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 Mini-Review Mini-Review

Why Study Cell Walls?

Plant cell walls constitute the outermost layer of plant cells, pro-
viding a protective physical barrier against harsh biotic and abi-
otic stresses. They determine the shape and the size of the cells, 
as well as other important properties such as texture, mechani-
cal strength, resistance to pathogenic microorganisms, and the 
capacity to bind and sequester toxic ions and molecules. The 
presence of cell walls is a differential feature of plant cells com-
pared with animal cells. Cell walls are determinant constituents 
of plant cell differentiation and they play an essential role in cell 
function, controlling cell growth and fate, and providing useful 
molecules in signal transduction in the case of pathogen attack 
and other environmental stresses.1,2

The study of this structure is of great interest due to its mul-
tiple applications, whether considering it as a complete structure 
or attending its components. Plant cell walls form a part of our 
daily lives, as timber, paper and the five “F”s: fabric, feed, fibers, 
food and fuel.
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Fourier Transform InfraRed (FTIR) spectroscopy is a powerful 
and rapid technique for analyzing cell wall components 
and putative cross-links, which is able to non-destructively 
recognize polymers and functional groups and provide 
abundant information about their in muro organization. 
FTIR spectroscopy has been reported to be a useful tool for 
monitoring cell wall changes occurring in muro as a result of 
various factors, such as growth and development processes, 
mutations or biotic and abiotic stresses. This mini-review 
examines the use of FTIR spectroscopy in conjunction with 
multivariate analyses to monitor cell wall changes related to (1) 
the exposure of diverse plant materials to cellulose biosynthesis 
inhibitors (CBIs) and (2) the habituation/dehabituation of plant 
cell cultures to this kind of herbicides. The spectra analyses 
show differences not only regarding the inhibitor, but also 
regarding how long cells have been growing in its presence.
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Cell walls exhibit a certain degree of compositional and 
structural plasticity, and their components can be reorganized 
in diverse ways. One important goal for various industries is to 
obtain engineered plants whose cell walls can be modified in dif-
ferent ways, for example, cell walls that can be more efficiently 
broken down whilst maintaining their mechanical properties and 
their capacity to cope with pathogens, for use as improved mate-
rials for biofuels.

Prior in-depth knowledge of cell wall designs, their heteroge-
neity throughout the plant kingdom, and the compositional and 
structural plasticity of their architecture is required in order to 
obtain redesigned walls. These chemical and structural features 
have traditionally been characterized by fractionation of isolated 
cell walls, followed by different chromatographical techniques, 
such as thin layer chromatography, paper chromatography, HPLC 
or more frequently, gas chromatography of the derivatized sugars 
in each fraction. These analytical methods are time consuming 
and require relatively large amounts of sample. Furthermore, the 
solvents and conditions needed to extract and solubilize polysac-
charides from the cell wall may produce undesirable reactions or 
change the structure of the polysaccharides (i.e., remove ester-
linked groups). Another disadvantage associated with these 
methods is loss of information about the environment in which 
the extracted components were originally located, that is, the fine 
structure of the cell wall. Different microscopy techniques have 
been used to avoid these problems, but nevertheless, part of the 
information about different components is still lost. Nowadays, 
immunocytochemical techniques constitute a good approach for 
analyzing cell walls, as an increasing number of antibodies able 
to recognize significant epitopes has been raised.3

The Advantages of FTIR Spectroscopy  
in Cell Wall Analysis

In contrast to fractionation and related analytical methods, 
FTIR spectroscopy offers many advantages: (1) the method is 
a rapid and easy technique for analyzing cell wall components; 
(2) it requires small amounts of sample; (3) it non-destructively 
recognizes polymers and functional groups (summarized in 
Table 1); (4) as a consequence, it provides ample information 
about changes in cell wall components and putative cross-links 
therein; (5) it is able to provide abundant information about 
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variability with respect to all the data. The analysis of loading 
factors can be used to identify the molecular factors that underlie 
the grouping or for discrimination of the original data.6

The use of PCA in conjunction with FTIR spectroscopy has 
proved to be an important tool in the study of cell wall structure 
and composition heterogeneity in a species,7,8 or among different 
species,5,9-11 as well as in the identification and classification of 
mutants with altered cell wall compositions.6,12-14 This approach 
has been also very useful in the characterization of the modifica-
tions appearing in this kind of mutants15-20 or in transgenic plants 
with altered cell walls21 and in the modifications to cell wall com-
position induced by different biotic or abiotic stress factors.22,23

FTIR Spectroscopy and Cellulose Biosynthesis 
Inhibitors (CBIs)

Although different compounds which act as CBIs have been 
described, to date little is known about their effect on the struc-
ture and composition of cell wall polysaccharides.24 FTIR spectra 
from cell wall preparations have been used to identify a set of 
cell wall modifications provoked by different CBIs. In particular, 
FTIR spectroscopy used in conjunction with multivariate analy-
ses has been very useful in order to characterize cell wall mod-
ifications associated with (1) the exposure of cells or complete 
plants to CBIs and (2) the habituation/dehabituation of plant cell 
cultures to this kind of herbicides. In this review, we will focus on 
the advances made in both fields, mainly in recent years.

Using FTIR to Monitor the Effects of CBIs

Based on FTIR microscopy of hypocotyls of etiolated plants, 
Mouille et al.12 developed a procedure for the rapid classification 
and identification of Arabidopsis cell wall mutants and wild type 
plants treated with several CBIs. Cluster analysis of cell walls 
from hypocotyls treated with dichlobenil (DCB, 1 and 5 μM) 
and isoxaben (2 and 4 nM) showed that both inhibitors were 
grouped together with well known cellulose deficient mutants 
such as PRC1, KOB1 and RSW1. Later, it was confirmed that 
FTIR spectra from the cell walls of Arabidopsis hypocotyls 
treated with 4 nM flupoxam also grouped in this cluster.25 The 
spectral differences indicated that cell walls from these mutants 
and CBI-treated seedlings contained less cellulose and more 
esterified pectic polysaccharides. However, when seedlings were 
treated with low concentrations of isoxaben (0.1 and 0.05 nM), 
their cell wall spectra grouped together with wild type and isoxa-
ben resistant mutants (IXR).12,25

The method developed by Mouille et al.12 was used to obtain 
additional evidence on thaxtomin A and ancymidol as CBIs. Cell 
walls from hypocotyls of plants treated with 50 to 200 μM thax-
tomin A were isolated and their spectra clustered with those of 
hypocotyls treated with high concentrations of isoxaben, DCB 
and flupoxam, and those of cellulose-deficient mutants.25-27 Later, 
ancymidol, previously described as a plant growth retardant pri-
marily affecting gibberellin biosynthesis, was also reported to be 
capable of inhibiting cellulose synthesis.28 The action of ancymi-
dol as a CBI was further confirmed using the same procedure: 

their in muro organization; and (6) it is possible to combine with 
microscopy and analyze the heterogeneity of different zones of an 
organ or areas of a cell.

Together, these advantages render FTIR spectroscopy a suit-
able method to initially characterize or compare a large quantity 
of cell wall samples. Despite the improvements this technique 
contributes to cell wall analysis procedures, it should be borne 
in mind that FTIR methodologies also have their limitations, 
such as the semiquantitative nature of the analyses, the intricacy 
and complexity of cell wall spectra and the appreciable overlap 
in absorption and vibrational coupling between chemical bonds 
corresponding to different cell wall polymers.

Taking into account that the information that FTIR meth-
odologies provide is incomplete, it should be complemented by 
the use of other techniques. In this sense some emerging tools 
to analyze cell walls have been developed in the last years, such 
as the so-called “high-throughput” platforms. These include 
nuclear resonance magnetic (NMR), oligosaccharide mass pro-
filing (OLIMP), polyacrylamide gel electrophoresis analysis of 
oligosaccharides, cell wall binding arrays and comprehensive 
microarray polymer profiling (CoMPP).4

Initially, the application of FTIR methodology was also lim-
ited by the large amount of data obtained and by overlapping 
band components. However, the development of computerized 
systems and the use of statistical tools have enabled easier process-
ing of the information obtained from the spectra, thus increas-
ing the interest and usefulness of these spectroscopic techniques. 
Principal components analysis (PCA) has been used to reduce 
the high dimensionality of the data from the several hundred 
data points of a spectral set to a lower number of dimensions, 
facilitating an exploratory analysis of the bulk of data in order to 
detect internal groupings.5 The variability within each spectrum 
in relation to the mean of the population is then represented as 
a smaller set of values (axes) termed principal components (PC). 
It is possible to derive a spectrum related to the PC score (named 
a PC loading) that represents an independent source of spectral 

Table 1. A summary of wavenumbers obtained by FTIR spectroscopy of 
cell walls and their assignment to main cell wall components

Assigned cell wall 
component

Wavenumber (cm-1) References

Cellulose 900, 1040, 1060, 1160, 1320, 1367 7, 22, 44

Pectin 952, 1014, 1097, 1104, 1146, 1243 44, 45

Non-esterified 
uronic acid

1420, 1600–1630 12

Esterified uronic 
acid

1740 9

Xyloglucan 1041, 1078, 1120, 1317, 1371 44, 45

Arabinose 975 46

Galactose 945 46

Amide I (protein) 1550, 1650 10

Phenolic ring 1515, 1630 7

Phenol 1430 10

Phenolic ester 1720 7, 10
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to 12 μM callus cell walls.30 The results obtained for FTIR spec-
tra from habituated cells showed that as the concentration of her-
bicide increased, so did the peaks corresponding to uronic acids, 
free carboxylic acid groups and ester links.

Subsequently, a study of DCB habituation and dehabitua-
tion (DCB-habituated cells repeatedly subcultured in absence 
of the inhibitor) of bean cell suspensions was conducted by 
means of FTIR spectroscopy.31,32 As in DCB-habituated bean 
calluses, FTIR spectra from habituated suspension-cultured 
cells showed increased peaks corresponding to uronic acids, 
ester linkages and carboxylic linkages, indicating a progressive 
enrichment in pectins as the level of habituation to the inhibi-
tor increased. Throughout the dehabituation process, peaks 
assigned to pectins gradually decreased, in such a way that 
FTIR spectra from long-term dehabituated cell walls resembled 
the spectra from non-habituated cells. However, even after a 
long period in absence of the inhibitor (up to 100 subcultures, 
approximately 4–5 years), spectra from dehabituated cell walls 
maintained some features which differed from those of non-
habituated cells, i.e., lower intensity of some cellulose/hemicel-
lulose related peaks.32

Recently, FTIR spectroscopy in conjunction with PCA has 
also been used to study whether or not DCB habituation and 
dehabituation processes followed inverse paths, using bean cell 
suspensions.33 An interesting feature emerged in this study: 
although the spectra from cells habituated to high concentrations 
of DCB were clearly different from all other spectra, the group of 
spectra from cells habituated to low concentrations of DCB, and 
the spectra from dehabituated cells which had been grown in the 
absence of the herbicide for a long time were similar to those from 
non-habituated cells, but clearly differed between them, indicat-
ing that the progression towards habituation followed a differ-
ent path than that towards dehabituation. Differences seemed 
to reside in the methyl-esterification degree of pectins, being 
lower in dehabituated cells than in cells habituated to low DCB 
concentrations.33

As multivariate analysis has proved to be a useful tool for gain-
ing a clearer understanding of differences between collections of 
FTIR spectra, this approach was also used successfully in bean 
callus-cultured cells to extensively monitor the DCB-habituation 
process with regard to differences in DCB concentration and 
DCB exposure-time.34 Both PCA and cluster analysis revealed 
that spectra could be classified into three groups corresponding 
to different levels of habituation: (1) non-habituated and low level 
of habituation, (2) intermediate level of habituation and (3) high 
level of habituation. This grouping is strongly correlated with cel-
lulose content of cell walls. An interesting feature revealed in this 
study was the fact that modifications to cell wall structure caused 
by the inhibitor were not only dependant on DCB concentration, 
but also in how long cells had been growing on the same DCB 
concentration.

Subsequently, the combination of FTIR spectra and multivari-
ate analysis was used to monitor the habituation process of bean 
callus-cultured cells to quinclorac.35 In this case, the habituation 
was carried out to determine whether quinclorac was a CBI, since 
previous results on the activity of this herbicide were contradictory 

plants treated with ancymidol and gibberellin clustered with 
mutants known to be defective in cellulose synthesis or with 
wild-type plants treated with isoxaben or DCB.28

In order to obtain a global overview of the effects of CBIs, bean 
calluses have been cultured in the presence of different putative 
or recognized CBIs, at concentrations equal to their respective I

50
 

value (concentration of herbicide required to inhibit the increase 
in dry weight by 50%) (Garcia-Angulo P, et al. unpublished). 
The herbicides studied were DCB, isoxaben, AE F150944, flu-
poxam, triazofenamide, compound 1, CGA 325'615, oxaziclome-
fone and quinclorac. After 30 d, cellulose content was assayed, 
cell walls were isolated, and their FTIR-spectra obtained and 
analyzed (García-Angulo P, et al. unpublished). Overall results 
revealed differences between herbicides. Isoxaben was the only 
inhibitor that provoked a decrease in the amount of cellulose in 
the cell wall after such exposure, an effect which was also seen in 
the PCA applied to the cell wall FTIR spectra, where isoxaben 
was separated from the rest of the inhibitors and located towards 
the negative side of PC1 (this PC loading had a strong positive 
correlation with peaks attributed to cellulose).

Lastly, FTIR has also been used to monitor changes to cell 
walls in different bean seedling regions (root apical, root dif-
ferentiation and hypocotyl) after treatment with DCB and 
isoxaben. (García-Angulo P, et al. unpublished). When digital 
subtraction of spectra was used, it was observed that both inhib-
itors provoked similar effects on root differentiation and hypo-
cotyl regions, but different effects on the root apical region. In 
differentiating and hypocotyl regions, both inhibitors provoked 
an increase in xyloglucan and uronic acid wavenumbers, and a 
decrease in cellulose and galactose ones (see Table 1). However, 
in the apical region, spectra from DCB-treated seedlings 
showed a decrease in cellulose-associated peaks and an increase 
in uronic acids and xyloglucan wavenumbers, whereas those 
spectra from isoxaben-treated seedlings showed a decrease in 
uronic acid peaks, and an increase in galactose, arabinose and 
xyloglucan signals. These results confirm that the use of CBIs 
is a valuable tool in understanding different cell wall-related 
processes, and that FTIR in combination with PCA is a suit-
able and rapid method to monitor and initially characterize the 
modifications induced by these CBIs.

FTIR as a tool to analyze cell wall modifications during 
habituation and dehabituation to CBIs. FTIR has frequently 
been used in the analysis of plant cell cultures habituated to 
grow in the presence of lethal concentrations of CBIs. One 
of the earliest studies was carried out on suspension-cultured 
tomato cells habituated to grow on 12 μM DCB.29 In this 
study, the spectra of non-habituated and habituated cells were 
compared and it was observed that non-habituated spectra 
were similar to those obtained from onion parenchyma, while 
spectra from habituated cells resembled the spectra from poly-
galacturonic acid. The FTIR results coincided with chemical 
analyses, both indicating a higher proportion of uronic acids in 
habituated cells.29

Later, the process of habituation of bean callus cells was ana-
lyzed, comparing the spectra from non-habituated callus cell walls 
with those from habituated to different DCB concentrations up 
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Figure 1. Cluster analysis of spectra from bean cells habituated to different herbicides. For clearer presentation of the results, each type of cell is 
represented by a different color. ■: Non-habituated cells; ■: Low level of habituation to DCB (0.5 μM for up to 7 subcultures); ■: Intermediate level of 
habituation to DCB (0.5 μM with more than 7 subcultures, to 4 μM for the first subculture); ■: High level of habituation to DCB (4 μM with more than 
one subculture, to 12 μM); ■: Quinclorac-habituated cells (10–30 μM); ■: Isoxaben-habituated cells (0.05–0.3 μM).
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remaining DCB-habituated cells (medium and low-level of 
habituation) were grouped together with isoxaben-habituated 
cells. It is noteworthy that almost all non-habituated cells were 
grouped together in a single sub-branch in the top section of the 
cluster. In agreement with the suggestion that quinclorac is not a 
CBI and provokes a different kind of cell wall modification, no 
trends similar to those of DCB- and isoxaben-habituated cells 
were observed in spectra from quinclorac-habituated cells, which 
were dispersed in all branches of the cluster.

When a PCA was performed on this same group of spectra, a 
clear gradient was defined along PC1, with low levels of herbicide 
habituation on the positive side and high levels of habituation on 
the negative side (Fig. 2). This gradient correlated to cellulose/
xyloglucan and pectin content, as determined by PC1 and PC2 
loadings (Fig. 3). It was found that PC1 positively correlated with 
wavenumbers associated with cellulose/xyloglucan and negatively 
correlated with those assigned to pectins. Therefore, spectra from 
cell walls with a higher content in cellulose-hemicelluloses were 
located on the positive side of PC1, namely, non-habituated cells, 
isoxaben- and quinclorac-habituated cells and some cells with low 
or medium levels of habituation to DCB. In contrast, those spec-
tra from cell walls with a higher content of pectic polysaccharides 
were situated on the negative side of PC1, that is, cells with a high 
level of habituation to DCB and some with a medium level.

in this respect.36-39 If quinclorac inhibited cellulose biosynthesis, it 
would be likely for quinclorac-habituated cells to present reduced 
amounts of this polymer and an increase in pectic polysaccharides, 
in a similar manner to that shown by isoxaben-habituated and 
DCB-habituated bean cells.30,31,40 However, the spectra and mul-
tivariate analyses performed on cell walls from quinclorac-habit-
uated cells did not detect these features. When compared with 
non-habituated cells, the main difference was due to a decrease in 
peaks related to pectins and an enhancement in those assigned to 
proteins. No significant difference was detected in those wavenum-
bers related to cellulose and/or hemicelluloses. Chemical analyses 
confirmed these results, as no significant modification in cellulose 
content of quinclorac-habituated cells was found. However, the 
herbicide seemed to affect plant cell walls by decreasing the pectin 
methyl-esterification degree and, as a consequence, probably dis-
rupting the integration of newly secreted pectins into the cell wall. 
This proved that quinclorac was not a CBI.35

Finally, all these spectra from non-habituated, DCB-, isoxa-
ben- and quinclorac-habituated bean callus-cultured cells were 
analyzed by means of multivariate analysis. Cluster analysis 
(Fig. 1) divided the spectra into two groups, separated by 0.5 
units; the lower group included all the spectra from cells with 
a high level of habituation to DCB and some spectra from 
cells with a medium level of habituation to this herbicide. The 

Figure 2. Principal Component Analysis of FTIR spectra from bean cells habituated to different herbicides. ●: Non-habituated cells; ●: Low level of 
habituation to DCB; ●: Intermediate level of habituation to DCB; ●: High level of habituation to DCB; ●: Quinclorac-habituated cells; ●: Isoxaben-
habituated cells. Conditions of habituation are as described in the legend of Figure 1.
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Conclusions

The results described here show 
that FTIR spectroscopy is an 
efficient and rapid method for 
identifying a broad range of struc-
tural modifications in cell walls 
that appear as a consequence of 
the exposure of cells or complete 
plants to CBIs and as a result of 
the habituation/dehabituation of 
cells to this kind of compounds.

We also have illustrated how 
the combination of multivariate 
analyses and FTIR spectra pro-
vides complementary information 
which enables us to establish the 
different contributions of various 
components during habituation/
dehabituation to CBIs. Thus, it 
may be concluded that multivari-
ate analysis together with chemi-
cal characterization of cell walls 
is a valid tool for monitoring and 
analyzing the changes occurring 
in cell wall composition and archi-
tecture associated with the use of 
CBIs, and could be used in the 
future for monitoring and identi-
fying cell wall changes related to 

other abiotic or biotic stresses.
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Lastly, maize cells have also recently been habituated to grow 
in the presence of lethal concentrations of DCB.41 In this case, 
FTIR monitoring together with multivariate analysis showed not 
only a reduction in cellulose content in the cell walls of habitu-
ated cells, but also an increase in the signals corresponding to 
aromatic rings. These results were confirmed by other chemical 
analyses, such as gas and liquid chromatography,41-43 showing a 
higher proportion of arabinoxylans cross-linked by phenolics in 
habituated cells. The analysis also showed that the modifications 
occurred gradually over the habituation process.

Figure 3. Loadings for PC1 and PC2 corresponding to Principal Component Analysis presented in Figure 
2. — PC1; ––– PC2. Arrowheads point to wavenumbers corresponding to pectins (■), cellulose (■) and 
xyloglucan (■).
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