegrainian lens) to the detector. The white light for
viewing the sample and the infrared light for obtaining
the spectrum are both colinear and parfocal and so the
area of a single cell wall from which IR data is obtained,
including the cell type and its relative axial orientation,
can be defined precisely. A four-blade rectangular aper-
ture is inserted into the system and the biades adjusted to
mask off the area of interest to a diffraction limit of 10
pm by 10 pm. With smaller aperture sizes, the wave-
length of the radiation approaches the aperture size and
the energy does not pass through the aperture.

Figure 3 shows isolated cell wall fragments, obtained
by grinding onion parenchyma tissue in a mortar and
pestle. The black box represents an area of 10 um by 10
um from which the spectrum was obtained in less than a
minute. In the mid-IR spectrum, saturated esters absorb
at 1740 cm™ and unsaturated esters at 1720 cm™
(Morikawa et al. 1978), amide-stretching bands of pro-
tein occur at 1650 and 1550 cm™ (Sutherland 1952), car-
boxylic acid groups absorb at 1600 and 1414 cm’
(Morikawa et al. 1978), phenolics at 1620 and 1515 cm™
(Williams and Fleming 1980), and carbohydrates absorb
between 1200 and 900 cm™ (Williams and Fleming
1980). Below 1500 cm™, in the so-called *“fingerprint’
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Fig. 3. A Fourier Transform Infrared (FTIR) spectrum obtained
from the area marked on the light micrograph below of single
cell wall fragments prepared from onion parenchyma tissue.

region, peaks cannot be readily assigned to particular vi-
brations because many complex vibrational modes over-
lap in this region. However, this region can be used to
identify a compound or mixture of compounds from the
characteristic spectral envelope.

A rapid method to check sample purity and
homogeneity

The rapidity of spectral acquisition (1 to 2 min per spec-
trum) makes FTIR spectroscopy very useful for routine
checking of sample purity or contamination. For exam-
ple, pectins can be extracted from cell walls by extract-
ants that chelate calcium ions such as cyclohexane
trans-1,2-N.N,N' N'-diaminotetraacetate (CDTA)
(Redgwell and Selvendran 1986) or imidazole (Mort et
al. 1991). CDTA has strong absorbances at 1600 and
1406 cm™ and these bands can be seen in the spectrum
of CDTA-extracted cell wall material even after exten-
sive dialysis (Fig. 4A1,B1). However, no contribution to
IR spectra from imidazole can be detected after dialysis
(Fig. 4A2,B2). By sugar analysis, it has been shown that
imidazole extracts an equivalent pectic fraction (Mort et
al. 1991) and is thus a more suitable chelating agent for
vibrational spectroscopy.

Plant cell walls contain a great variety of polymers of
different types (proteins, aromatics, polysaccharides),
each having a particular molecular conformation and in-
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Fig. 4. FTIR spectra of pure CDTA (A, 1), pure imidazole (A, 2).
and rice cell walls after extraction with CDTA (B, 1) and imida-
zole (B, 2). CDTA has strong absorbances at 1600 and 1406
cm™' and these bands can be seen in the spectrum of CDTA-ex-
tracted cell wall material, even after extensive dialysis. The
spectrum of imidazole-extracted cell wall material is free from
any interferences from imidazole.

teracting with neighbouring molecules in a specific way
(McCann and Roberts 1991, Carpita and Gibeaut 1993).
This complexity appears in the vibrational spectra of the
cell walls, with subtle variations in intensity or absence
of some bands in the spectrum reflecting compositional
differences. We have compared FTIR spectra from the
cell walls of five plants, one dicotyledon, one non-gram-
inaceous monocotyledon, and three graminaceous
monocotyledon species (Sene et al. 1994). It is possible
to differentiate between the two non-gramineae and the
three gramineae species from broad characteristics, par-
ticularly from bands associated with pectins and pro-
teins. This is a consequence of the very different cell
wall composition of the Poaceae (Carpita and Gibeaut
1993). However, all the spectra are distinctive (Fig. 5).
For example, in the spectra of rice and sweetcorn, peaks
at 1600 and between 1160 and 970 cm™ have different
line-shapes and intensity (Sene et al. 1994). These varia-
tions are sufficient for spectral discrimination.

A further use of fingerprinting is in detecting modifi-
cations to cell walls, either as a consequence of muta-
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Fig. 5. FTIR spectra of cell walls isolated from parenchymatous
tissues of polypogen (1), rice (2), sweet corn (3), carrot (4) and
onion (5). Each cell wall gives a characteristic spectrum that can
be used as a fingerprint for a given cell wall.

tion, transformation or environmental adaptation. The
FTIR spectrum obtained from walls from suspen-
sion-cultured cells of tomato (Fig. 6A) is similar to that
from the onion parenchyma cell wall (both contain cellu-
lose, hemicellulose and pectin) (Fig. 6C) although there
is clearly more protein in the tomato walls (amide
stretches at 1550 and 1650 cm™'). When suspension-cul-
tured cells of tomato are adapted to growth on a cellu-
lose synthesis inhibitor, 2,6-dichlorobenzonitrile (DCB),
they make a pectin-rich wall that lacks a cellulose-xylo-
glucan network (Shedletzky et al. 1990). The spectrum
of the DCB-adapted tomato cell walls (Fig. 6B) more
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Fig. 6. FTIR spectra of walls of (A) non-adapted tomato suspen-
sion cells and (B) DCB-adapted tomato snspension cells, ()
onion parenchyma cell walls, and (D) polygalacturonic acid
(Sigma). a = ester peak, b = free acid stretches from pectins.
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closely resembles that of either purified pectins or of a
commercial polygalacturonic acid sample from Sigma
(Fig. 6D) with peaks in common at 1140, 1095, 1070,
1015 and 950 em™ in the carbohydrate region of the
spectrum, as well as the free acid stretches at 1600 and
1414 cm™ and an ester peak at 1725 cm™'. An ester band
at 1740 cm™ is evident in both onion parenchyma and
non-adapted cell wall samples. It is possible that this
shift in the ester peak simply reflects the different local
molecular environment of this bond, but it is also possi-
ble that a different ester is made in the adapted cell
walls, as phenolic esters absorb around 1720 em™ whilst
carboxylic esters absorb at 1740 cm™. The carboxylic
acid stretches at 1600 and 1414 con™ are more prominent
in the adapted walls, indicating a much higher propor-
tion of unesterified pectin in these walls. These results
are consistent with chemical analyses which indicate
that unadapted walls contain about 20% uronic acid,
whereas in adapted walls this component rises to about
40-45% of the dry weight (Wells et al. 1994). There are
three advantages of using FTIR microspectroscopy in
this instance: firstly, the rapidity of assaying wall adap-
tation; secondly, the spectra are non-biased and all major
chemical changes are shown; thirdly, microsampling of
different areas of the sample ensures that the observed
changes are representative of the entire cell population.

Digital subtraction of FTIR spectra reveals the
differences between them

One of the most useful features of the spectra is that dig-
ital subtraction can be applied to see clearly the differ-
ences between two spectra. Absorbance readings vary
between spectra since the total absorbance depends on
the thickness of the sample in the path of the beam and
this is difficult to control rigorously. Before digital sub-
traction, therefore, one spectrum is scaled relative to the
other by an appropriate subtraction factor.

One of the most common meodifications to pectins is
methyl esterification of the carboxylic acid functional
groups that removes the negative charges used for cal-
cium cross-linking. In walls of tobacco suspension cells,
the proportion of total esters is initially about 50% in di-
viding cells, rises to 78% during maximal elongation and
then drops to 68% at stationary phase after elongation has
stopped (McCann et al. 1994). These changes in esterifi-
cation are easily assayed by FTIR spectroscopy. Figure 7
shows the spectra obtained from walls of cells in expo-
nential cell division, maximally elongating and after
elongation. The difference spectrum shows that there is a
decrease in the proportion of unesterified pectin between
maximal cell division and maximal cell elongation; the
ester peak at 1740 has increased, whilst free acid
stretches at 1600 and 1414 have decreased proportionally
(Fig. 7). After elongation, the ester peak decreases rela-
tive to the free acid stretches which increase, indicating a
rise in the proportion of relatively unesterified pectin be-
tween maximal elongation and stationary phases.
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Fig. 7. FTIR spectra obtained from single wall fragments of sus-
pension-cultured tobacco cells at different growth stages show
that an increase in esterification of the wall occurs between 5
and 9 days during cell elongation and a decrease in esterification
of the wall occurs between 9 and 16 days. (A) Spectrum of walls
of 5-day-old (exponentially dividing) tobacco cells. (B) Spec-
trum of walls of 9-day-old (maximally clongating) tobacco
cells. There is a change in the relative intensities of the ester
band at 1740 cm™ (labelled a) and the carboxylic acid stretches
at 1600 and 1414 cm™ (labelled b). (C) Spectrum of walls of

16-day-old (fully elongated) tobacco cells. (D) Difference spec-
trum generated by digital subtraction of spectrum (A) ﬁrom
spectrum (B) shows the increase in the ester band at 1740 em™
(labelled a) and the decrease in the carboxylic acid stretches at
1600 and 1414 cm™ (labelled b). (E) Difference spectrum gener-
ated by digital subtraction of spectrum (B) from spectrum (C}
shows the increase in free acid stretches at 1600 and 1414 cm™
(labelled b) and the decrease in ester at 1740 cm™ (labelled a).
Some of the peaks in the carbohydrate region in spectrum (D)
show inversion in spectrum (E) and are therefore possibly as-
signable to the ester group.

In contrast, the walls of tobacco cells adapted to grow
on 0.5 M NaCl (Iraki et al. 1989a,b) show no change at
equivalent growth stages apart from a substantial in-
crease in protein and phenolic content by stationary
phase. These cells expand isodiametrically at a very
slow rate. FTIR difference spectra generated by digital
subtraction of the spectra of unadapted tobacco cell
walls from the spectra of NaCl-adapted tobacco cell
walls at equivalent growth stages show that walls of
adapted cells have more protein, saturated and phenolic
esters (absorbances at 1740 and 1720 cm™) and unesteri-
fied pectin in a given area of cell wall (Fig. 8). A strong
absorbance at 1620 cm™ is also present in spectra of
adapted cell walls which may be assigned as a phenyl
conjugated C = C, such as occurs in all hydroxycinnamic
acids and their esters.
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Fig. 8. (A) Spectrum of walls of 16-day-old (fully elongated) to-
bacco suspension-culture cells. (B} Spectrum of walls from
26-day-old NaCl-adapted tobacco suspension cultured cells,
representing the equivalent growth stage. (C) Difference spec-
trum generated by digital subtraction of the spectrum of un-
adapted walls (16 days old) from the spectrum of NaCl-adapted
walls (26 days old) at stationary phase. NaCl-adapted walls con-
tain more protein (amide stretches at 1550 and 1650 em™; la-
belled b), esters (a saluraited ester stretch at 1740 cm™ and a phf;-
nolic ester at 1720 cm™; labelled a), pectin (carboxylic acid
stretches at 1600 and 1414 cm™; labelled e) and a ‘fingerprint’
in the 1200 to 900 cm™' region of the spectrum (labelled d) char-
acteristic of polygalacturonic acid (see Fig. 6D), and a band at
1620 cm™ (assignable to a phenyl-conjugated C = C in, for ex-
ample, ferulic esters; labelled c), in a given area of cell wall than
in the same area of wall from unadapted cells.
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Polarised FTIR spectroscopy can be used to examine
macromolecular orientations

A further example of the use of digital subtraction is in
the comparison of polarised spectra. Polarisers can be
inserted in the path of the IR beam to determine whether
band frequencies of specific functional groups are ori-
ented transversely or longitudinally with respect to the
long axis of the cell. Without changing the size or posi-
tion of the aperture, the orientations of the two polarisers
are changed. A separate background spectrum must be
obtained at each orientation as the polarisers affect the
energy throughput. The digital subtraction factor of the
absorbance spectra is then unity.

Figure 9 shows the two spectra obtained from carrot
stem epidermis with the polarisers parallel and perpen-
dicular respectively to the long axis of the cell. The dif-
ference spectrum shows that an extreme case of polarisa-
tion of molecules exists in the epidermis with virtually

A)
|
i
o‘.rzj M
s \
O |
= 4
s
S 006 j[x\ j
a \// / ‘ ‘
<
00229 Jo
2000 1700 1300 900
WAVENUMBERS
B)
0.022 g —
w
(6]
Q ]
X 0012
o ]
o}
w)
o
<
0.002
2000 1700 1300 300
WAVENUMBERS

Fig. 9. (A) FTIR spectra of an area of epidermis from a 25 pm
thick fresh section of stem of etiolated carrot seedling with po-
larisers aligned parallel and perpendicular to the direction of cell
elongation. (B) The difference spectrum generated by digital
subtraction shows almost every peak to be sharply polarised in
the tissue — ester peak at 1740 cm™ (a), protein peaks at 1650
and 1550 cm™ (b), free acid peaks at 1600 and 1414 cm™ (c),
and a large number of absorbances in the carbohydrate region of
the spectrum, 1200 to 900 cm™ (d).
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every peak polarised including those associated with
pectic polysaccharides and proteins. This may reflect the
role of epidermal tissue that acts as a major constraint in
organ growth. The tissue-specific differences in orienta-
tions of matrix components as well as cellulose indicate
that architecture of walls as well as composition is heter-
ogeneous (McCann et al. 1993).

A concern for us was that the orientations that we ob-
served in these walls might be the consequence of look-
ing at dried walls, where matrix polymers may have col-
lapsed on to the cellulosic microfibrils. Therefore, we
constructed a hydration cell in which wet samples, or
samples of controlled moisture content could be analy-
sed. The molecular orientations that we observed previ-
ously (McCann et al. 1993) were not affected by the hy-
dration state. Using the hydration cell, it is now possible
to investigate wet samples routinely, and we have ob-
served that some cell walls exhibit greater spectral
changes on dehydration than others, although the
changes in the spectrum are generally slight.

Principal component analysis (PCA) allows
comparison of groups of spectra

Whilst digital subtraction allows deductions to be made
from a single pair of spectra, it is frequently more useful
to compare spectra in groups, and to be able to assign an
unknown to a particular group. Parenchyma cell walls
from ten different species of fruits and vegetables were
examined using FTIR microspectroscopy (Kemsley et al.
1994). For nine species, a single fruit or vegetable was
used. For the tenth, apple, samples from 10 individual
fruits of the same variety were prepared. Visual examina-
tion suggests that there is more variation in the set of
non-apple spectra than the apple spectra (Fig. 10A,B). In
particular, the region 15001800 cm™ containing bands
arising from constituents including pectin and protein ap-
pears more variable inter-species than intra-species. This
is confirmed by a more substantive assessment, made by
comparing the variance spectra of the two data sets, ob-
tained by calculating the variance of the absorbance val-
ues at each data point (Fig. 10C). By using an F-test on
the ratio of variances in each data set, the null hypothesis
that no spectral variation is caused by plant species can
be rejected at the 0.1% level: the two data sets cannot be
considered as arising from the same parent population.
This result can also be demonstrated by applying a
multivariate statistical analysis to the spectra, showing
that apple and non-apple spectra can be assigned into
one of two groups, apple or non-apple, sufficiently well
for no misclassification of an unknown to occur (Kems-
ley et al. 1994). To be able to classify spectra in groups,
a data reduction technique, principal component analysis
(PCA), is applied. A typical spectrum contains several
hundred data points (or ‘variates’) but these variates will
normally be correlated with one another, to a greater or
lesser extent. Thus, in the example above, if most of the
variability between spectra is accounted for by pectin
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Fig. 10. (A) Area-normalized spectra of parenchyma cell walls
from 10 different apples. (B) Area-normalized spectra of paren-
chyma cell walls from 10 species other than apple. (C) Variance
spectra of the two data sets (----- 3, apple; ( }, non-apple.

and protein, then a set of spectral points representing
pectin will vary in a correlated fashion, and another set
of spectral points representing protein will vary in a cor-
related fashion but independently of the former set. PCA
removes the redundancy of having many points varying
in a correlated way by transforming the original data into
a set of new, uncorrelated variates, termed the principal
component (PC) scores. In doing so, a rearrangement
takes place, such that only the first few scores are re-
quired to describe the information contained in the many
original variates (Lai et al. 1994). In the example above,
the groups of apple and non-apple spectra were rela-
tively easy to distinguish by eye, but PCA can distin-
guish very subtle spectral changes. Of course, the greater
the group sizes, the more confidence can be placed in the
group classifications, and the more robust will be any
model established for the classification of an unknown.
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An example of the use of PCA to discriminate between
twe groups which vary non-predictably in their spectral
characteristics is discussed below.

Whilst suspension culture systems provide some in-
formation about correlations between cell wall modifica-
tions and cell growth and development, mutant pheno-
types are an essential requirement to study any correla-
tion rigorously. Screening for cell wall mutants is a labo-
rious process as phenotypes are rarely predictable and
assays are time-consuming. A large screen for cell wall
mutants conducted by Prof Chris Somerville’s group, fo-
cussed on identifying variations in the amount of neutral
cell wall sugars by GC-MS analysis, and toock many
years (Reiter et al. 1993}. Using this group of mutants,
and through a collaboration with Dr Wolf-Dieter Reiter,
State Univ. of Connecticut, we obtained triplicate-aver-
aged and baseline-corrected FTIR spectra from
freeze-dried leaves of 20 wild-type and 34 mutant Arabi-
dopsis plants. The plants were grown in the dark for two
days prior to harvesting to de-starch the leaves, which
were then washed in ethanol to remove chlorophyll,
freeze-dried and an area of the leaf selected away from
the mid-rib and other veins for spectral collection. Dif-
ferent leaves from the same plant showed very minor
spectral differences, but differences between mutant and
wild-type plants were significant, with the calculated
variance of spectra from mutant leaves being six times
greater than that of spectra from wild-type leaves. A
PCA plot of the spectra using the first two PC scores
(accounting for most of the variability between spectra)
shows a clear discrimination between mutant and
wild-type leaves (Fig. 11). One mutant was classified as
wild type, but this tumed out to be a mutant altered in

Principal Components Analysis
(Covariance matrix method)
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Fig. 11. Principal component analysis of FTIR spectra distin-
guishes between mutant (Group 1) and wild-type (Group 2) Ar-
abidopsis leaves. One mutant, Fah 1, was mis-classified as wild
type, but this mutant is distinguished from the others in being a
phenolic rather than neutral sugar mutation (Chapple et al. 1992,
Reiter et al. 1993).
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Fig. 12. A functional group map of the distribution of absorbance in the ester peak at 1740 cm™ ratioed to the carboxylic acid peak
at 1600 cm™ over an area of stem section of Zinnia elegans. In the colour map, blue represents low ratioed absorbance intensity, and
white, high ratioed absorbance intensity. The inset picture of the section shows the morphological features corresponding to areas of
high ester intensity.

lignin rather than wall carbohydrate composition (Chap-
ple et al. 1992). FTIR spectroscopy may prove to be a
rapid means of screening for cell wall mutants, in partic-
ular for pectin mutants, as the free acid and ester peaks
are well-resolved in the spectrum. These preliminary
studies using PCA indicate that we may be able to corre-
late spectral features with chemical or biophysical prop-
erties of cell walls in instances where assignments for
specific peaks are difficult to make, and thus begin to
generate predictive models.

Making spectral maps of an imaged area

In plant organs, the presence of growth gradients and
different tissue types mean that spectral mapping of the
entire organ is very desirable. Using a motorised X-Y
stage, an area from a transverse or longitudinal section

Physiol. Plant. 100, 1997

can be mapped at 5- to 10-pm intervals. Collection of
hundreds of complete spectra takes a few hours, and the
data can then be displayed as a series of functional group
plots of the area mapped by aligning the infrared map
with the light micrograph of the sample. Current soft-
ware packages permit single peaks to be selected for dis-
play. or, more usefully to overcome the problem of vari-
ability in section thickness, a ratio of one peak to a cho-
sen reference peak. An example of the distribution of the
ester peak at 1740 cm™ ratioed to the carboxylic acid
peak at 1600 cm™ in a section of stem from Zinnia ele-
gans, reveals that relatively more esterified pectin is loc-
alised in the vascular bundles (Fig. 12). The collection of
such maps provides the closest correspondence between
the visible micro-heterogeneity of the plant extracellular
matrix and the chemical and architectural changes that
occur in it during cell growth and differentiation.
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