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Characterization Using Raman Microspectroscopy of
Arabinoxylans in the Walls of Different Cell Types during the
Development of Wheat Endosperm
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The time course and pattern of arabinoxylan deposition in the wheat ( Triticum aestivum) endosperm
during grain development were studied using Raman spectroscopy. The presence of arabinoxylans
(AX) is detected at the beginning of grain filling. At this stage, AX appear more substituted than at
the later stages. Feruloylation of AX increases during the grain-filling stage, especially in the case of
the aleurone layer. Whatever the stage of grain development, four populations of cells could be defined
according to Raman arabinoxylan signatures. In the walls of the aleurone cells, AX appeared to be
little substituted and highly esterified with phenolic acids. In the walls of prismatic cells, AX were
found to be highly substituted and poorly esterified. Apart from aleurone and prismatic cells, the
substitution degree of AX in endosperm was in the same range. Cells in the crease region were
distinguished from cells in the starchy endosperm by their lower amount of esterified phenolic

compounds.
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INTRODUCTION sperm are characterized by low A/X ratio in the range of

Arabinoxylans (AX) are the main nonstarch polysaccharides
of cell walls of mature wheat grain endosperm. They constitute

70% of the walls, which account in endosperm fer426 of

dry weight. Many studies have focused on AX in relation with

cereal technology and feedstuffs @),

Wheat endosperm AX consist of a linear backboneSof

0.3—0.4 (8—10). Aleurone cell walls of mature endosperm are
heavily esterified by ferulic acid (1.8%, w/w) compared to
starchy endosperm cell walls (0.04%, w/vg, 8—10). Using
Fourier transform infrared microspectroscopy (micro-
FTIR), Barron et al. (11) found differences in cell wall
composition between the peripheral and central regions of the
starchy endosperm. They suggested that differences were mainly

(1—4) linkedp-xylopyranosyl residues, which are unsubstituted 5, to AX.

(uXyl), monosubstituted (mXyl) at O-3, or disubstituted (dXy!)
at O-3 and O-2 witlu-L-arabinofuranosyl residues. Arabinosyl
residues can be esterified with phenolic compounds, mainly
ferulic acid. In wheat,~25% of AX are water extractable
(WE-AX). WE-AX structure could be depicted by their arabi-
nose-to-xylose ratio (A/X) (from 0.31 to 1.06) and by their
degree of esterification with ferulic acid (6-B.4% of
WE-AX, w/w) (3—6). The chemical structure of water unex-
tractable AX (WU-AX, two-thirds of AX in endosperm cell
walls) is very close to that of WE-AX7). Nevertheless, WU-
AX exhibit higher average molecular weight, slightly higher

A/X ratio, and diferulate cross-links.

Local structural heterogeneity of AX within endosperm has
been described. AX in the aleurone cell wall of mature endo-
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Philippe et al. {2) reported that AX were synthesized at the
beginning of the cell differentiation stage in wheat grain
developing endosperm, but were missing in early development
stages. Changes in the substitution degree of AX were observed
within the future starchy endosperm as soon as the differentiation
stage of wheat grain development took plat2)(

Raman spectroscopy is well-known to provide complement-
ary information compared to FT-IR on molecular vibrations
(13—16). Whereas FT-IR spectroscopy mainly works with
asymmetrical vibrations of covalent bonds, Raman spectroscopy
is more sensitive to the symmetrical vibrations.

Both FT-IR microspectroscopy and Raman microspectroscopy
have been shown to be powerful in the investigatation of in
situ cell wall composition (1117—22). With conventional
equipment, one significant advantage of Raman to FT-IR
microspectroscopy is the higher spatial resolution (23). Piot et
al. (22) explored wheat endosperm cell walls in relation with
grain cohesion using Raman microspectroscopy. The authors
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Figure 1. Time course of wheat grain development and transverse sections of wheat grain endosperm (T. aestivum) at different development stages.
°D, temperature/energy accumulated daily by the grain after anthesis. Mainly four stages of wheat grain development are distinguished according to
events that affect embryo and endosperm after anthesis (26). Stage 1 is the syncitial period (0—2/3 days after anthesis, DAA), which includes fertilization
and the subsequent division of the triploid endosperm nuclei to form a multinucleate cytoplasmic matrix around the periphery of the central cell. Then,
gradual formation of cell walls and partition of the original lumen into a characteristic cellular pattern take place during the cellularization period (stage
2, from 2/3 to 12/14 DAA). The next stage (stage 3, from 12/14 to 21/23 DAA) corresponds to cell differentiation, a period for cell expansion in which
water content increases and starch and protein reserves accumulate. At this stage, the aleurone layer appears. Stage 4 (from 21/23 to 31 DAA) is the
maturation period when the full potential of the grain is realized. Cell expansion and water accumulation stop before the cessation of dry matter accumulation,

starch and protein replace cell water, and the kernel begins to desiccate.

observed that not only AX but proteins and lipids play a role
in mechanical properties of endosperm cell walls.

The Raman fingerprints of xylan models with¢4), (1—3),
or (1—2) a or 3 glycosidic links were investigated by Kacura-
kova et al. 15). (1—4) Xylans differing by their degree and
nature of substitution were also studied by the authors. 441

xylans the dominant band positions are those of the glycosidic

link and ring vibrations at 1125 and 1089 tinin the anomeric
region, an absorption band @897 cnT! was assigned to the
B (1—4) glycosidic bond of xylans. Except for the remarkable
bands ofs (1—4) linked backbone, the line width of the Raman

anthesis minus the base temperature. The base temperature used was 0
°C (25). Grains were harvested at four different stages of grain
development: 90, 250, 350, and 49D (Figure 1).

Raman Microspectroscopy. Sample PreparationWheat grains
were picked from the middle third of the ear and stored in 70% ethanol.
Sectioning was carried out with a Vibratome (Microm Microtech, FR)
in 70% ethanol. Transverse sections /& thick were sonicated in
70% ethanol for 2 min to remove cell contents and more particularly
starch (11). The sections were thereafter washed in 70% ethanol.

Raman AnalysisSections were laid onto glass slides and left to dry
at room temperature. Cell walls of six endosperm cell types were
investigated for each section: from the outer to the inner part of the

spectral bands depends on side substitution by arabinofuranosyWheat grain endosperm, aleurone cells, subaleuronic, prismatic cell,
units at the O-3 position. Phenolic acid was revealed by the and central cells, and; in the crease area, modified aleurone and modified

characteristic doublet band in the 1590630 cnt! region.
Recently, BarronZ4) gave a detailed assignment of AX Raman

spectra according to their degree of substitution. Linear relation-

subaleuronic cellsRigure 2). Spectra were recorded between 95 and
3927 cm! using a confocal Raman microspectrometer (Almega,
Thermo-Electron) with the following configuration: excitation laser,
He—Ne (b = 633 nm); grating, 500 grooves/mm; pinhole, 2&;

ships were observed between the measured degree of substitutiog;ective, x 100. The spectral resolution varied between 5 and Stem

and the peak ratios 570/494 and 855/898&tm

according to the spectral region. The acquisition area was about 2

In the present paper, Raman microspectroscopy was used tox 2 ym. The acquisition time was 10 min per spectrum.
study changes in the degree of substitution with arabinose and For each stage of grain development, three grains, one section per

changes in the degree of esterification with ferulic acid for AX

grain, and five spectra per cell type were recorded. The-3800

during wheat grain development. At each stage of wheat grain cm ! spectral region was further smoothed, and baselines were corrected
development, arabinoxylan structural features were more pre-and normalized using OPUS-NT software (version 2.06, Brucker).

cisely investigated within the different regions of endosperm.

MATERIALS AND METHODS

Biological Materials. Experiments were carried out on a winter
wheat {riticum aestbum cv. Recital) provided by INRA Breeding

Data Treatment.The spectra were split into two regions of in-
terest: the first one considered to be a signature of AX (338D
cm1) and the second one a signature of feruloylation of arabinoxylans
(800—1800 cm?).

Principal component analysis (PCA) was then applied to these two
selected spectral region®27, 28). The computation of principal

station, Le Rheu (France). The wheat seedlings were vernalized for 2components is based on the diagonalization of the variacoeariance

months in a growth cabinet at’® and light/dark 8/16 h. Then seedlings

matrixV assessed from the spectral d4tal he diagonalization realizes

were transplanted into individual pots in a standard potting mixture a decomposition ol into eigenvectord. and eigenvalues. The

(peat RHP15 Klassman, K Klasmann France, Bourgoin Jaillieu, France). eigenvalues describe the amount of total variance taken into account
After planting, an Osmocote (R) Exact Tablet containing nitrogen by the principal components. The eigenvectors are used to assess the
(15%), phosphate (9%), potassium hydroxide (9%), and magnesium principal component scores
(3%) (Scotts International B.V., Waardenburg, The Netherland) was V = X'X
added. The plants were watered daily. Following anthesis, mean daily

temperatures were recorded, and thermal times [degree Wa)svere whereX is the matrix of the spectral data éamplesx m wavenum-
calculated as the summation of mean daily temperature following bers) andX’ the transpose matrix of.

C=XL



Arabinoxylan in Cell Walls of Wheat Endosperm

Figure 2. Light microscope images of wheat grain section at 250 and
350 °D showing the different cell types in the endosperm. At 250 °D (a),
aleurone cells are apparent. They correspond to the small, thin-walled
outer cells of the endosperm. The inner daughter cells of aleurone cells,
which divide periclinally (b), are the source of the so-called subaleurone
cells. In the dorsal region, the endosperm cells originally cuboidal (b*),
undergo considerable radial elongation as they become filled with starch
and protein reserves (**). The central cells in the center of the cheeks
are large and exhibited rounded or polygonal shape. Note the marked
size difference between the most recently formed cells (a*) and the oldest
cells in the center (b). In the crease region (c), the modified aleurone
cells are clearly visible and consist of crushed and distorted cells. By
350 °D (a), aleurone cells have developed into large isodiametric, thick-
walled cells with dense granular content and large nucleus characteristic
of mature aleurone layer. The cells in the starchy endosperm are large
and thin-walled and become filled with starch granules (b, c). The
subaleurone cells exhibit cuboid shape, and the prismatic cells, about
150 um long and 50 um wide, radiate in column (b). The central cells
tend to retain their shape (c). The modified aleurone cell walls have
apparently stopped growing, but the walls have increased in thickness.
Micrographs &, b, and ¢ correspond to regions a, b, and ¢ on the 250 °D
section in Figure 1. cw, cell wall.
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Figure 3. Micro-Raman spectra of endosperm cell walls: (a) at 350 °D
(grain filling); (b) at 90 °D (end of cellularization).

and grain development stage. Multiple-comparison analysis was applied
to the data to determine which means for each level of the factors (cell
types and grain development stage) are significantly different.

RESULTS AND DISCUSSION

General Assignment.Typical Raman spectra of wheat grain
endosperm cell wall recorded for different regions of wheat grain
harvested at 350D are shown inFigure 3a. Raman bands
characteristic of AX were observed at 493, 896, 1091, 1123,
1316, 1370, and 1462 crh (22, 23). Whereas the 1400—1300
cm~1 spectral region could be assigned to CH and COH bending,
COC, CO, and CC stretching was observed in the D0
cm ! range. The presence gf(1—4) glycosidic linkage was
identified by the Raman band at 896 tinThe relative band
intensities in the 400600 cnT! were previously used to assess
the degree of substitution of the xylan chain by arabinose units
(24). Besides the arabinoxylan bands, the Raman spectra of
aleurone layers revealed bands characteristic of phenolic
compounds at 1628 and 1598 tThese bands were assigned
to ferulic acid as it is predominant in wheat endosperni(9,

A frequency shift of the doublet between pure ferulic acid (1603
and 1630 cm?') and ferulic acid in aleurone layers could be

noted. The shift was assigned to an esterified form of ferulic
acid in cell walls 21).

Spectra recorded at 9O (Figure 3b) differed from those
obtained at 250, 350, and 48D. Strong diffusion bands were

The principal component scores are used to draw similarity maps observed at 1667 and 1001 chthat might be assigned to

that allow a comparison of the spectra with each other. The similarity
maps are used to define cell type clusters. Characteristic absorption
bands are depicted using the spectral patterns derived from the

protein (21). Due to the low diffusion intensity observed,
detailed assignment of these spectra could not be carried out.

eigenvectors and were used to extract structural information on the However, no Spatlé}| heterogeneity of Raman fea'tures could be
arabinosyl substitution and the degree of feruloylation of arabinoxylans. detected. Our previous results showed that arabinoxylans were
Variance analyses (ANOVA, Statgraphics Plus 3.0, SigmaPlus) were almost absent from cell walls at this early stad@)( As the
carried out on Raman data to investigate the effect of cell type, the main focus of the present paper was on AX, the°BOstage
effect of grain development stage, and the interaction between cell typewas discarded from further analysis. Raman spectra of wheat
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Figure 4. PCA applied to endosperm cell walls at 350 °D: (a) similarity ’ Raman shift {cm-1}

map of micro-Raman spectra recorded between 370 and 650 cm~1; (b)

: - Figure 5. PCA applied to endosperm cell walls at 350 °D: (a) similarity
spectral pattern derived from principal component 1.

map of micro-Raman spectra recorded between 800 and 1800 cm=2; (b)
spectral pattern derived from component 1.
endosperm cell walls recorded at 38D were compared by
applying PCA. 350, and 450D for each cell type Figure 6). Whatever the

For the 370-650 cnm™* spectral region, the first two principal  cell type, higher arabinoxylan substitution was obtained at 250
components explaineet85% of the total variance and were  °p_|n addition, whatever the stage of wheat grain development,
retained to draw a similarity mag-igure 4a). Prismatic cell  AX were most substituted in the walls of prismatic cells and
walls were identified by negative scores, whereas aleurone celljeast substituted in the walls of aleurone cells. Variance analysis
walls were characterized by positive scores along principal was applied to the intensity ratios to highlight differences
component 1. The loading plot associated with principal petween cell types and stages of development. The effect of
component 1 made it possible to explore the spectral featuresstage development as well as the effect of cell type and the
that discriminated the sampléSigure 4b). The spectral pattern  interaction between cell type and stage development was found
or loading plot revealed a negative peak around 570 and atg be significant at a level of 5%. The least significant difference
positive peak atv490 cnt. Barron et al. 24), using a set of  method (LSD) used for mean comparison showed that the 250
AX and oligosaccharides exhibiting variation in the degree of °p stage significantly differed from the 350 and 44D stages.
substitution, found that the specific diffusion bands at around The LSD procedure specified that cell types could be divided
570 and 490 cm' were indicative of the arabinosyl substitution  into four clusters according to arabinoxylan substitutidalfle
of AX. The results derived from PCA indicated that the degree 1), Aleurone, prismatic, modified aleurone, and modified
of substitution of AX was lower in aleurone cell walls than in  gypaleurone cells clearly belonged to distinct groups. On the
starchy endosperm cell walls. They clearly highlighted a higher other hand, central and subaleurone cells merged with modified
degree of substitution of AX in prismatic cell walls. aleurone and subaleurone cells and therefore belonged to mixed

For the 806-1800 cnm? spectral region, the first two principal  clusters (bc). The interaction effect between cell type and
components took>90% of total inertia into account. The development stage was mainly due to prismatic cells: the
aleurone and prismatic cell walls were again clearly identified arabinoxylan substitution decreased drastically between 250 and
along principal component 1F{gure 5a). The principal 350 °D (seeFigure 6).
component loading 1 showed a positive peak at 1600'cm  Our results clearly showed that AX in endosperm were more
related to ferulic compounds-igure 5b). A negative peak at  substituted at the 25W development stage in comparison with
1094 cm* could be assigned to AX. Results derived from PCA  the later stages. This would suggest that either AX are delivered
revealed that aleurone cell walls presented the highest amounin the cell wall in a highly substituted form and then remodeled
of esterified ferulic compounds. Interestingly, modified aleurone through the action of arabinoxylan arabinofuranohydrolases or
cell walls differed from the aleurone ones and were poorer in |ittle substituted AX are incorporated into the wall late in cell
esterified ferulic acid. The lowest feruloylation of AX was wall development, making the average value for degree of AX
observed for prismatic cell walls. Feruloylation of AX in the  substitution decreased. Remodeling through action of arabi-
central, subaleurone, and modified subaleuronic cell walls was noxylan arabinofuranohydrolases has been previously reported

close to that observed in prismatic cell walls. in barley coleoptile during growth and development (29).

PCA indicated that the assessment of intensity ratios could Spatial changes in the degree of substitution were observed
be sufficient to estimate arabinoxylan substitution (570%490 within the endosperm. AX originated from the aleurone layer
cm 1) and ferulic acid esterification (1600 1094 cnr?). are characterized by a low degree of substitution compared to

Temporal and Spatial Deposition of Cell Wall Polymers. cells of the starchy endosperm, as expected from the literature

The 570 cnm¥/490 cnt? intensity ratios were calculated at 250, (7, 10). At 250°D, from a morphological point of view, the
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Figure 6. Peak intensity ratio lszoem/lsg0 cm @s an indicator of the arabinoxylan degree of substitution. Values represent the means of three grains (bar,
mean confidence interval).

Table 1. Multiple-Range Tests for the Peak Intensity Ratio lszoem-t/ eral and central starchy endosperm cell walls, but without
ligaem™ by Cell Type (LSD Method at P = 0.05) relating the differences to arabinoxylan substitution. At the early
stage, cell division occurs mainly in the layer just within the

cell type homogeneous groups outermost layer, which subsequently differentiated into the

aleurone a aleurone layer. Therefore, the prismatic cells are generated after
modified subaleurone b the central ones. The higher degree of AX substitution of
iggﬁ'{;umne gg prismatic cells at the early stage of development could be
modified aleurone c explained by the fact that they are younger. The distinction
prismatic d between prismatic and central cells remained visible at later
stages of development. The position of cells within the en-

aGroups with the same letter are not significantly different. dosperm in some way seemed to play a role in the cell fate. To

date, the spatial and temporal changes of arabinxylan substitution
subaleurone cell looked much more like aleurone cells (Figure are not understood.
2). However, the cell walls and in particular AX exhibited some Ferulic acid content in cell wall endosperm was estimated
differences, suggesting that the cell fate was already pro- by assessing the 1600 c#1094 cnt?! intensity ratio Figure
grammed. The morphology of modified aleurone cells was quite 7). The amount of esterified ferulic acid increased between 250
different from that of their counterparts in the dorsal region, and 350°D, especially in the case of aleurone cell walls. At all
with cuboidal shape and thicker cell walls. These cells did not development stages of wheat grain, the ferulic acid content was
undergo divisions as did those in the dorsal region. They are higher in the aleurone layer than in the other endosperm regions.
already differentiated and probably functioned as groove aleu- Variance analysis was applied to the intensity ratios to highlight
rone cells 80). Interestingly, AX in modified aleurone cells differences according to the cell types and stages of develop-
appeared to be more similar in terms of arabinose subtitution ment. The effect of stage development as well as the effect of
to AX in central and modified subaleurone cells than to AX in cell type and the interaction between cell type and stage
aleurone cell walls. Within the starchy endosperm, AX appeared development were found to be significant at a level of 5%. The
to be more substituted in the case of prismatic cell walls. LSD method used for mean comparison confirmed that the 250
Philippe et al. (12), using immunocytochemistry, showed that °D stage significantly differed from the 350 and 49D stages.
cell walls in the peripheral starchy endosperm reacted less with At 250 °D, the feruloylation of AX was low, even in the case
arabinoxylan antibodies against little substituted AX than cell of the aleurone layer. Past 38D, no further increase in the
walls in the central starchy endosperm. Barron etldl),(using feruloylation of AX was observed. The LSD procedure specified
FTIR microspectroscopy, reported differences between periph-that cell types could be divided into three clusters according to

Figure 7. Peak intensity ratio hgooem/ hoosemt @S an indicator of the feruloylation of AX. Values represent the means of three grains (bar, mean confidence
interval).
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Table 2. Multiple-Range Tests for the Peak Intensity Ratio gooem/
logacm by Cell Type (LSD Method at P = 0.05)

cell type homogeneous groups®
prismatic a
subaleurone

central

modified subaleurone
modified aleurone
aleurone

O T T

@Groups with the same letter are not significantly different.

the amount of esterified ferulic acid (Table 2). Subaleurone,
prismatic, and central cells clearly belonged to the same group
and were characterized by a low amount of esterified ferulic
acid. Aleurone cells with their high content in esterified ferulic
constituted one group. The last group included modified
subaleurone and modified aleurone cells. In this group, AX
presented intermediate amounts of esterified ferulic acid. The
interaction effect of cell type and development stage was
significant: the effect of development was particularly obvious
for the aleurone cells (sdeigure 7). Aleurone cell walls are
heavily esterified compared to those of the starchy endosperm.
This has been well established in mature gré&ir8( 9, 10, 22,
31,32). In agreement with Fulcher et al. (33), we demonstrated
that esterification occurred as soon as 2B&nd was amplified
between 250 and 35M. The AX in the aleurone walls in the
crease region were different. The occurrence of phenolic
compounds in the modified aleurone cell walls has been
followed since the early development stage and subsequent
differentiation of endosperm using fluorescence microscopy
(34). Whereas at 10 days after anthesis2%0 °D) cells
fluoresced quite intensely throughout the walls, at maturity, the
fluorescence was restricted to the inner wall layer of cell. The
low esterification of AX in modified aleurone cell observed in
the present paper could be, therefore, ascribed to a restricted
location of phenolic compounds.

The increase in arabinoxylan esterification and in particular
for aleurone cells between 250 and 34D corresponded to a
dramatic change in the cell morphology. Aleurone cells develop
into large isodiametric and thick-walled cells. Dimerization of
ferulic acid could cross-link AX and therefore strengthen cell
walls. The next step will be to look more precisely to the
presence of dimers on the course of aleurone differentiation and
development.

Confocal Raman microspectrocopy allows spatially resolved
study and is sensitive to structural arabinoxylan features. In the
present study, it was used to investigate changes in arabinoxylan
fine structure during grain development and across the en-
dosperm itself. The grains were from plants cultivated under
controlled and continuous environmental conditions. It could
be of great interest to study the impact of environmental
conditions and of endosperm hardness on arabinoxylan structural
features.

ABBREVIATIONS USED
AX, arabinoxylans; A/X, molar ratio of arabinose to xylose;
DAA, days after anthesis; WE, water extractable.
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