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The cell wall is an extracellular structure that encloses each

cell in land plants, algae, and fungi. It is more rigid, thicker,

and stronger than the extracellular matrix produced by

animal cells. Typical cell walls in land plants are composed

predominantly of polysaccharides, mainly cellulose

microfibrils, which are embedded in a matrix of pectin

and hemicellulose. Cellulose is synthesized by cellulose-

synthesizing complexes localized on the plasma membrane,

which spin out crystalline cellulose microfibrils. In contrast,

hemicelluloses and pectins are synthesized in Golgi bodies,

carried to the plasma membrane by vesicles, and secreted

into the cell wall, where hemicelluloses cross-link with cel-

lulose microfibrils and pectins fill the space in between to

form the three dimensional dynamic structure of the cell wall.

The plant cell wall plays important roles in controlling cell

differentiation. The thin wall of a young cell, called the

primary cell wall, contains many enzymes, including not

only glycosyl hydrolases, which simply disassemble cell

wall polysaccharides, but also cell-wall modifying enzymes

such as expansin, endoxyloglucan transferase/hydrolase, and

pectinmethyl esterase, which are implicated in the remodeling

of cell wall architecture, and are required for regulation of cell

elongation and differentiation. After cell elongation ceases,

the cell wall is generally thickened by formation of a second-

ary cell wall. Since cell walls connect cells to form tissues and

provide the tissues with mechanical strength, they determine

the growth and development of the entire plant body. Within

the secondary cell wall is deposited lignin, which is essential

in allowing land plants to strengthen vascular tissues. In

addition, the cell wall works as an external sensor in

defending against and responding to environmental stresses.

Cellulose is also the main component of algae and fungi

cell walls. Compared to land plants, the process of cell wall

formation can be more easily observed and analyzed in

these organisms. Unicellular algae demonstrate a variety of

shapes, which are determined by their primary cell walls

according to the specialized accumulation of cell wall

materials.

This chapter illustrates a variety of cell wall formations in

fungal, algal, and plant cells. M. Osumi presents the excreted

ribbon-like fibrillar network of glucan framing the cell

wall in a reverting protoplast of fission yeast, Schizosac-

charomyces pombe, by low-voltage scanning electron

microscopy. M. Yamamoto and S. Kawano show cell wall

formation during autosporulation in the green alga Chlorella

vulgaris, in which wall synthesis begins before successive

protoplast division, using fluorescent microscopy as well as

a rapid-freeze-fixation method and transmission electron

microscopy. M. Yamamoto et al. also demonstrate four

generations of cell walls in the green alga Marvania

geminata by fluorescent microscopy and field emission scan-

ning electron microscopy. S. Sekida and K. Okuda demon-

strate the formation of a complex armor-like covering called

the amphiesma, which is composed of a series of flattened

vesicles containing cellulose plates, in the dinoflagellate

Scrippsiella hexapraecingula using thin-section and freeze-

fracture methods and electron microscopy, as well as fluo-

rescent microscopy. T. Noguchi detects pectin in the primary

cell wall of developing daughter semi-cells of Micrasterias

by fluorescent microscopy. In addition, she shows cellulose-

synthesizing rosettes in the plasma membranes of secondary

cell walls forming Micrasterias and a Closterium zygote

using freeze-fracture methods and electron microscopy.

R. Yokoyama et al. demonstrate the immunological locali-

zation of two typical cell wall polysaccharides, pectin and b-

1,3/1,4 mixed linked glucan, individually in two

angiosperms, Arabidopsis thaliana and Oryza sativa, using
fluorescent and electron microscopy.

The cell wall encloses each cell while at the same time

enabling the transfer of solutes and signaling between cells

via plasmodesmata. Casparian strips are a chemically

modified region of the cell wall in the endodermis of vascu-

lar plant roots. The Casparian strip acts as a barrier that is

thought to be crucial for selective nutrient uptake and exclu-

sion of pathogens.

Y. Hayashi shows the distribution of plasmodesmata in

the cell wall of cotyledons by osmium tetraoxide-potassium

ferricyanide staining and electron microscopy. Y. Honma

and I. Karahara successfully show an isolated Casparian

strip from a pea root and its meshwork structure by fluores-

cent microscopy.
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Plate 7.1

Ribbon-like fibrillar network of glucan in
reverting Schizosaccharomyces pombe
protoplast

Yeast, a typical fungus, has been used as a model system for

various basic and applied fields of life science, medicine and

biotechnology. Yeast sub-cellular structure is fundamentally

the same as higher animal and plant cell structure. The cell

wall is the sole yeast structure which is not found in animal

cells. The cell wall is situated on the outer surface of the cell

and is important for maintaining the genetically determined

cell shape. The cell wall plays an important role in the

transportation of materials into and out of the cell. The cell

wall is the first line of defense of the host to a fungal

infection from the standpoint of pathology, and in chemo-

therapy it is a primary target of antifungal agents. Analysis

of the mechanisms of cell wall formation is therefore impor-

tant in both basic and applied biology [1].

The ultrastructual image of the yeast cell was first

described by Agar and Douglas in 1957 based on imaging

of thin sections fixed with potassium permanganate

(KMnO4). Chemical fixation and embedding techniques

present many problems in the preservation of membranous

structures within yeast cells. Direct osmium tetroxide

(OsO4)-fixation results in poor preservation for all structures

except protoplasts. Until the 1970s, only KMnO4 was known

to preserve yeast membrane architecture and show the mem-

brane lipid bilayer with high electron density. In early ultra-

structural studies of yeast, cells were fixed with KMnO4 and

embedded with methacrylate because OsO4 and epoxy resin

were found to not penetrate the thick cell walls. The first

phase of yeast ultrastructural studies were in the 1960s, and

organelles, especially mitochondria, were studied by single

fixation with KMnO4 or double fixation with GA-KMnO4. In

the 1970s GA-OsO4 fixation was generally used following

digestion of the cell wall by Zymolase (β-1, 3-glucanase).
This method allows us to study yeast cells with rigid cell

walls, which had been the principal obstacle to earlier phys-

iological and morphological studies. In the 1980s the rapid

freeze substitution technique was difficult to apply to yeast

cells, but was modified by application of the ‘sandwich

method.’ Although this technique is quite complicated, it

allowed study of yeast cell ultrastructure at the same resolu-

tion level as is possible for other biological specimens [1].

This image is a low voltage scanning electron microscope

(LVSEM) image of the ribbon-like fibrillar network of glu-

can framing the cell wall 5 h after it was regenerated from a

reverting protoplast in fission yeast, S. pombe. In approxi-

mately 7 h these cells will revert to the original cylindrical

rod shape covered by galactomannan. This is the first image

of a reverting protoplast photographed by LVSEM [2, 3].

Specimens were fixed with 2 % GA for 2 h, postfixed in

2 % OsO4 for 1 h or with 2 % ruthenium tetroxide for 7 min,

and prepared for SEM in the usual manner. Specimens were

slightly coated with a 2 nm layer of platinum-carbon at

2 � 107 Pa and 10 �C in a Balzers 500 K with an electron

gun and examined with the in-lens FESEM, Hitachi S-900,

at 1–3 kV [3, 4]. Scale bar: 1 μm
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Plate 7.2

Mother and daughter cell walls
during autosporulation in the green
alga Chlorella vulgaris

Chlorella propagates by autosporulation, which is the for-

mation of daughter cells with their own cell walls

enveloping their protoplast. The structural changes which

occur with growth of premature daughter cell walls during

the mother cell-division phases in C. vulgaris were exam-

ined using the cell wall-specific fluorescent dye Fluostain I

(A) and electron microscopy (B). Two clearly distinguish-

able stages of daughter cell wall synthesis are suggested by

fluorescence observations: moderate synthesis occurs during

the mother cell growth process and rapid synthesis occurs

during the mother cell division phase. Daughter cell wall

synthesis occurs over the cell surface in the early stage of the

mother cell growth process, as indicated by electron micros-

copy studies. The newly synthesized daughter cell wall

gradually becomes thick. After the successive second proto-

plast division, each daughter cell matured to a round shape.

During the process of autospore maturation, the daughter

cell wall (arrowhead) rapidly increased in thickness and

reached substantially the thickness of the mother cell wall

(double arrowhead) before hatching [5, 6].

For fluorescent microscopy of cell wall components with

Fluostain I, cultured cells were stained with 0.001 %

Fluostain I in PBS buffer. Stained samples were observed

under ultraviolet excitation of Fluostain I using a fluores-

cence microscope. Stained cells were imaged by a chilled

CCD camera system. For electron microscopy, cultured cells

were fixed using the rapid freeze fixation method, followed

by freeze substitution with 2.5 % glutaraldehyde in dry

acetone. Samples were subsequently transferred to 2 %

OsO4 in dry acetone at 40 �C for 4 h. Ultra-thin sections

were stained with 3 % uranyl acetate for 2 h at room temper-

ature, with lead citrate for 10 min at room temperature, and

finally examined with a transmission electron microscope at

100 kV. Scale bars: 5 μm (A), 500 nm (B). This figure is

adapted from [5, 6].
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Plate 7.3

Great-grandmother, grandmother,
mother, and daughter cell walls
during budding in the green alga
Marvania geminata

Marvania geminata propagates by budding. To examine

structural changes in cell wall structure during the

M. geminata cell cycle, we used Fluostain I, a cell wall-

specific fluorescent dye (A–C), and field emission scanning

electron microscopy (D). Cells in early growth phase were

spherical (A), and Fluostain I fluorescence was observed at

cell edges and in the upper and lower right-hand side of the

image. Cells expanded by budding from the position of

strong Fluostain I fluorescence to the right side of the

image (B). During protoplast division, a belt of Fluostain I

fluorescence was ascertained at the budding site (i.e., at the

plane of division), which was the position of strong fluores-

cence during the growth phase. Subsequently, the two

daughter cells separated (C) [7]. The daughter cell on the

left side of the image is covered by great-grand mother

(arrow), grandmother (triple arrowheads), mother (double

arrowheads) and daughter cell walls (arrowhead); the daugh-

ter cell on the right side is covered by mother (double

arrowheads) and daughter cell walls (arrowhead) (D).

The two daughter cells were substantially asymmetrical

from the stand of cell wall formation. Daughter cells entered

the next cell cycle still retaining the mother and grand-

mother cell wall, causing the uncovered site of the cell to

bud outward [8].

For fluorescence microscopy of cell wall components,

cultured cells were stained with 0.001 % Fluostain I in

PBS buffer. Stained samples were observed under ultraviolet

excitation of Fluostain I using a fluorescence microscope.

Samples were imaged with a chilled CCD camera system.

For field emission scanning electron microscopy, cells were

fixed with 2.5 % glutaraldehyde in 0.1 M phosphate buffer

(pH 7.4) for 2 h, washed three times (20 min � 3) and post-

fixed with 1 % OsO4 for 1 h at room temperature. To take

away the mucilage around theMarvania cell wall, cells were

treated with 5 % sodium hypochlorite for 10 min before

postfixation. Cells were next washed two to six times for

15 min in Milli-Q water (Millipore, Billerica). Specimens

were dehydrated with a graded ethanol series (30–100 %)

followed by isoamyl acetate (50 % in ethanol and 100 %),

and dried with a Hitachi critical point dryer (HCP-2;

Hitachin). Specimens were coated with osmium using a

Neoc osmium coater (Meiwafosis Co., Ltd), and imaged

using an S-5000 field emission scanning electron micro-

scope (Hitachi). Scale bars: 5 μm (C), 1 μm (D). This figure
is adapted from [7, 8].
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Plate 7.4

Formation of amphiesmal vesicles
and thecal plates in the dinoflagellate
Scrippsiella hexapraecingula

Scrippsiella hexapraecingula is an armored, peridinioid

dinoflagellate that has a simple, asexual life cycle in which

cultured cells alternate diurnally between motile and non-

motile forms. Motile cells transform into nonmotile cells

through ecdysis. During the nonmotile phase, one or two

daughter cells which develop new amphiesmal vesicles are

produced inside the pellicle [9]. A cross section of a nonmo-

tile cell fixed 6 h after ecdysis shows a thickened pellicle at

the outside of the plasma membrane (pm) and developing

amphiesmal vesicles (asterisks) with an outer amphiesmal

vesicle membrane (arrow) and an inner amphiesmal vesicle

membrane (double arrowheads) (A). Amphiesmal vesicles

are empty but arranged in the same pattern as the developing

thecal plates. Freeze-fracture images of nonmotile cells fixed

2 h (B) and 9 h (C) after ecdysis show the protoplasmic faces

of outer amphiesmal vesicle membranes (oam PF) and

exoplasmic faces of inner amphiesmal vesicle membranes

(iam EF) and the plasma membrane (pm EF). Early

amphiesmal vesicle-like patches developed within territories

enclosed by broken lines in a cell 2 h after ecdysis (B),

whereas adjacent almost complete amphiesmal vesicles

came in contact with each other to form sutures (arrowheads)

along the boundaries of territories in a cell 9 h after ecdysis

(C) (adapted from [9]). Thecal plates are produced in the

amphiesmal vesicles of motile cells [10], and therefore the

thecal plate pattern is determined at the time of development

of amphiesmal vesicles in nonmotile cells [11]. Motile cells

were fixed and stained 5, 10, 15 and 30min after they escaped

from pellicles of nonmotile cells and began to swim (D).

Incipient thecal plates appear first as groups of granular

materials (blue) which increase in number, such that thin

sheet-like thecal plates develop. Plate materials spread

continuously within amphiesmal vesicles, and finally indi-

vidual thecal plates become sufficiently close to each other

to be arranged in a pattern specific to this species.

For thin sectioning, nonmotile cells were fixed by a cold

block-freezing method. Freeze substitution with a 4:1 (v/v)

mixture of acetone and methanol containing 2 % OsO4 was

carried out at �80 �C for 30 h. The sample was warmed

gradually to room temperature, rinsed with ethanol, and

embedded in LR White resin. For freeze fracture, nonmotile

cells were frozen rapidly in nitrogen slush. Freeze fracture

and metal shadowing were performed with a Baltec BAF

060 apparatus (Baltec Inc.) at �106 �C and 1 � 10�6 mbar.

Specimens were shadowed unidirectionally at an angle of

60� with platinum-carbon and subsequently coated with

carbon to make replicas. For fluorescence microscopy,

motile cells were fixed with seawater containing 1.2 % glu-

taraldehyde and 0.4 % OsO4 at 4
�C for 10 min, rinsed with

seawater, and stained with seawater containing 0.1 %

Calcofluor White M2R (to stain thecal plate materials) and

1 μg/mL ethidium bromide (to stain nuclei). Samples

were imaged with an epifluorescence microscope using

ultraviolet excitation. Scale bars: 200 nm (A), 1 μm (B),

500 nm (C), 50 μm (D)
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Plate 7.5

The elaborate shape of Micrasterias
is formed by a primary cell wall
containing pectin

The unicellular green algae Micrasterias is composed of two

semi-cells joined at a deep median construction. Each semi-

cell has an elaborate outer shape composed of a number of

lobes. The nucleus lies in the central isthmus defined by

the median construction. After mitosis, the cell is divided

into two cells by a septum across the isthmus. Each daughter

cell begins to grow as a hemispherical bulge, which later

develops 3, 5, and then 9 lobes. The development of this

elaborate cell has attracted the attention of many cell

biologists as a model system for cell morphogenesis research.

The primary cell wall, which contains pectic substances,

begins to grow after septum formation (upper cell) and

continues until the daughter hemi-cell develops fully (lower

cell). The main components of the primary cell wall are

synthesized in Golgi bodies and carried by special vesicles

which have a dark electron dense core and large vesicles when

imaged by electron microscopy [12]. The primary wall is

decomposed after the formation of the cellulosic secondary

wall as shown by the weak fluorescence of the cell wall of

mother semi-cells, which has also been confirmed by electron

microscopy. Daughter cell shape is determined by the shape

of the developed primary wall, which is induced by preco-

cious differentiation of the wall at the sinus [13].

This figure is a fluorescent micrograph of growing

Micrasterias sp. immunolabeled with an antibody against

pectin purified from the green alga Botryococcus braunii.

Cells were fixed with 3 % paraformmaldehyde, rinsed,

treated with a monoclonal anti-pectin antibody, then treated

with FITC-labeled anti-mouse IgG. Scale bar: 10 μm.
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Plate 7.6

Cellulose-synthesizing rosettes
in the green algae Micrasterias
and Closterium

The secondary cell wall of Micraterias is composed of

cellulose microfibrils arranged in a parallel orientation that

form layers of crossed microfibrils (right region in (A)

adapted from [14]). The synthesis of the cellulosic secondary

cell wall starts 6 h after daughter semi-cells are well

developed (B, yellow; cellulosic secondary cell wall, red;

chloroplast).

Freeze fracture electron microscopy allows visualization

of the membrane interior, in which the fracture plane often

passes through the hydrophobic interior of membrane lipid

bilayers. In fully grown daughter semi-cells, the P-fracture

face of the plasma membrane is composed of a hexagonal

array of cellulose-synthesizing rosettes consisting of six

particles (cellulose-synthases) (C), which is never seen in

the plasma membrane of non-growing cells (A) nor in those

of mother semi-cells [14]. These cellulose-synthases are

believed to be carried by special vesicles (flat vesicle) pro-

duced by Golgi bodies during the cellulose synthesis period.

Hexagonal particle arrays and microfibril bands extended

from these arrays are visible when cells are cultured in dis-

tilled water before freezing (D adapted from [15]). Cellulose-

synthesizing rosettes were discovered in Micrasterias [16].

The figures show transmission electron micrographs of

freeze fracture replicas of Micrasterias crux-melitensis, a
zygote accumulating cellulose wall layers of Closterium

reinhardii, and a fluorescence micrograph of growing

M. crux-melitensis stained with calcofuor.

For freeze fracture, living cells mounted on supporting

copper disks were frozen in liquid propane. Fracturing and

shadowing were carried out at �112 �C. Cleansed replicas

were imaged with an electron microscope at 100 kV. For

fluorescence microscopy, cells were stained with 0.02 %

calcofuor. Scale bars: 250 nm (A, C, D), 100 μm (B).
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Plate 7.7

Localization of typical cell wall
polysaccharides pectin and b-1,3/1,4
mixed linkage glucan in Arabidopsis
thaliana and Oryza sativa

The structural and chemical nature of plant cell walls

diversified extensively during the terrestrial invasion of

plants in the Devonian period. The cell walls of land plants

are characterized by two distinct layers of cell walls: the

primary cell wall and the secondary cell wall, The former is

ubiquitously found in all land plants, whereas the latter is

found exclusively in vascular plants and is deposited onto

the primary cell wall in specific tissue types, namely vascu-

lar tissues, after cell expansion has ceased.

The chemical nature of the primary cell wall has

diversified among angiosperms. Although pectin and

xyloglucans are abundant in the cell walls of eudicoty-

ledonous plants, such as Arabidopsis thaliana (L.) Heynh

[17], they are less abundant in the cell walls of Poales

species, such as rice (Oryza sativa L.). Rice cell walls

contain higher levels of β-1,3/1,4 mixed linkage glucans

(MLG) and arabinoxylans than xyloglucans and pectin.

Pectin in the A. thaliana inflorescence stem (A) and MLG

in O. sativa leaf blades (B) are shown by immunofluores-

cence. Green fluorescence indicates the presence of pectin or

MLG. Similarly, pectin in cortical cells of the A. thaliana

inflorescence stem (C) and MLG in O. sativa collenchyma

cells of the leaf blade of (D) are shown by electron micros-

copy. Black (electron dense) particles indicate the presence

of pectin or MLG within the cell wall.

For immunofluorescence analysis, stems or leaf blades

were cross-sectioned using a vibratome at a thickness of

70 μm and fixed with 4 % paraformaldehyde in 20 mM

sodium cacodylate buffer, pH 7.4, followed by probing

with JIM5 monoclonal antibody for pectin or anti-MLG

monoclonal antibody. JIM5 antibody specifically binds to a

sparsely methylated or unesterified homogalacturonan

domain of pectin, while the MLG antibody recognizes linear

(1,3/1,4)-β-oligosaccharide segments in MLG. To enable

highly sensitive immunodetection, the tyramide signal

amplification method was used. For immunogold labeling,

segments of stems or the leaf blades were fixed for 1 h in

0.1 M phosphate buffer, pH 7.2, containing 4 % paraformal-

dehyde and 0.05 % glutaraldehyde, then embedded in LR

White resin (Sigma) and polymerized by heat. Fixed

samples were subjected to ultra-thin sectioning followed by

immuno-gold labeling with the appropriate monoclonal anti-

body for pectin or MLG.

Cor, cortex; Ph, phloem; If, interfascicular fiber; Ep,

epidermal cell; Pa, parenchyma; Col, collenchyma. Scale

bars: 100 μm (A), 30 μm (B), 5 μm (C), 1 μm (D).
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Plate 7.8

Plasmodesmata directly connect
the cytoplasm of neighboring plant cells

Plant cells are surrounded by cell walls. Together, a pair of

cell walls and the intervening lamella form an extracellular

domain which separates neighbouring cells. Plasmodesmata

penetrate both the primary and secondary cell walls,

allowing transport of molecules between adjacent cells by

symplast. Plasmodesmata also play important roles in cellu-

lar communication.

Membranes were stained by the osmium tetraoxide-

potassium ferricyanide method (A). Plasmodesmata are

tubular connections, 50–60 nm in diameter at the midpoint

between adjacent cells [18]. The plasma membrane is con-

tinuous from one cell to the next cell at plasmodesmata.

Plasmodesmata contain a desmotubule, which is a narrow

tube-like structure (arrow heads) and is continuous with the

smooth endoplasmic reticulum (ER) in the connected cells

(A). A vertical cell wall section is imaged in samples

prepared by high-pressure freezing and freeze substitution

(B). Cortical microtubules can be clearly seen under the

plasma membrane (arrows). The desmotubule does not fill

the plasmodesma completely (B). The cytoplasmic sleeve

exists between the plasma membrane and the desmotubule

(arrow heads). Trafficking of molecules and ions through

plasmodesmata occurs through this sleeve. Smaller

molecules and ions can easily pass through plasmodesmata

by diffusion without requiring additional chemical energy.

Larger molecules, including proteins and RNA, can also

pass through the cytoplasmic sleeve. It is known that in

some cases molecule size restrictions can be overcome,

though the mechanism of these transport systems is not yet

understood. Special proteins and some viruses are able to

increase the diameter of the channels enough for unusually

large molecules to pass through [19]. A typical plant cell

may have 103 to105 plasmodesmata connecting to adjacent

cells, which equates to 1 to 10 plasmodesmata per μm2.

There are two forms of plasmodesmata: primary

plasmodesmata, which form during cell division when

parental endoplasmic reticulum are trapped in the new cell

wall [20], and secondary plasmodesmata, which form

between mature cells. Members of the Charophyceae,

Charales, Coleochaetales and Phaeophyceae algal families,

as well as all embryphyte land plants, have plasmodesmata.

To stain ER and desmotubule, 5-day-old cotyledons were

fixed in cacodylate buffer (Ph 7.4) containing 4 % parafor-

maldehyde, 1 % glutaraldehyde, and 0.1 M CaCl2 for 3 h at

4 �C, washed with 0.1 M cacodylate buffer for 1.5 h,

postfixed with 2 % OsO4 plus 0.8 % K3Fe(CN)6 and

1 μMCaCl2 in 0.1 M cacodylate buffer for 2 h at room

temperature, and serially dehydrated in ethanol. To visualize

desmotubules in the cell wall, cotyledons were frozen with a

high-pressure freezer, then dehydrated for 2 days at �85 �C
in acetone containing 3 % (w/v) osmium tetraoxide. Samples

were embedded in Spurr resin, ultrathin sectioned, stained

with uranium and lead, and imaged with an electron micro-

scope. Scale bars: 1 μm.
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Plate 7.9

Meshwork structure of the Casparian strip

The Casparian strip is the barrier to apoplastic transport

located in the radial walls of endodermal cells in roots and

shoots of vascular plants. The Casparian strip is formed by

individual endodermal cells, but must be continuous to func-

tion. The Casparian strip encircles each endodermal cell and

is in fact continuous throughout the entire endodermal tis-

sue. There is morphological evidence that, prior to lignifica-

tion, positional information in the radial wall of endodermal

cells defines the future site of strip formation.

This figure shows the meshwork structure of the

Casparian strip. The main panel shows the hypocotyl of a

7 days old Arabidopsis seedling (Arabidopsis thaliana (L.)

Heynh., Col-0) grown in the light (A). The Casparian strip

and xylem vessels emit autofluorescence under UV light

because they are impregnated with lignin (A). Three dimen-

sional models of the Casparian strip in a hypocotyl display

the tissue organization of a hypocotyl (B), the endodermis

and xylem vessels (C), and the Casparian strip and xylem

vessels (D). A Casparian strip isolated from a pea root

(Pisum sativum L. cv. Alaska) observed under a fluorescence

microscope is also shown (E adapted from [21]).

Isolation of the Casparian strip was performed as follows.

Pea roots were split in half and incubated with a solution of

cell wall digesting enzymes. Vascular tissues were removed

from split roots and endodermal layers were picked up

with forceps. Cells attached to isolated endodermal layers

were removed and washed. Isolated endodermal layers were

agitated on a Vortex mixer to remove any cytoplasm

attached to the Casparian strips. Arabidopsis hypocotyls

were fixed in FAA (3.7 % formaldehyde, 5 % acetic acid,

and 50 % ethanol) and cleared in 10 % (w/v) KOH (105 �C,
1 min) (A–D adapted from [22]). Cleared hypocotyls were

mounted on a glass slide and observed with a fluorescent

microscope (BX-FLA; Olympus) equipped with a filter

assembly for excitation by ultraviolet (UV) light (U-MWU:

excitation filter, BP330-385; dichroic mirror, DM-400).

Scale bar: 50 μm (A).
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