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We explored the rapid qualitative analysis of wheat cultivars with good lodging resistances by Fourier transform infrared
resonance (FTIR) spectroscopy and multivariate statistical analysis. FTIR imaging showing that wheat stem cell walls were
mainly composed of cellulose, pectin, protein, and lignin. Principal components analysis (PCA) was used to eliminate
multicollinearity among multiple peak absorptions. PCA revealed the developmental internodes of wheat stems could be
distributed from low to high along the load of the second principal component, which was consistent with the
corresponding bands of cellulose in the FTIR spectra of the cell walls. Furthermore, four distinct stem populations could
also be identified by spectral features related to their corresponding mechanical properties via PCA and cluster analysis.
Histochemical staining of four types of wheat stems with various abilities to resist lodging revealed that cellulose
contributed more than lignin to the ability to resist lodging. These results strongly suggested that the main cell wall
component responsible for these differences was cellulose. Therefore, the combination of multivariate analysis and FTIR
could rapidly screen wheat cultivars with good lodging resistance. Furthermore, the application of these methods to a
much wider range of cultivars of unknown mechanical properties promises to be of interest.

Wheat (Triticum aestivum L.) flattening, known as lodging, can
reduce the yield, production quality, and mechanical harvesting
efficiency of a crop.1 The main method by which growers
minimize lodging is by selecting lodging resistant cultivars based
on the principle of highest yield elevation.2 However, this method
is usually labor-intensive. Thus, we searched for methods that
rapidly screen the best cultivars among a large numbers of
offspring.

In monocotyledons, the nature and extent of lodging are closely
related to stem characteristics, such as stem morphology traits,3,4

anatomical features,4 and chemical components of the stem cell
wall.5,6 The plant cell wall is a highly organized composite that
contains many different polysaccharides, aromatic substances, and
proteins.6 The structure and composition of plant cell walls are
ideally suited for the functions they perform. However, the
relationship between cell wall components and stem strength is
still not clear in terms of the significance of cellulose or lignin.5-8

Kokubo et al.5 and Li et al.6 reported that stem strength was
significantly correlated with the content of cellulose in cell walls.
However, some investigations have suggested that lignin may also
contribute to cell wall strength.6,7 Now this controversy can be

further examined with the application of the Fourier transform
infrared resonance (FTIR) technique.

A key problem in the study of plant cell wall components has
been the methodologies used. The use of probes and gas
chromatography-mass spectroscopy (GC-MS) is insufficient for
intricating manipulate procedures.9,10 Recently, a fast, effective,
and non-destructive method employing FTIR was adopted in the
non-targeted analysis of cell wall components. However, the
majority of previous studies using FTIR have either focused on
cell or tissue differences between treatments and controls or have
examined a variety of mutants and wild-types.11 Few studies have
compared different species of the same genera,12 and so far none
has systematically compared various cultivars of the same species,
an important application for screening cultivars from multiple
phenotypes.

Possible stress-induced changes in the levels of cell wall-bound
phenolics, carbohydrates, and proteins at specific locations along
the root elongation zone and beyond have also been investigated
by FTIR spectroscopy.11,13 The localized accumulation of cell
wall-bound phenolics was visualized in cross-sections from
equivalent root regions using UV-fluorescence microscopy14,15
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and by in situ staining for lignins.15,16 Here, we used a surgical
approach to determine whether the localized accumulation of wall
cellulose or lignin occurred in stem tissues that provide stem
strength.

To achieve the screening cultivars with high stem strength and
lodging resistance, we applied FTIR imaging, principal compo-
nents analysis (PCA), and cluster analysis. PCA based on FTIR
spectra was used as a multivariate method of statistical analysis
that has been proven adequate in the identification of structural
and architectural changes in cell-wall mutants of plants16 and also
in revealing the compositional and architectural heterogeneity
related to different regions or varieties of grains.17 The more subtle
differences encountered within the spectra of samples would
highlight those differences. In this study, we focused on the
application of FTIR spectroscopy to analyze stems of wheat
cultivars via the spectral fingerprinting of cell walls and
identification of chemical differences between different lodging
resistance samples. In addition, we developed a rapid method for
screening lodging resistant cultivars by using FTIR and PCA.

Results

Common characteristics of FTIR spectra in stems. To establish
the segmental distribution of stress-induced cell wall changes,
FTIR spectra were collected in the mid-IR range for separate
batches of cell wall material. Figure 1 showed the average FTIR
spectra at 1,800 to 800 cm21 for cell wall materials from
Xiaoyan81 stems. A typical absorbance was obserbved at
1,738 cm21 (C = O stretching of the alkyl ester), which is related
to pectin. Furthermore, the amide linkage in the protein
contributed to a positive band of 1,657 cm21 in the FTIR
spectra, althouth, it was always seen at about 1,650 cm21

(amide I). In contrast, we found the protein characters of
amide III band at 1,257 cm21 (Fig. 1). Bands at 1,600 and
1,500 cm21 were also typical of the vibrations of C atom in the
aromatic ring, as they were in fact present at 1,614 and 1,518 cm21

in Xiaoyan81 stem cell walls, together with a slightly positive ratio

of the intensities of the bands at 1,431 cm21 and 1,319 cm21. The
1,614 cm21 band appeared to be associated with the a-β double
bond on the propanoid side group in the lignin-like structures, and
the bands at 1,518 cm21 corresponded to lignin alone. Also, two
bands at 1,319 cm21 and 1,431 cm21 could be found in the
references. A series of typical spectrum (Fig. 1) showed a main
broad absorbance band centered at 1,057 cm21, with shoulders at
1,109 cm21 and 1,165 cm21 related to the polysaccharide com-
ponents, the band at 901 cm21 generally represented cellulose.
Therefore, the FTIR spectra of the wheat Xiaoyan81 stem cell wall
were dominated by absorption bands of polysaccharides, while
minor constituents such as protein, ferulic acid, and lignin were also
detected (Fig. 1).

In Figure 1, the spectrum represents the typical trend of
observed cell wall components in Xiaoyan81, a pattern that can be
extended to other cultivars that were planted in the same
experimental plot.

Variation of FTIR spectra between different internodes. For
each individual cultivar, there were variations in the components
among the five internodes. Although the variations showed
slightly similar trends, they were not significant. For example,
there were variations in the quantitative values of the representa-
tive features among the three cultivars, but they showed a similar
trend for the representative components from the lower to the
higher internodes. The FTIR spectra did not differ much among
the developmental internodes (data not shown). Therefore, it was
not possible to use single peak intensity as a predictor of spatial
heterogeneity. All the data contained in one spectrum were used
in the next investigations.

To obtain precise information on the spectral differences
among the developmental internodes, the higher lodging
resistance parts (lower internodes, a4 and a5, b4 and b5, c4 and
c5) and the lower lodging resistance parts (higher internodes, a1–
a3, b1–b3, c1–c3) of the three cultivars stems, were chosen for
PCA. The principal component (PC) loadings associated with the
best spatial separation were not the same for each variety, but by
using the entire data set, it was possible to show a location effect

(Fig. 2A). Thus, the lower internodes were char-
acterized by having both a higher PC2 score than the
higher internodes, though no satisfactory clustering
could be obtained through the distribution of the 15
samples along PC1 and PC2 from lower to higher
internodes. PC2 accounted for 22.69% of the total
variability, indicative of differences in the spectra.
The loading showed significant positive peaks in the
polysaccharide fingerprint region (1,200–900 cm21)
(Fig. 2B). These data suggest that the higher lodging
resistance internode cell walls had a higher cellulose
content than the lower internodes. However, these
key assignments are insufficient for the investigation
of the differences in extractability and hence the
composition of the cell walls. The implications
resulting from the subtle spectral details should be
investigated.

PCA of different cultivars. PCA analysis were
performed on all immature cultivars (about 15 d after

Figure 1. Area-normalized and baseline-corrected FTIR spectra of stem cell walls from
Xiaoyan81, one of the most lodging resistant cultivars.
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anthesis). Surprisingly, despite the above cultivars with different
cell wall defects showing very little variation in FTIR spectroscopy
results, the exploratory PCA results could distinguish groups of
spectra. PC1 and PC2 could be used to separate the four groups
of spectra. The above four groups of spectra were able to be
distinguished based on their PC1 and PC2 loadings (Fig. 3A).
When the loadings of PC1 and PC2 loadings were analyzed
(Fig. 3B), several wave numbers appeared as negative or positive
peaks in the both PCs. The PC1 loadings reflected a higher
concentrations of aromatic and carbohydrate substances and
accounted for 35.30% of spectral variability. Unlike the “lignin”
loading (PC1), loading for PC2, which explained 26.80% of
the variation, was complex and could not be interpreted as a
simple change in components, which were mainly polysaccharides

(1,200–900 cm21). However, in this set of known stem strength
cultivars, the exploratory PCA showed that the cultivars could be
separated into lodging resistance and lodging properities by PC2.
PCA clearly distinguished between the immature cell walls from
the high bending stress cultivars and the low bending stress
cultivars, as shown in Figure 5.

Cluster analysis of different cultivars. We next investigated
whether a classification procedure could provide more informa-
tion about the chemical differences between the various
hierarchies of mechanical properites of wheat stems. To carry
out such a classification, we used cluster analysis. The cluster
analysis based on the cell wall spectra from all types of wheat
displayed two main branches, designated as branches I and II
(Fig. 4). The cultivars within branch I were mainly the lodging

Figure 2. The location effect in the wheat stem internodes, obtained from PCA from the whole data set. (A) Results of the PCA applied to the mean
spectra extracted from developmental internodes in the stems. Lower internodes were characterized by a higher PC score 2 than the higher internodes.
(B) Second PC loading, which clustered according to location.
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cultivars. Branch II was separated from branch I by 6 units
(squared Euclidean distance), and was comprised of spectra
corresponding to stem cell walls of 10 cultivars with lodging
resistance. Thus, two groups of wheat stem could be established,
corresponding to lodging (I) or lodging resistant (II) stems. Each
main branch was split into two sub-branches, named 1 and 2,
which were separated by about 3.5 units each. In clusters I and II,

the sub-branches (1 and 2) grouped stems according to their
lodging resistance level (I1 . I2 and II1 , II2).

Chemical analysis. To visualize how ligin and cellulose
concentration varied among cultivar stems, the cultivars used in
this study were stained with Wiesner reagents and calcoflour
(Fig. 5). Transverse sections of stems of four kinds of various
bending stress cultivars of wheat were histochemically with

Figure 3. (A) Typical score plots obtained from PCA applied to the mean cell-wall spectra for the lodging (A1–B4) and lodging resistant (C1–D4) wheats.
The best separation was obtained with the second PC score. The more lodging wheats (A, B types) and less lodging wheats (C, D types) could be
successfully separated with PC1. (B) First and second PC loadings, which clustered according to the stem mechanical properties.
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Wiesner reagents. The difference in lignin compounds of the
various bending stress cultivars was easily distinguished by the
Wiesner reaction (Fig. 5, 1–4). The color differences occurred in
mechanical tissues, particularly in sclerenchyma below the
epidermis and the large vascular bandle among the parenchyma,
although all the mechanical tissues showed a positive reaction with
phloroglucinol-HCl. In comparison with the different bending
stress of stems, a noticeable red staining appeared in B and D.
Furthermore, as shown in Figure 5 (5–8), the cellulose fluorescence

intensity of C and D was significantly stronger than that observed
in A and B (among them, rank order of the lodging resistance
ability in four kinds of wheat stem was A , B , C , D).

Discussion

Many methods, such as histochemical staining, immunolocaliza-
tion, and GC-MS have been used to analyze cell wall
components.9,10,14,15 These methods, however, are mostly suited

Figure 5. Wiesner’s and calcofluor stainings of lignin and cellulose in A1 (1 and %), B4 (2 and 6), C1 (3 and 7), and D3 (4 and 8) cultivars. 1–4, Wiesner’s
staining showing that the maximum lignin content existed in B and D. 5–8, Calcofluor staining showing that the maximum cellulose content was present
in C and D. ep, epidermis; sc, sclerenchyma; pa, parenchyma; vb, vascular bundle. Bars = 100 mm.

Figure 4. Dendrogram obtained from the cluster analysis of lodging resistant (C1-D4) and lodging (A1–B4) cultivars based on their FTIR spectra.
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for use on bulk samples and are labor-intensive in terms of
screening one phenotype from large numbers of cultivars.
Efficient analysis methods would probe cell wall features without
modifying cell wall architecture by preparative treatments, to
rapidly detect cell walls polymer heterogeneity in situ. FTIR
microspectroscopy is a powerful and extremely rapid assay for cell
wall components and putative cross-links in muro.16 In this study,
we found that the absorbance intensities at different wave
numbers are related to the concentrations of different molecules
such as cellulose, protein and lignin in one cell wall sample.
Moreover, cellulose is a major structural component of wheat cell
walls, whereas the cell wall is poor in pectin and protein, the result
is strongly supported by the findings of Séné et al.11 in Gramineae
species. Howerer, a significant amount of aromatic phenolic
compounds is also present in these extracted fractions (as shown
by the presence of the IR peaks), further confirming the view that
FTIR is an effective means to invesigate the chemical components
of plant cell walls. However, the FTIR technology applied here is
necessary to highlight the subtle compositional or architectural
differencs in cell walls. Even so, changes in the spectra are difficult
to interpret and require statistical analyses to achieve bulk analysis.

The combination of analytical techniques such as FTIR
spectroscopy together with a multivariate analysis by PCA and
cluster analysis methods has the potential to provide the possibility
of correlating spectral features with chemical or biophysical
properties of cell walls in instances where assignments for specific
peaks are difficult to make, and can thus begin to generate
predictive models. Because the vibrational spectra not only contain
qualitative and quantitative information on the chemical structure,
but also offer information on molecular conformation and
interactions between neighboring molecules, using such data
may be appropriate as a new method for numerical identification.
Chemometric approaches such as PCA16,17 and cluster ana-
lysis12,18,19 can extract the main information from raw data. By
applying PCA to the spectra, mutants deficient in different cell wall
sugars could be distinguished assuming that the compositional and
architectural heterogeneities of cell walls related to grain hardness
in wheat endosperm could be distinguished using FTIR imaging
coupled with PCA,17 the gap between the different developmental
stages can also be observed. In the present study, the derived PC2
loadings were most specific to the carbohydrate fingerprint region
of the spectra, unfortunately, we could not assign specific changes
at any frequency to a specific type of polysaccharide. Despite this
shortcoming, the feasibility of FTIR spectroscopy coupled with
PCA as a primary screen for alterations in structure and
architecture is clear. Our studies using PCA and cluster analysis
indicated that cellulose content may affect the bending strength
more than lignin content (Figs. 2–4). Furthermore, peaks
diagnostic of polysaccharide were well-resolved in the spectrum,
making it possible to screen the wide variety of cultivars that
required (even using a curtailed spectral region to minimize
spectral variability from cytoplasmic proteins, the 1,420 cm21

stretch from pectin carboxylate band is a suitable diagnostic peak).
Therefore, we concluded that FTIR could provide a convenient
method to measure cell wall components when coupled with PCA
and cluster analysis.

Plant cell wall strength is affected by a number of parameters,
such as thickness, density, and a complex architecture at the
molecular level cell wall.3,17,20 This last factor is dependent on the
chemical composition of the walls and on the distribution and
interactions of components within them.21,22 Cellulose usually
constitutes 20–30% and 40–90% of the dry weight of primary and
secondary walls, respectively depending on the cell type.8 In some
cells, lignin may be incorporated into the cell wall enhancing its
mechanical strength.6 However, Köhler and Spatz21 suggested that
not all the lignin is mechanically relevant, thus, the overall amount
is not necessarily a direct indication of mechanical properties. In
addition, in brittle stems, cell wall mutants with decreased stem
strength were caused by deficiency in cellulose deposition.5,6 Also,
chemical analysis of the basal, middle, and top region of a 10-cm-
long internode of maize revealed that the lignin content gradually
increases upward, with increased distance from the intercalary
meristem.23 However, several studies have reported that cellulose
was more directly correlated with stem bending stress than lignin.6

In the present investigation, we found that the main chemical
components changing among the developmental internodes of one
cultivar were lignin and to a lesser extent cellulose. Hence, it is
reasonable to propose that the main cell wall component
responsible for wall strength is cellulose.

In summary, our investigation of using FTIR combined with
PCA and cluster analysis to detect heterogeneity in stem lodging
resistance is feasible. This study provided two novel findings: first,
FTIR spectra can be used to identify different classes of stem
mechanical properties, and second, cellulose in the cell wall may
attribute more to stem lodging resistance than lignin or other
components. Taken together, our data from a combination of
FTIR, PCA and cluster analysis substantiate the feasibility of
characterizing stem lodging resistance at the microscopic level in
known cultivars. Future investigations in research method will
help evaluate which specific type of polysaccharide of cell wall
support stem strength may be.

Materials and Methods

Plant materials. Sixteen wheat (Triticum aestivum L.) cultivars
which were supported by Institute of Genetics and Develop-
mental Biology, Chinese Academy of Sciences (CAS) were studied
(Table 1), including two highly lodging A (A1 and A2), four
lodging B(B1–B4), six lodging resistant C(C1–C6), and four
highly lodging resistant D(D1–D4) cultivars. All were sown and
harvested from the experimental field of the Institute of Genetics
and Development, at CAS, in Changping, Beijing, China. Each
internode of the mature stems from different developmental stages
of wheat cultivars were collected and fixed in 70% ethanol.

Preparation of stem cell walls. The material extraction
procedure followed the method of Zhong.20 For FTIR analysis,
mature stems were ground into fine power in liquid nitrogen. The
powder was washed in cold phosphate buffer (50 mM, pH 7.2)
five times and extracted twice with 70% ethanol at 70°C for 1 h.
After vacuum drying, cell wall materials were assayed by FTIR.

FTIR spectra of stem cell walls. The cell wall materials from
the previous step were placed on a barium fluoride window which
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was supported on the stage of a Nicolet NicPlan IR Microscope
accessory of a Nicolet Magna-IR 750 FTIR spectrometer equipped
with a liquid nitrogen-cooled mercury cadmium telluride detector.
An area of the cell wall (100 � 100 mm) was selected for spectral
collection. Sixty-four interferograms were collected in transmission
mode with a 4 cm21 resolution and were co-added together to
improve the signal-to-noise ratio for each stem internode. Three
spectra were collected from each stem internode, and then averaged
and baseline-corrected. The triplicate-averaged spectra were then
used in the multivariate analysis. For the wheat stem cell wall screen,
a single spectrum was collected in the same way from each of three
fractions from each internode.

Data analysis. Exploratory PCA and cluster analysis of the area-
normalized spectra in the region 1800- to 800 cm21 were
performed using STATISTICA 6.0 software (StatSoft Co.).
Cluster analysis was performed using the Ward method, and
the squared Euclidean distance coefficient was selected as the
distance measurement.19

Cell wall microscopy. Internodes of four kinds of stems with
varying abilities to resist lodging were selected. Transverse sections
of 20 mm were cut from the middle of each internode by hand
and examined under a light microscope (Olympus, BH2 REC)
equipped with a digital camera (JVC, TK1280E, Japan) and an
image analyzing system (Leica).

For histochemical lignin localization, Wiesner reactions were
performed according to a standard protocol.24 Fresh hand-cut
sections (~20 mm thick) from wheat stems were incubated for
2 min in phloroglucin solution (2% in ethanol: water [95:5, v/v];
Sigma), and mounted in 50% HCl. For cellulose staining,
free-hand sections were stained with a 0.005% aqueous
solution of calcofluor (fluorescent brightener 28; Sigma) for
2 min6 and observed under a fluorescence microscope with the
excitation filter BP 365, the chromatic beam splitter FT 395 and
the barrier filter LP 420 for calcofluor staining and with bright-
field illumination for phloroglucin-HCl staining (Zeiss Axioskop
40). Digital images were recorded using an Axiocam MRC
camera.
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Table 1. Comparison of the bending stresses of 16 wheat stem cultivars

No. Cultivar The ability of lodging resistance

A1 Bima1 - -

A2 Fengchang3 - -

B1 Xiaoyan6 –

B2 Xiaoyan54 –

B3 Jing411 –

B4 8602 –

C1 Xiaoyan41 +

C2 1201 +

C3 140731 +

C4 Nongda3159 +

C5 Jinan17 +

C6 Jinan20 +

D1 Solid ++

D2 Solid-F1 ++

D3 Xiaoyan81 ++

D4 Xiaoyan812454 ++

The ability to resist lodging is indicated by + (more lodging resistant) or
– (less lodging resistant).
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