Cell Wall Architecture of the Elongating Maize Coleoptile'

Nicholas C. Carpita, Marianne Defernez, Kim Findlay, Brian Wells, Douglas A. Shoue, Gareth Catchpole,
Reginald H. Wilson, and Maureen C. McCann*

Department of Botany and Plant Pathology, Purdue University, West Lafayette, Indiana 47907-1155 (N.C.C.,
D.AS.); Department of Food Metrology, Institute of Food Research, Norwich Research Park, Colney,
Norwich NR4 7UA, United Kingdom (M.D., G.C., RH.W.); and Department of Cell and Developmental
Biology, John Innes Centre, Norwich Research Park, Colney, Norwich NR4 7UH, United Kingdom (K.F.,
B.W., M.C.M.)

The primary walls of grasses are composed of cellulose microfibrils, glucuronoarabinoxylans (GAXs), and mixed-linkage
B-glucans, together with smaller amounts of xyloglucans, glucomannans, pectins, and a network of polyphenolic substances.
Chemical imaging by Fourier transform infrared microspectroscopy revealed large differences in the distributions of many
chemical species between different tissues of the maize (Zea mays) coleoptile. This was confirmed by chemical analyses of
isolated outer epidermal tissues compared with mesophyll-enriched preparations. Glucomannans and esterified uronic acids
were more abundant in the epidermis, whereas B-glucans were more abundant in the mesophyll cells. The localization of
B-glucan was confirmed by immunocytochemistry in the electron microscope and quantitative biochemical assays. We used
field emission scanning electron microscopy, infrared microspectroscopy, and biochemical characterization of sequentially
extracted polymers to further characterize the cell wall architecture of the epidermis. Oxidation of the phenolic network
followed by dilute NaOH extraction widened the pores of the wall substantially and permitted observation by scanning
electron microscopy of up to six distinct microfibrillar lamellae. Sequential chemical extraction of specific polysaccharides
together with enzymic digestion of B-glucans allowed us to distinguish two distinct domains in the grass primary wall. First,
a B-glucan-enriched domain, coextensive with GAXs of low degrees of arabinosyl substitution and glucomannans, is tightly
associated around microfibrils. Second, a GAX that is more highly substituted with arabinosyl residues and additional
glucomannan provides an interstitial domain that interconnects the p-glucan-coated microfibrils. Implications for current
models that attempt to explain the biochemical and biophysical mechanism of wall loosening during cell growth are

discussed.

Biochemical studies have provided a reasonably
complete catalog of the major polysaccharides and
phenolic substances that constitute the primary cell
walls of angiosperms (McCann and Roberts, 1991;
Carpita and Gibeaut, 1993). The walls of grasses and
related monocots (commelinoids) have quite different
compositions compared with those of all dicots and of
the non-commelinoid monocot species (Carpita, 1996).
The “type II” cell walls of commelinoid monocots are
characterized by cellulose microfibrils cross-linked
by glucuronoarabinoxylans (GAXs) and a network of
polyphenolic substances (Carpita and Gibeaut, 1993;
Carpita, 1996). Maize (Zea mays) and other members
of the Poales also contain developmentally regu-
lated polymers, the mixed-linkage (1—3),(1—4)-3-D-
glucans (hereafter, called B-glucans). The B-glucans
are initially absent from meristematic cells but accu-
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mulate up to about 20% dry mass of the cell wall
coincident with the most rapid rates of coleoptile
elongation (Kim et al., 2000). As the elongation rate
slows, the B-glucan is hydrolyzed by exo- and endo-
B-D-glucanases located in the wall. Concomitant with
the decrease in B-glucan, there is an increase in the
content of etherified and esterified hydroxycinnamic
acids and other related lignin-like aromatic sub-
stances associated with the cessation of growth (Car-
pita, 1986, Miisel et al., 1997). The coleoptile is a
convenient model to examine the dynamic changes in
cellular architecture during cell elongation in grasses;
the polymer composition and architectural changes
that occur in this organ reflect those of the primary
wall of all developing cells (for review, see Carpita,
1996). The B-glucans are present in all mature cereal
tissues in low amounts, perhaps a consequence of
similar mechanisms of hydrolysis after cell expansion
has stopped.

Despite an extensive knowledge of the chemical
structure of the wall polymers of grasses, the inter-
actions of these molecules when assembled into a cell
wall architecture have largely been deduced on the
basis of their extractability from bulk samples. Fou-
rier transform infrared (FTIR) spectroscopy uses in-
frared (IR) light to probe carbohydrate and phenolic
molecules without derivatization of the sample (Mc-
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Cann et al.,, 1992, 1997; Séné et al., 1994). By use of a
microscope attachment, the localization of molecules
in individual cells may be deduced by using double-
bladed apertures to mask off an area of tissue section
from which spectral data is to be collected (McCann
et al., 1997; Himmelsbach et al., 1999). The synergy of
what have traditionally been two distinct methods
for studying the chemistry and morphology of a
sample, IR spectroscopy and optical microscopy, has
been called chemical imaging (McCann et al., 1997;
Himmelsbach et al., 1999). In chemical imaging, the
sample, mounted on the stage of an IR microscope, is
moved under computer control such that different
areas of the sample are measured sequentially. These
spectral arrays can be correlated with visual images
of the sample so that optically observed features can
be associated with functional groups. Contrast in IR
spectroscopic imaging is determined by differences
in the absorbance of specific frequencies, using color
to represent relative absorbance intensities.

In this paper, we have used chemical imaging to
reveal the intrinsic heterogeneity in different tissues
of the maize coleoptile. We have isolated the meso-
phyll and epidermal cells of the coleoptile from each
other, and determined their polymer compositions
by sugar and linkage analyses. Using a monoclonal
antibody as a specific probe for B-glucans, we have
confirmed the relative abundance of this molecule in
mesophyll cell walls. This localization has implica-
tions for models in which the B-glucans become load
bearing during cell elongation. During growth, the
outer epidermis is thought to be the major load-
bearing structure of the organ (Kutschera, 1989). The
walls of the outer epidermis can be isolated relatively
easily, and so we have applied field emission scan-
ning electron microscopy (FESEM) and IR spectros-
copy to examine the architecture of this tissue. We
have sequentially extracted polymers from walls of
epidermal peels and characterized them chemically.
We imaged the residual wall material by FESEM, and
obtained IR spectra of this material. These data allow
us to propose a modified model of architecture for
the type II primary cell walls of the maize coleoptile.

RESULTS

Quantitation of Cell Wall Polysaccharides in
Mesophyll and Epidermal Tissues of Maize Coleoptiles

Cell walls from isolated epidermal or mesophyll
cells were prepared. Three-day-old maize coleoptiles
about 3.5 cm long were harvested and epidermal
layers removed by peeling. Cell walls were prepared
from the resulting mesophyll-enriched material and
from the epidermal peels, and analyzed for cellulose
content, uronic acid and ester content, sugar compo-
sition, and linkage analysis (Tables I and II). The cell
walls of epidermis and mesophyll cells are distinct
chemically. Whereas cellulose (measured as material
resistant to acetic-nitric digestion; Updegraff, 1969)
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Table I. Comparison of the linkage structure of neutral cell wall
polysaccharides from epidermis and mesophyll cells of the elon-
gating maize coleoptile

Linkage refers to the hydroxyl position upon which another sugar
is attached and is inferred from methylation analysis. For example,
4-Glc is itself attached to another sugar via its anomeric carbon (C-1),
which is understood, and another sugar was attached at its O-4
position. The actual derivative is 2,3,6-tri-O-methyl-(1-deuterio)-
1,4,5-tri-O-acetylglucitol. Glc is a nonreducing end-terminal glu-
cosyl residue. tr, Trace.

Sugar and Linkage Epidermis Mesophyll
mol %
Fuc
t-Fuc 0.6 0.3
Rhamnose
2-Rha 0.8 0.9
2,4-Rha 1.9 1.0
Ara
t-Ara 25.9 21.2
2-Ara 0.1 0.1
3-Ara 1.1 0.8
5-Ara 1.7 1.5
3,5-Ara 0.4 0.3
Xyl
=Xyl 3.2 4.9
2-Xyl 1.1 1.2
4-Xyl 4.4 4.5
3,4-Xyl 27.7 20.6
Man
t-Man tr tr
4-Man 2.6 1.2
4,6-Man 0.4 0.2
Gal
t-Gal 3.9 3.3
3-Gal tr 0.6
4-Gal 1.4 2.8
6-Gal 0.5 0.8
3,6-Gal 1.1 0.2
Glc
tGlc 0.1 0.2
3-Glc 3.1 4.8
4-Glc 14.9 23.9
4,6-Glc 2.4 3.4

constitutes about 30% of the mesophyll wall mass,
the thick epidermal wall comprises almost 60% cel-
lulose (Table II). Although similar polymers consti-
tute the walls of mesophyll and epidermis, the rela-
tive proportions of these polymers are different. Both
cell types have substantial amounts of B-glucan, as
judged both by the appearance of 3-linked glucan in
the methylation analysis and by direct measurement
by digestion with a Bacillus subtilis (1—3),(1—4) B-D-
glucan endo-4-glucanohydrolase (B-glucan endohy-
drolase) and quantitation of the diagnostic oligomers
by high-performance anion-exchange chromatogra-
phy (HPAEC)-pulsed-amperometric detection. The
epidermis contains about 60 ug of B-glucan per mg
cell wall, whereas the mesophyll cells contain almost
200 pg of B-glucan per mg cell wall (Table II). In
contrast, the epidermis contains a higher proportion
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Table Il. Estimation of polysaccharide contributions per total cell
wall mass

Component Epidermis Mesophyll
wng mg cell wall™’

Cellulose 594 284
Cross-linking glycans

GAX 195 312

B-Glucan 58 197

Xyloglucan 23 67

Glucomannan 19 12

Arabinan 13 26
Pectic substances

GalA (homogalacturonan) 71 56

Rhamnogalacturonan | 17 26

Galactan and Arabinogalactan 10 20

of glucomannan despite the much smaller total pro-
portion of non-cellulosic polysaccharides (Table II).
Despite differences in glucomannan content, the ratio
of 4- and 4,6-linked mannosyl units is similar be-
tween mesophyll and epidermal walls. The vast ma-
jority of non-cellulosic polymers in both cell types are
GAXs. The ratio of branched to unbranched xylosyl
residues is significantly higher in the epidermal GAX
(6.3:1) compared with mesophyll GAX (4.6:1; Table I).
A small amount of xyloglucan is also present, based
on the appearance of t-Xyl and 4,6-Glc. The small
amount of galacturonic-acid-containing polymers
has a degree of methyl esterification of 82% in walls
from epidermal tissue compared with 75% in walls
from mesophyll cells.

Chemical Imaging of Sections of Maize Coleoptile

A 3-d-old maize coleoptile, an age at which elon-
gation growth rate is highest, was sectioned trans-
versely by hand, cleared of its soluble material, and
mounted on a barium fluoride window for chemical
imaging. Mapping software allowed the collection of
273 individual FTIR spectra with an aperture size of
25 X 25 um in an array encompassing epidermal,
vascular, and mesophyll cells from a transverse sec-
tion of one-quarter of the coleoptile (Fig. 1A). The
spectra in the data set were first baseline corrected
and area normalized to compensate for any change in
thickness across the section. To reveal the major spec-
tral differences in the section, a principal component
analysis (PCA) was applied to all spectra, and hence
all tissue types. PCA is a mathematical operation that
allows samples to be characterized by their scores on
a small number of new variables (PC axes) instead of
large numbers of original measurements (here, ab-
sorbances), thus summarizing the information and
highlighting differences (Chen et al., 1998; Kemsley,
1998). Figure 1 (B-D) shows chemical images of the
first 3 PC scores displayed as color intensities across
the section. Contrast between tissues is particularly
clear on PC2 and PC3 (accounting for, respectively,
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30.8% and 6.7% of the variance in the data set).
However, although there is a clear differentiation
between the mesophyll and the inner epidermis with
PC2, for the outer epidermis PC2 is only able to
differentiate the epidermis close to the mesophyll:
The very outer edge cannot be differentiated. Aver-
age spectra of mesophyll, and the inner and outer
edges of the outer epidermis, shown in Figure 1
(middle), are different from each other. Inspection of
the loadings for PC 2 and 3 allows us to determine
that the origin of differentiation between the meso-
phyll and the epidermis generally, is related to the
composition of these tissues, since the loadings ex-
hibit features of carbohydrates. The second PC load-
ing contains correlated peaks at 1,160, 1,105, 1,060,
and 1,040 cm ™!, characteristic of cellulose (Tsuboi
1957; Liang and Marchessault, 1959), and perhaps
also of B-glucan and glucomannan, two other poly-
mers with (1—4) B-linked glucosyl units (see “Dis-
cussion”). The third PC loading has two major pro-
tein absorbances at 1,550 and 1,650 cm ™! that may
derive from cytoplasmic protein within the section,
and negatively correlated methyl ester (1,740 and
1,245 cm™ ') and phenolic ester (1,720 cm ™ ') peaks.
Whereas Figure 1 gives an overview of how the
relative peak intensities differ between tissues
through the use of PCA, Figure 2 shows the absor-
bance of the material at particular frequencies of
interest, displayed as chemical images. In each case,
the peak height was ratioed to the area under the
spectrum between 1,200 and 800 cm ™! (the carbohy-
drate fingerprint region). Peaks corresponding to
phenolic esters (1,720 cm ™ ') or to methyl esters (1,740
cm ') were enriched in the vascular bundle, and
slightly enhanced in the outer epidermis (Fig. 1, A
and B). A peak corresponding to phenolic ring absor-
bance (1,515 cm™ ') is enriched in the vascular tissue,
and is decreased in the inner epidermis (Fig. 1C). The
chemical images thus indicate some differences be-
tween the inner and outer epidermis. Absorbances at
1,000 and 1,020 cm ™! are enriched in the mesophyll
layer (Fig. 1, D and E; selected from the loading of
PC3), while absorbances at 1,060, 1,034, and 1,090
cm ™! are enriched in the epidermal tissues (Fig. 2,
F-H). The absorbance at 1,060 cm ! is dominated by,
but not unique to, cellulose, whereas the latter two
absorbances are selected as potentially diagnostic for
the presence of glucomannans (Kacurdkova et al.,
2000).

Immunogold Localization of B-Glucans

We confirmed the distribution of the g-glucan by
immunogold labeling. Three-day-old maize coleop-
tiles were fixed for low-temperature embedding and
immunogold labeling. A monoclonal antibody that
recognizes B-glucan specifically and does not cross
react with either cellulose or callose (Meikle et al.,

553



Carpita et al.

Figure 1. A, Brightfield micrograph of the co-
leoptile section using mirror optics in the IR
microscope. An example of the area from which
IR data is sampled is delimited by a pair of
double-bladed apertures. B-D, Calculated
scores of principal component (PC) 1, PC2, and
PC3, respectively, displayed as chemical im-
ages. Middle, Average spectra of mesophyll
cells, and the inner and outer edges of the outer
epidermis are different from each other. The
color gradient used in chemical images in Fig-
ures 1 and 2 corresponding to peak intensities is
shown on the right. Bottom, Corresponding
loadings for PC2 and PC3 with peaks of interest
marked.
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1994) densely labeled the mesophyll primary walls
and inward-facing wall of the epidermis (Fig. 3, B, D,
and E). Large regions of wall material between the
cells were not labeled, comprising the middle lamel-
lae and perhaps also the older, previously deposited
primary wall (Fig. 3, B-D). The B-glucan was absent
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frequency (wavenumbers)

from the loose fibrillar matrix lining the cell corners
(Fig. 3B). In the thick, outward-facing wall of the
epidermis, the label was concentrated in the inner-
most strata of the wall nearest the plasma membrane,
with decreasing amounts outward and little ob-
served in the faintly stained region next to the cuticle
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Figure 2. Chemical images of a transverse sec-
tion of three-d-old coleoptile derived from FTIR
spectra sampled with a 25- X 25-um window.
A, Phenolic esters sampled at 1,720 cm™'. B,
Carboxyl esters of uronic acids sampled at 1,740
cm~'. C, Aromatic substances sampled at 1,515
cm~'. D, Absorbance intensity at 1,000 cm™'
sampled from PC3. E, Absorbance intensity at
1,020 cm™"' sampled from PC3. F, Absorbance
at 1,060 cm ™! characteristic of cellulose. G and

H, Absorbances at 1,034 and 1,090 cm™ ' re-
spectively, characteristic of glucomannan.

= &
1034 W= N

(Fig. 3A). These labeling patterns were observed in
tissues sampled both from the tip region and mid-
section of the coleoptile (data not shown). Quantita-
tion of gold particles from a total area of 250 um? in
the electron micrographs reveals the highest labeling
density in the outer epidermal wall (3,970 = 450
particles per um?) to be only about two-thirds that of
the mesophyll walls (6,460 * 1,330 particles per
pm?). The density of particles fell markedly toward
the outer lamellae of the epidermal wall, and very
few were detected in the outermost 300 nm (Fig. 4).

Sequential Extraction and Chemical Analyses of Wall
Components from Epidermal Peels

Because epidermal peels could be isolated relatively
easily, we further defined the architecture of this tis-
sue. Extraction of epidermal peels floating on the sur-
face of the reagents was carried out using 20 mm
cyclohexane diamine tetraacetic acid (CDTA), a che-
lating agent, and 0.1 m NaOH to remove polymers
possibly esterified to the wall matrix, acidified sodium
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chlorite, which oxidizes aromatic rings, and B-glucan
endohydrolase, which hydrolyzes B-glucan specifi-
cally. The extractants and enzyme were used either
singly or in combination to determine the relationship
of the polymers dependent upon their specific chem-
ical interactions. Treatment with 20 mm CDTA or
sodium chlorite removed very little material from the
epidermal walls. Sugar analyses (Table III), con-
firmed by methylation analyses (not shown), show
that 0.1 m NaOH extracts only 67 pg per mg of total
epidermal wall, primarily the highly substituted
GAX and glucomannan. Chlorite treatment alone ex-
tracted insufficient material for methylation analysis,
but was composed of Xyl, Glc, Ara, and a small
amount of Man. However, extraction with 0.1 M
NaOH after chlorite treatment yielded over one-half of
the non-cellulosic material from the wall (Table III),
and methylation analysis of this material shows it to
be mostly GAX with a lower degree of branching,
glucomannan, and a small amount of B-glucan (not
shown). Treatment of the control cell walls with
B-glucan endohydrolase released material comprising
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Figure 3. Immunolocalization of B-glucans in
mesophyll cells and epidermis of developing
maize coleoptiles using 10 nm colloidal gold-
conjugated secondary antibody. A, The gradient
of B-glucans immunolocalized in the outer wall
of the epidermis. The cuticle is at the top of the
figure, cytoplasm at the base. Scale bar repre-
sents 200 nm. B, B-Glucan epitopes are ex-
cluded from the cell corner formed by three
mesophyll cells. Scale bar represents 500 nm. C,
Low magnification image showing the immuno-
stain in a sharply defined region of the wall
closest to the plasma membrane of cells. Scale
bar represents 5 um. D, B-Glucans immunolo-
calized in two neighboring mesophyll cell walls
but excluded from the middle lamella and older
regions of wall. Scale bar represents 200 nm. E,
B-Glucans immunolocalized uniformly across
the inward-facing wall of the epidermis. Scale
bar represents 200 nm.

90 mol % Glc (Table III), consistent with the subse-
quent detection by HPAEC-pulsed-amperometric de-
tection of mostly the cellodextrin-(1—3)-Glc oli-
gomers diagnostic of B-glucan (Table II). Based on
selective hydrolysis with the B-glucan endohydro-
lase, about 70% of the B-glucan still remained asso-
ciated with the wall after extraction of over one-half
of the non-cellulosic material by chlorite and NaOH
(Table III).

FTIR Spectroscopy of Epidermal Peels

FTIR spectra were obtained from three 150- X 150-
um? regions of the peels and triplicate averaged for
each of a minimum of 20 coleoptiles per treatment.
Extraction with acidic sodium chlorite makes little
difference to the appearance of the spectrum of un-
treated material (Fig. 5, A and B), although the phe-
nolic peak at 1,515 cm ™! is absent in the chlorite-
treated material. Extraction with 0.1 m NaOH lowers
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the ester absorbances at 1,734 and 1,250 cm ™! sub-
stantially and affects the fingerprint region (1,200-
900 cm™ % Fig. 5C). Sequential extraction with acidic
sodium chlorite followed by NaOH removed more
esters (Fig. 5D). After further extraction of this ma-
terial with the B-glucan endohydrolase, all of the
remaining ester absorbance is removed and the car-
bohydrate region of the spectrum is dominated by
absorbances that can be assigned to cellulose (1,160,
1,105, 1,056, and 1,039 cm ™~ %; Tsuboi, 1957; Liang and
Marchessault 1959; Fig. 5E). Digital subtraction is
necessary to reveal other features of the wall that
have been modified by extraction with chlorite,
NaOH, and B-glucan endohydrolase (Fig. 5, F-I). The
digital subtraction spectrum shows that chlorite ex-
traction removes very little material (Fig. 5F),
whereas the NaOH treatment removes methyl ester
(1,734 and 1,246 cm™ '), phenolic material (1,630 and
1,515 cm™ '), and some carbohydrate (positive and
negative peaks between 1,200 and 900 cm ~*; Fig. 5G).
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Figure 4. Quantitation of B-glucan density across the outer epider-
mal wall of developing maize coleoptile, using percentage area
covered by gold particles conjugated to the secondary antibodies as
a measure of relative epitope density. The graph shows number of
gold particles per unit area as a function of perpendicular distance
from the plasma membrane.

The sequential extraction using chlorite followed by
hydroxide is very similar to hydroxide alone (Fig. 5,
G and H). Further extraction with the B-glucan en-
dohydrolase removes more esters and carbohydrates
(Fig. 51).

Imaging of Epidermal Peels by FESEM

Incubation of floating epidermal peels on the sur-
face of solutions containing chemical extractants se-
lectively removed polymers and cross-linking com-
pounds of known composition. The outer epidermis
can be peeled without cell damage from the coleop-
tile and floated, cuticle side up, on any desired bath-

Maize Cell Wall Architecture

ing solution. Hence, the cuticle side affixes to glass
coverslips, which are then flipped over, air dried,
and imaged by FESEM. After transfer to the surface
of water, the peels were lifted onto specimen stubs
such that the surface that had been in contact with
the solution was uppermost for imaging in the
FESEM. The FESEM technique allows extremely
large areas of the sample to be observed, such as an
entire epidermal peel (Fig. 6A). The orientation of
cellulosic microfibrils in relation to the shape and
position of the cell within a tissue, such as in an
elongation zone, can be determined. Few surface fea-
tures could be observed in unextracted peels, and a
calcium chelating agent, either imidazole or CDTA,
did not improve this (data not shown). Extraction
with acidic sodium chlorite to oxidize phenolic sub-
stances within the wall or with 0.1 M NaOH to extract
pectins and highly substituted arabinoxylans re-
vealed long fibers embedded in a matrix material of
uniform appearance (Fig. 6, B and C). By scanning
from the tip to the base of the epidermal peel, no net
orientation of these surface microfibrils was ob-
served. However, these represent the outermost, and
therefore oldest, microfibrils deposited within the
wall, and changes may be occurring in regions closer
to the plasma membrane. Sequential extraction by
acidic sodium chlorite followed by 0.1 m NaOH re-
veals pores within the structure (Fig. 6D), and micro-
fibril diameter is measured as between 13 and 20 nm,
taking into account an estimated 2 to 4 nm of sputter
coating with platinum. Removal of the matrix por-
tion of the wall reveals up to six microfibrillar lamel-
lae. It is not possible to determine the total number of
lamellae in this en face view of the wall, given that

Table Ill. Soluble and cell wall monosaccharide distributions after digestion or extraction of epidermal peels of the elongating maize co-

leoptile

tr, Trace amounts below 0.2%; nd, not detected. Insoluble remainder represents the non-cellulosic cell wall monosaccharides remaining after
enzymic digestion and/or chemical extraction. Soluble fractions from chemical extractions were neutralized and dialyzed extensively with water
before freeze drying. Values in brackets are the yields of material in micrograms per milligram of epidermal wall (about 400 ug total
non-cellulosic material per mg). Endoglucanase soluble represents monosaccharide released from enzymic digestion of the total wall, whereas
[= NaClO, — NaOH]- endo soluble represents monosaccharide released from insoluble wall material remaining after chlorite and NaOH

extraction.
Monosaccharide
Sample
Fuc Rha Ara Xyl Man Gal Glc
mol %
Soluble fraction
NaClO, soluble [23] nd tr 24.1 28.5 15.1 3.8 28.7
NaOH soluble [67] tr 1.1 29.4 36.4 10.6 4.0 18.3
NaClO, + NaOH soluble [217] 0.3 1.2 35.6 42.1 4.0 5.2 11.6
Endoglucanase soluble [66] nd nd 1.5 1.3 2.0 5.8 89.5
[— NaClO, — NaOH]J- endo soluble [54] nd 0.7 9.8 10.8 0.3 53 73.2
Insoluble remainder
Total wall 0.5 2.7 29.0 37.5 3.0 6.9 20.4
— 20 mM CDTA 0.4 2.1 31.0 39.9 2.5 5.9 18.1
— CDTA — endoglucanase tr 1.5 33.8 45.6 2.6 6.5 10.0
— 0.34 M NaClO, 0.3 3.2 30.2 39.2 2.7 5.4 18.8
— 0.1 M NaOH 0.3 1.6 27.7 37.7 2.8 6.5 23.3
— NaClO, — NaOH 0.2 1.9 23.8 35.0 3.0 7.0 291
— NaClO, — NaOH — endoglucanase 0.3 2.1 239 40.7 3.9 8.7 20.4
Plant Physiol. Vol. 127, 2001 557
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Figure 5. FTIR spectra of epidermal peels ex- 0.8/
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the wall thickness of these cells is about 250 nm in
transmission electron micrographs of sections of co-
leoptiles. Treatment of this material with B-glucan
endohydrolase does not further increase the porosity
(Fig. 6E), even though B-glucan is distributed through-
out the inward-facing epidermal wall (Fig. 3E).

Our observations from FESEM of epidermal peels
after sequential extractions demonstrate that the
polymeric material extracted by chlorite followed by
NaOH constitutes the majority of the architectural
material between the microfibrils. The material that
has been extracted from between the microfibrils is
largely GAX, glucomannan, and the small amount of
pectin, whereas the material remaining bound to the
microfibrils but not imaged as distinct polymers is
B-glucan, glucomannan, and relatively less branched
GAX (Table III).
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DISCUSSION

Mesophyll Walls Have a Different Composition from
Epidermal Walls

Although we have a good catalog of the kinds and
distribution of cellulose and non-cellulosic polysac-
charides, and phenolic substances that cross link
them in the maize coleoptile (Carpita, 1996), our un-
derstanding of the polysaccharide composition is
based solely on preparations containing mixtures of
epidermis, mesophyll cells, and cells of the vascula-
ture. We have investigated a novel microspectro-
scopic technique, called chemical imaging, to provide
a closer correspondence between chemistry and tis-
sue morphology (Figs. 1 and 2). We used exploratory
PCA on the entire spectral data set to highlight con-
trast in the chemical image of a coleoptile tissue
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Figure 6. Scanning electron micrographs of isolated epidermal peels of the developing maize coleoptile. A, Unextracted
epidermal peel at low magnification. B, Chlorite-extracted mesophyl walls, C, NaOH-extracted epidermal peel. D, Chlorite
followed by NaOH extracted peel. E, Chlorite + NaOH-extracted peel digested with the B-glucan endohydrolase. Scale bar

in A represents 200 um, all other scale bars represent 500 nm.

section. The results from chemical imaging are con-
sistent with chemical data in revealing the cellular
distribution and relative abundance of ester groups,
phenolics, and carbohydrates.

In this study, chemical imaging indicated that the
mesophyll layer contained less methyl or phenolic
ester, and less phenolic ring compounds, than the
epidermis and vasculature, and contained different
proportions of some carbohydrate components (ab-
sorbances at 1,000, 1,020, 1,034, 1,060, and 1,090
cm ™ '). Methyl ester is slightly more abundant in the
outer epidermis, and a colorimetric assay shows the
polysaccharides in the outer epidermis to have an
82% degree of esterification compared with 75% in
the mesophyll tissue. Phenolic compounds are ex-
pected in vascular tissue as a consequence of lignifi-
cation. Distribution of absorbances at 1,034- and
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1,090-cm ™! peak were selected as characteristic for
glucomannan (Kacurdkovd et al, 2000), and the
chemical images both show enrichment in the epi-
dermal tissue, consistent with sugar and linkage
analyses. However, the chemical images are not iden-
tical, indicating that other absorbing species are
present at these wavenumbers. The peaks at 1,000
and 1,020 cm ™! were selected from the appropriate
loadings and are not currently able to be assigned to
specific polysaccharides.

There is more than twice as much cellulose in the
epidermis than in the mesophyll (Table II) and the
peak at 1,060 cm ™!, dominated by, but not unique to,
cellulose, in chemical images is enriched in the epi-
dermis. However, the PC loading 3, which contains
spectral features of cellulose, is not similarly enriched
in the epidermis. One explanation for this is that,
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although cellulose content is considerably lower in the
mesophyll, the B-glucan concentration is nearly 4-fold
greater. The similarity of the spectra of cellulose and
B-glucan (data not shown) means that the reduction of
one component is spectrally compensated for by the
increase of the other. Thus, the chemical image of PC3
is the result of other compositional changes and the
subtle spectral differences between cellulose and the
mixed-linkage B-glucan. We have not constructed
chemical images of the distributions of B-glucan and
GAX because overlapping absorbances with other
polymers, particularly cellulose, make unambiguous
assignment of single peaks problematic. The applica-
tion of chemical imaging to biological specimens is in
its infancy, but as better peak assignments are found
by the methods and examples we describe here, it may
become possible to map the distribution of specific
molecules in tissue sections.

We examined the physical and biochemical distinc-
tions between mesophyll and epidermal walls. The
outer-facing epidermal wall is over 2 um thick com-
pared with the 250-nm-thick walls of the mesophyll
cells and inner-facing wall of the epidermis (Fig. 3, A,
D, and E). In epidermal walls, cellulose comprises
about 60% of wall mass, compared with about 30% in
the mesophyll walls (Table II). The non-cellulosic
polysaccharides of epidermal walls are similar to
those of mesophyll walls (Table I) with large amounts
of GAX, and smaller amounts of other matrix glycans
and pectic substances (Tables I and II). The principal
differences were the enhanced amounts of glucoman-
nans in epidermal cell walls, and an enhancement of
the B-glucan in the mesophyll cell walls, about 4-fold
higher than in epidermal walls (Table II). Meikle et al.
(1994) demonstrated the specificity of the monoclonal
antibody BG1 against cereal mixed-linkage S-glucans,
and found this epitope to be distributed uniformly
across the aleurone walls of wheat (Triticum aestivum)
endosperm cells but excluded from the middle la-
mella. The B-glucan is distributed uniformly across
the thin walls of the mesophyll cells, whereas it is
concentrated primarily on the innermost portion of
the outer facing wall of the epidermis (Fig. 3, A and
D). Similar to the distribution in wheat aleurone, the
B-glucan is present only in the primary wall and ab-
sent from middle lamellae and cell corners (Fig. 3,
B-D). The density of the gold particles in the meso-
phyll wall is about twice that of highest concentration
of the epidermis. B-Glucan is increasingly abundant
closer to the plasma membrane and absent from an
outer domain just underlying the cuticle that contains
lightly stained fibrillar material (Figs. 3A and 4). In
contrast, -glucan is distributed across the entire wall
of the inner-facing wall of the epidermal cells (Fig. 3E).

Architecture of the Epidermal Walls of
Maize Coleoptiles

The fast-freeze rotary shadow replica technique
has previously been used to directly visualize cell

560

wall architecture of dicotyledonous species (McCann
et al., 1990; Fujino et al., 2000). The images obtained
are thought to preserve the native architecture of cell
walls, and many thin cross-linking fibers are visible
as well as cellulosic microfibrils. However, the sam-
ple preparation required for this technique is exten-
sive and the area of replica from which useful images
can be obtained is small. The development of the
field emission gun makes it possible to visualize
native cell walls at resolutions adequate for measur-
ing microfibril diameter, orientation, and spacing in
the SEM with little or no sample preparation (Sugi-
moto et al., 2000). A further advantage of this tech-
nique is that large areas of the sample can be imaged
at high resolution. In this study, we have been able to
image walls from a substantial portion of the length
of an epidermal peel, about 2 cm (Fig. 6A). We ap-
plied FESEM to observe the architecture of the out-
ermost strata of the epidermal wall facing the meso-
phyll cells of the coleoptile.

We established previously that dilute NaOH ex-
tracts primarily a highly substituted GAX from the
walls of the maize coleoptile (Carpita, 1983a; Carpita
and Whittern, 1986) and treatment of walls with
acidic sodium chlorite eliminates the cross linking of
arabinoxylans by the aromatic substances but ex-
tracts little polysaccharide (Carpita, 1983b). How-
ever, when the polyphenolic network is broken by
oxidation in acidic chlorite, the dilute NaOH extracts
a majority of the GAX, indicating that a significant
amount of the wall matrix polymers are held in a
matrix by the aromatic substances (Carpita, 1983b,
1986). Despite the marked differences in wall thick-
ness, and the proportions of cellulose, B-glucan and
glucomannan, this extraction behavior was observed
for both mesophyll and epidermal cells. Also,
B-glucan endohydrolase treatment to specifically di-
gest B-glucans released primarily Glc from both epi-
dermal and mesophyll cells. About 70% of the
enzyme-digestible B-glucan in both epidermal and
mesophyll walls was retained in the wall matrix after
chlorite + NaOH extraction (Table III), indicating
that these molecules are not held solely by aromatic
cross linkages and constitute little of the matrix ma-
terial between the microfibrils (Fig. 6E). The obser-
vation of a selective release of glucomannan under
gentle extraction is consistent with the extraction of
this polymer from isolated coleoptile walls with urea
(Carpita, 1983b).

The FESEM images of the epidermal walls after
chemical extraction or enzyme digestion permit an
insight into the architectural roles of different matrix
polymers. In control epidermal peels, the microfibril
impressions could be seen through a dense blanket of
intervening matrix material (Fig. 6B). The chelator
CDTA removed a small amount of pectic substances
and highly substituted GAX (not shown), and chlo-
rite treatment released a small amount of highly sub-
stituted GAX and glucomannan (Table III), but nei-
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ther CDTA nor chlorite treatment alone substantially
altered the appearance of the wall (Fig. 6B). This
finding contrasts with observations of onion (Allium
cepa) parenchyma walls, where imaging of the micro-
fibrillar matrix is enhanced markedly by removal of
chelator-soluble pectins (McCann et al., 1990). These
differences in wall appearance after chelator extrac-
tion are consistent with the findings that the pore size
of pectin-rich type I walls are controlled largely by
the pectin matrix (Baron-Epel et al., 1988), whereas
that of the pectin-poor, GAX-rich type II walls is not
(Titel and Ehwald, 1999).

Dilute NaOH removed some of the material be-
tween microfibrils, improving their visualization
(Fig. 6C). From our chemical analyses, which are
fully consistent with previous work, the major poly-
saccharides released are the highly substituted GAX
and a small amount of glucomannan (Table III; Car-
pita, 1983a, 1983b). Oxidation of the aromatic cross-
linking framework of the wall with chlorite released
very little water-soluble polysaccharide. FTIR spec-
troscopy confirmed that phenolic absorbances were
removed by chlorite treatment, whereas dilute NaOH
removed methyl esters. However, extraction with
chlorite followed by dilute NaOH permitted several
lamellae of microfibrils in the wall to be imaged (Fig.
6D). Although loss of arabinosyl units ostensibly
yields runs of unbranched xylan that can hydrogen
bond to each other, treatment of the wall with NaOH
subsequent to chlorite treatment removed large
amounts of the GAX of various degrees of substitution
(Table I; Carpita, 1983b). From these data, we deduce
that GAXs are largely interconnected by aromatic res-
idues and comprise the majority of the interstitial
material between the microfibrils (Fig. 6, D and E).

The aromatic residues are largely ferulate and
diferulate esterified to GAX, which are extracted
completely by less than 0.5 M NaOH (Carpita 1986).
Additional aromatic substances remain tightly bound
and require much more concentrated NaOH to re-
move them. Scalbert et al. (1985) used NMR spectros-
copy to show that a wheat straw aromatic fraction
contains both ester- and ether-linked residues, with
the ether-linked residues more strongly bound to the
wall matrix. In maize coleoptiles, the content of aro-
matic substances is lowest during the highest rates of
growth, and the content increases markedly, as much
as 10-fold in some fractions, as growth wanes. Coin-
cident with this, Pro and Hyp, present in vanishingly
small amounts during growth, also increase as
growth stops (Carpita, 1986). Miisel et al. (1997) con-
firmed these findings in a study of 5-d-old coleop-
tiles, and showed further that, in addition to the
hydroxycinnamic acids, lignin-like substances (thio-
acidolysis positive) also constitute part of the aromatic
composition. These data indicate that the aromatic
residues and polysaccharides (GAX) form coextensive
matrices with the highly substituted, GAX-rich inter-
stitial matrix and the relatively unsubstituted GAX of
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the B-glucan and glucomannan-enriched microfibril
coatings. Based on observations of a marked inverse
relationship between either growth rate or auxin re-
sponsiveness and the accumulation of these sub-
stances in the maize coleoptile (Carpita, 1986), it is
doubtful that polysaccharide-polyphenol dynamics
play a major role in cell growth.

B-Glucan remains attached to the microfibrils even
after extensive removal of the matrix material by
chlorite/NaOH treatment (Table III). The residual
wall material has a cellulose-like IR spectrum with
characteristic features at 1,200, 1,160, 1,105, 1,056, and
1,039 cm ™! (Tsuboi, 1957; Liang and Marchessault,
1959; Fig. 5E). Digestion of the B-glucan remaining
after chlorite + NaOH extraction does not increase
the wall porosity further (Fig. 6E). Hence, we deduce
that about two-thirds of the B-glucans are tightly
packed around the microfibrils. Thus, the model of the
type Il wall (Carpita and Gibeaut, 1993), in which both
GAX and B-glucans are depicted as cross-linking gly-
cans binding to and bridging between microfibrils,
requires some revision. For this growth-specific stage
of coleoptile development, our data support a model
in which B-glucan, interlaced by GAX of low degree of
substitution and glucomannans, is tightly associated
with the microfibrils. GAX of higher degree of arabi-
nosyl substitution and some glucomannan constitutes
the major, pore-determining interstitial material be-
tween the microfibrils.

Differential Architectural Roles for 3-Glucan,
Glucomannan, and GAX in Growth of the Coleoptile

The B-glucans of graminaceous species are one of
the few developmental stage-specific polysaccharides
known (Carpita, 1996). Virtually absent from meris-
tematic cells, B-glucans begin to be synthesized at the
onset of cell elongation, reach a maximum abundance
during the most rapid phase of elongation, and are
then largely degraded once elongation begins to wane
(Kim et al., 2000). Because of this correlation, research
for several decades has focused on these polymers and
their direct involvement in wall extension (for review,
see Carpita, 1996). A long-held idea is that the
B-glucans, thought to have a role in cross-linking the
cellulose microfibrils, are cleaved by an endo-g-p-
glucanase, loosening the wall and allowing turgor-
driven cell expansion (Huber and Nevins, 1981). Two
observations support this hypothesis: exo- and endo-
B-D-glucanase polypeptides and activities appear in
cell walls during growth (Inouhe and Nevins, 1998),
and polyclonal antisera that bind to these enzymes
inhibit growth (Hoson et al., 1992). However, the
mechanism by which the antisera inhibit growth has
never been established satisfactorily, and the dis-
coveries in growing grass tissues of xyloglucan
endo-transglycosylase (Pritchard et al., 1993) and
B-expansins (Cosgrove et al., 1997) have reopened the
question of the necessity of B-glucan hydrolysis for
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wall loosening during growth. The appearance of the
exoglucanase in the wall is not correlated strictly with
growth but rather the turnover of the B-glucan that
occurs after growth has ceased (Kim et al., 2000). The
endo- and exo-glucanase-catalyzed turnover of
B-glucan may occur after the physical mechanism of
wall loosening required for expansion and may be
part of a sugar-recycling mechanism.

The ability to place B-glucans not only in a cell-
specific manner but also in an architectural framework
provides new information necessary to evaluate the
direct role of the polymer in cell growth. Kutschera
(1989) reviewed evidence that the epidermis controls
the rate of elongation, whereas the underlying meso-
phyll cells expand coordinately in a passive manner.
Hoson et al. (1992) demonstrate a slight lowering of
elongation rate in the presence of polyclonal antibod-
ies against B-glucan but only if they are permitted to
infiltrate the outer epidermis. Our immunocytochem-
ical detection of B-glucan shows that the polymer is
largely confined to the inner portions of the outward
facing epidermal wall (Fig. 3A), where wall tension is
calculated to be at a maximum (Richmond, 1983). The
gradient of B-glucan content across the epidermal wall
could arise either because the glucan is synthesized
and deposited to a greater extent at the inner wall at
this stage of development or because a gradual hydro-
lysis occurs from the outer wall inward. The B-glucan
content of the mesophyll cells is at least twice that of
the highest enrichment in the epidermis, and there is
no evidence of a gradient across the wall, although the
epitope is clearly absent from the middle lamellae and
cell corners. Regardless of relative abundance between
mesophyll cells and epidermal cells, the B-glucans of
the outer epidermal wall are localized where load-
bearing stresses are predicted to occur.

Our previous model of the type II walls of grasses
proposed a framework of cellulose microfibrils inter-
laced with GAX and B-glucan, which is then embed-
ded in a matrix of highly substituted GAX and some
pectins (Carpita and Gibeaut, 1993; Carpita, 1996). To
develop models to predict how and where expansins
and xyloglucan endo-transglycosylases might func-
tion in the wall, Cosgrove (1999), in his adaptation of
an earlier model proposed by Talbott and Ray (1992),
proposed a new model of wall architecture for the
type I wall. In this model, the cellulose microfibrils are
coated with a tightly associated matrix of glycans,
mainly xyloglucans, with which is associated a looser
matrix of xyloglucans and other matrix glycans that
interlaces adjacent xyloglucan-coated microfibrils and
a pectin “filler.” Our FESEM investigations lend sup-
port for a similar model for the type II wall of grasses
but with different components. A combination of chlo-
rite + NaOH removes most of the matrix material
between microfibrils (Fig. 6D), but no more than 30%
of the B-glucan (Table III). Digestion of B-glucan by
the specific endohydrolase alone does not alter the
matrix structure, and digestion subsequent to chlorite
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+ NaOH extraction does not alter the microfibril ap-
pearance or spacing (Fig. 6E). Although relatively low
in abundance compared to other non-cellulosic poly-
saccharides, glucomannans, and homogalacturonans
are the only polymers in greater abundance in the
epidermal cells compared to the mesophyll-enriched
cell walls (Table II), and glucomannan appears in
fractions tightly associated with cellulose as well as
those loosely associated with the matrix (Table III).
Hence, we deduce the structure of the grass type II
wall to consist of cellulose microfibrils with tightly
adherent B-glucans, low-substituted GAX and gluco-
mannans, and the microfibrils densely coated in
these polysaccharides are embedded in a matrix of
mostly highly substituted GAX and additional glu-
comannan and pectic substances. The molecular in-
teractions relevant to growth kinetics may be those
between the B-glucans and glucomannans coating
the microfibrils and the GAX-rich material in the
intervening spaces. Thus, it is the presence of
B-glucans coating the microfibrils that function in
wall dynamics during growth, not its hydrolysis.
Wall reconstitution experiments with defined com-
posites of cellulose and specific cross-linking matrix
polymers showed that expansin increased the rate of
strain of cellulose-xyloglucan composites, whereas
cellulose-glucomannan composites were unaffected
by such treatment (Whitney et al., 2000). Neverthe-
less, how several growth-relevant polysaccharides
interact to make an extensible matrix needs further
evaluation. Control of extension growth may require
two coordinated mechanisms of displacement to al-
low wall slippage—one to dissociate the surface-
associated polymers and one to affect rearrangement
of the matrix material as a whole.

MATERIALS AND METHODS
Plant Material

Maize (Zea mays) hybrid seeds obtained from Asgrow
Seeds (Kentland, IN), were soaked overnight in water bub-
bled with air at ambient temperature, sown in moist vermic-
ulite, and incubated in darkness at 30°C for an additional 60
to 64 h. The coleoptiles are about 3.5 cm long at this stage,
having just transited the midpoint of elongation. The epider-
mal layers were peeled with watchmaker’s forceps and
floated cuticle side up on deionized water. Any adhering
mesophyll tissue was excised with a pair of microscissors. In
some instances, the epidermal peels, and mesophyll cells
devoid of their outer epidermis, were also collected in abso-
lute ethanol for preparation of cell wall material by extrac-
tions described below. The tips and central portions of some
coleoptiles were fixed for low-temperature embedding.

Extraction Methods

For sequential extractions, the epidermal peels were
floated on the extraction media. Control peels were heated
to 65°C in deionized water for 1 h. Some of the epidermal
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peels and isolated mesophyll walls were processed immedi-
ately for FESEM or FTIR, whereas pectic substances were
extracted from the remainder by transfer to either 2 M imi-
dazole[HCl], pH 7 (for FESEM only), or 100 mm CDTA in 20
mm potassium phosphate, pH 7, for 1 h each at ambient
temperature. Depectinated peels and mesophyll walls were
washed with water, and some of the samples were trans-
ferred to either 0.34 M NaClO, in 65 mwM acetic acid for 1 h
at 65°C or directly to 0.1 M NaOH (containing 3 mg mL !
NaBH,) for 1 h at ambient temperature. Some of the chlorite-
treated peels and mesophyll walls were washed briefly with
water and transferred to 0.1 M NaOH + borohydride for 1 h.
Following sequential extractions by chlorite and NaOH,
peels and mesophyll walls were washed with water and 1
mL of 50 mm Na acetate, pH 5.5, added to slightly acidify the
suspension or floating solution, and then with additional
water to neutrality. Samples of control and chlorite and
NaOH-treated peels were incubated with a Bacillus subtilis
(1-3),(1—4)-B-p-glucan endo-4-glucohydroase (EC 3.2.1.73),
which specifically digests the mixed-linkage p-glucans
(Anderson and Stone, 1975), for 3 h at 37°C. The enzyme was
purified from a commercial preparation from Novo Banl20
(Novo Laboratories, Wilton, CT) by batch elution from
DEAE-cellulose and gel permeation chromatography on
Bio-Gel P-60 essentially as described by Kato and Nevins
(1984) and stored frozen at —20°C. The enzyme is now
commercially available from Biosupplies Australia Ltd.
(Parkville 3052, Australia). The peels were then washed with
several changes of deionized water. At least 30 peels repre-
senting each treatment were obtained for FTIR and biochem-
ical studies. For the biochemical studies, the soluble frac-
tions from the NaOH and chlorite + NaOH were collected,
acidified with glacial acetic acid, dialyzed extensively
against deionized water, and freeze dried.

The additional epidermal peels and isolated mesophyll
cells collected in absolute ethanol were heated to 65°C for
1 h, rinsed with water, and homogenized in a glass-glass
grinder (Kontes-Duall, Thomas Scientific, Swedesboro, NJ)
in 1% (w/v) SDS in 50 mm Tris[HCI], pH 7.2. The cell walls
from the homogenate were collected on a nylon mesh filter
to remove all cytosolic debris and starch grains (47-pum
pore size, Nitex, Briarcliff Manor, NY), and washed se-
quentially with water, methanol, and water. The walls
were suspended in deionized water and allowed to settle.
Aliquots of these wall preparations were then subjected to
the extractions and the B-glucan endohydrolase-digestion
scheme, as described for the floated peels. Cellulose was
determined independently as acetic-nitric acid-resistant
material (Updegraff, 1969), with micrograms of Glc equiv-
alent determined by a phenol-sulfuric assay (Dubois et al.,
1956).

Quantitation of Cell Wall Neutral Sugars, Pectic
Substances and Their Esters, and Specific
Polysaccharides

The esterified and unesterified uronic acid constituents
were reduced in paired reactions with NaBD, and NaBH,
to reveal the proportion of total esterified and unesterified
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uronic acid (Kim and Carpita, 1992, as modified by Carpita
and McCann, 1998). Uronic acids were assayed by a
carbazole-sulfamate assay (Filisetti-Cozzi and Carpita,
1991).

Portions of the walls and epidermal peels, and isolated
polymers derived from them, were hydrolyzed with 2 m
trifluoroacetic acid containing 1 wmol of myo-inositol for 90
min at 120°C. The trifluoroacetic acid was evaporated un-
der a stream of nitrogen, and the sugars were converted to
alditol acetates (Gibeaut and Carpita, 1991). The alditol
acetates were separated by gas-liquid chromatography on
an SP-2330 vitreous silica capillary column (0.25 mm X
30 m; Supelco, Bellefonte, PA). The oven temperature was
programmed from 170°C to 240°C at 5°C min ' with a
6-min hold at the upper temperature. The neutral sugar
composition was verified by electron-impact mass spec-
trometry (Carpita and Shea, 1989).

GAX, B-glucans, glucomannans, and pectic substances
were quantified by linkage analysis deduced from separa-
tion of partly methylated alditol acetates (Gibeaut and
Carpita, 1991) and determination of structure by electron-
impact mass spectrometry (Carpita and Shea, 1989). Esti-
mations of the amounts of each polymer per milligram of
cell wall were made from a combination of non-cellulosic
sugar analyses and quantitative linkage analyses based on
known linkages of grass polysaccharides (as described in
Carpita, 1984).

High-Performance Anion Exchange High-Performance
Liquid Chromatography

The mixed-linkage B-glucan content was quantified after
hydrolysis with the B-glucan endohydrolase into diagnos-
tic oligosaccharides, separation on a CarboPac-1 (Dionex,
Sunnyvale, CA) HPAEC, and detection by pulsed amper-
ometry (Buckeridge et al., 1999). Samples of 100 nL were
injected onto the column equilibrated in 200 mMm NaOH
with a flow rate of 1.0 mL min~'. The oligomers were
eluted in a 20-min linear gradient of sodium acetate from 0
to 80 mm followed by a 10-min linear gradient to 200 mM.
The signal was calibrated using cellobiosyl- and
cellotriosyl-(1—3) B-p-Glc oligomers hydrolyzed from
known amounts of authentic barley p-glucan.

FESEM

The epidermal peels were either air dried on a coverslip
or picked up with a piece of cellulose acetate paper, in-
verted onto the SEM stub, and frozen by plunging into
liquid nitrogen slush at —210°C. The SEM micrographs
were taken at 5 kV or below, using an XL30 FESEM (FEI
UK Ltd., Cambridge, UK) fitted with a CT1500HF cryo-
system (Gatan UK, Oxford), and recorded on FP4 120 roll
film (Ilford, Mobberley, UK). Samples were routinely
sputter-coated with 2 to 4 nm of platinum before imaging.

Transmission Electron Microscopy and
Immunocytochemistry

Tissue blocks of about 2 mm?® were taken from the tip
region and midsection of the 3.5-cm-long maize coleoptiles
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and fixed overnight in 2% (w/v) glutaraldehyde in 0.1 m
sodium cacodylate, pH 7.2, then low-temperature embed-
ded as described previously (Wells, 1985; Hills et al., 1987).
Thin sections (100 nm) were cut on an ultramicrotome
(Leica, Milton Keyes, UK) and picked up on carbon-coated
and plastic-filmed gold grids. Mixed-linkage B-glucans
were detected with a monoclonal antibody that recognizes
an authentic barley p-glucan (Meikle et al., 1994; available
from Biosupplies Australia, Melbourne, Australia), visual-
ized by a 10-nm colloidal gold-conjugated rabbit anti-
mouse secondary antibody (Sigma, Poole, UK). The block-
ing solution was 1% (w/v) acetylated bovine serum
albumen (Aurion, Wageningen, The Netherlands) in
phosphate-buffered saline plus 0.1% (w/v) Tween 20, and
incubation solution for washes was 0.1% acetylated bovine
serum albumen in phosphate-buffered saline plus 0.01%
(w/v) Tween 20. The number of gold particles per 250-um?>
area of wall was estimated by digital imaging after scan-
ning with an Epson QuickScan at 300 dpi, and the band
intensities were quantified with an IP Gel image analysis
program (Scanalytics, Vienna, VA) after contrast adjust-
ments to specifically select only the gold particles.

FTIR Microspectroscopy and Chemical Imaging

The epidermal peels were placed on 2-mm-thick X 13-
mm-diameter barium fluoride windows, and the materials
were air dried at 37°C for about 1 h. The windows were
supported on the stage of a UMAS500 microscope accessory
of a FTS175¢ FTIR spectrometer (Bio-Rad, Hemel Hemp-
stead, UK) equipped with a liquid nitrogen-cooled mercury
cadmium telluride detector. An area of wall (150 X 150 uwm)
was selected for spectral collection in transmission mode.
One hundred twenty-eight interferograms were collected
with 8 em™! resolution and co-added to improve the
signal-to-noise ratio for each sample. Three spectra were
collected from different areas of each epidermal peel and
then averaged and baseline corrected. The triplicate-
averaged spectra from a minimum of 20 to 60 epidermal
peels per treatment were then averaged and used for dig-
ital subtraction.

For chemical imaging, transverse sections were hand cut
from 3-d-old maize coleoptiles that were frozen in a cryo-
sectioning medium (Tissue-Tek, Agar, Stansted, UK). Sec-
tions about 50 um thick were picked up onto barium
fluoride windows. The sections adhering to the surface
were then washed extensively with water to remove all
traces of the sectioning medium. A small amount of the
sectioning medium was also streaked across a barium flu-
oride window as a control. An array of FTIR spectra was
acquired with an aperture size of 25 X 25 um with 8-cm ™!
resolution and with 128 co-added scans.
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