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† Background and Aims The morphogenesis of lobed mesophyll cells (MCs) is highly controlled and coupled with
intercellular space formation. Cortical microtubule rings define the number and the position of MC isthmi. This work
investigated early events of MC morphogenesis, especially the mechanism defining the position of contacts between
MCs. The distributions of plasmodesmata, the hemicelluloses callose and (1 � 3,1 � 4)-b-D-glucans (MLGs) and
the pectin epitopes recognized by the 2F4, JIM5, JIM7 and LM6 antibodies were studied in the cell walls of Zea mays
MCs.
† Methods Matrix cell wall polysaccharides were immunolocalized in hand-made sections and in sections of material
embedded in LR White resin. Callose was also localized using aniline blue in hand-made sections. Plasmodesmata
distribution was examined by transmission electron microscopy.
† Results Before reorganization of the dispersed cortical microtubules into microtubule rings, particular bands of the
longitudinal MC walls, where the MC contacts will form, locally differentiate by selective (1) deposition of callose
and the pectin epitopes recognized by the 2F4, LM6, JIM5 and JIM7 antibodies, (2) degradation of MLGs and
(3) formation of secondary plasmodesmata clusterings. This cell wall matrix differentiation persists in cell contacts
of mature MCs. Simultaneously, the wall bands between those of future cell contacts differentiate with (1) deposition
of local cell wall thickenings including cellulose microfibrils, (2) preferential presence of MLGs, (3) absence of
callose and (4) transient presence of the pectins identified by the JIM5 and JIM7 antibodies. The wall areas
between cell contacts expand determinately to form the cell isthmi and the cell lobes.
† Conclusions The morphogenesis of lobed MCs is characterized by the early patterned differentiation of two distinct
cell wall subdomains, defining the sites of the future MC contacts and of the future MC isthmi respectively. This
patterned cell wall differentiation precedes cortical microtubule reorganization and may define microtubule ring
disposition.

Key words: Callose, cell contacts, microtubules, mixed-linkage glucans, lobed cell morphogenesis,
pectin epitopes, Zea mays.

INTRODUCTION

Morphogenesis of the lobed mesophyll cells (MCs) is an import-
ant phenomenon because it is highly controlled and results in
intercellular space formation (Panteris and Galatis, 2005). The
labyrinth of intercellular spaces in mesophyll is crucial for leaf
function, since it enables photosynthesis, transpiration and
respiration (Mauseth, 1988, 1998). In MC morphogenesis, the
cortical microtubules play a key role. At the onset of MC
shaping, they are re-arrayed into cortical microtubule rings
arranged transverse to the longitudinal cell axis. Their assembly
is followed by deposition of cellulose microfibril rings in the
adjacent cell wall regions, which become locally thickened.
This differentiation enables definite regions of the longitudinal
cell walls to follow a strictly controlled pattern of growth. The
cell wall areas reinforced by the cellulose microfibril rings are
unable to grow in diameter, thus becoming cell isthmi, while
the intervening cell wall areas expand significantly and form
cell lobes. As a result, the cell wall areas reinforced by the cellu-
lose microfibril rings start to detach from each other, initiating
schizogenous intercellular spaces (Jung and Wernicke, 1990,
1991; Apostolakos et al., 1991; Wernicke and Jung, 1992;

Panteris et al., 1993a; Panteris and Galatis, 2005). The mechan-
ism described above functions during morphogenesis in differ-
ent types of lobed cells, even in the most asymmetrical ones
(Galatis, 1988; Wernicke et al., 1993; Panteris et al., 1993a, b;
Panteris and Galatis, 2005).

This work attempts to examine in MCs of the poaceous Zea
mays (1) whether the pattern of microtubule reorganization is pre-
ceded by another pattern that could define or affect the pattern of
microtubule ring disposition, and (2) the mechanism that defines
the cell wall regions that will become MC contacts. At the sites
of MC contacts of Zea mays, the plasmodesmata occur in clusters.
They are of primary importance for MC function because they
mediate the transfer of photosynthetic assimilates towards the
sheath of the vascular bundles (Evert et al., 1977).

The local differentiation of cell wall matrix polysaccharides is
related to (1) the establishment and maintenance of the cell con-
tacts and (2) the cell wall detachment (Knox, 1992; Jarvis et al.,
2003; Ordaz-Ortiz et al., 2009; Lee et al., 2011). Among other
pectins, de-esterified homogalacturonans (HGAs) linked
through xyloglucans contribute to the maintenance of cell adhe-
sion (Willats et al., 2001; Ordaz-Ortiz et al., 2009), while the par-
tially methyl-esterified HGAs and some hemicellulose epitopes
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seem to facilitate cell wall detachment (Orfila et al., 2001;
Willats et al., 2001, 2004; Ordaz-Ortiz et al., 2009).

In accordance with the above, the following phenomena were
investigated in differentiating MCs of Zea mays: (1) plasmodes-
mata distribution along cell walls, particularly the longitudinal
ones, and (2) the chemical differentiation of the MC cell wall
matrix, especially in the cell wall areas resisting splitting
during intercellular space formation, where cell contacts will
form. The latter phenomenon was approached by examination
of the distribution in MC walls of the hemicelluloses callose
and (1 � 3,1 � 4)-b-D-glucans (MLGs) and of the pectins car-
rying the epitopes detected by 2F4, JIM5, JIM7 and LM6 anti-
bodies, at different stages of MC development.

MATERIALS AND METHODS

Plant material

This study was carried out in leaves of Zea mays ‘Aris’. Seedlings
were grown in small beakers on filter paper soaked with distilled
water for 3–7 days in darkness at 25+ 1 8C or in room condi-
tions for 20 d. Zea mays caryopses were kindly provided by the
National Agricultural Research Foundation, Cereal Institute,
Thessaloniki, Greece.

Microtubule immunolocalization

Zea mays paradermal leaf sections were initially fixed in paraf-
ormaldehyde (8 % w/v) in PME buffer (50 mM 1,4-piperazine-
diethanesulfonic acid, 5 mM MgSO4, 5 mM ethylene glycol
tetraacetic acid, pH 6.8) for 45 min at room temperature. After
thorough washing with PME, the material underwent mild
cell wall digestion with 1 % (w/v) cellulase (Onozuka Yakult,
Honsha, Tokyo, Japan), 1 % (w/v) Macerozyme R-10 (Onozuka
Yakult, Honsha, Tokyo, Japan), 1 % (v/v) glucuronidase
(Sigma) and 2 % (w/v) driselase (Sigma) in PME, pH 5.6, for
15 min. Following rinsing with PME, the material was treated
for 20 min with 0.5 % (v/v) Triton X-100 and 2 % (v/v) dimethyl
sulfoxide (DMSO) in phosphate-buffered saline (PBS), pH 7.4.
The samples were washed with PBS containing 1 % (w/v)
bovine serum albumin (BSA), followed by overnight incubation
at room temperature with rat monoclonal anti-a-tubulin antibody
clone YOL 1/34 (Serotec, Oxford, UK) diluted 1 : 40 in PBS con-
taining 1 % (w/v) BSA. After rinsing with PBS containing 1 %
(w/v) BSA, the samples were incubated with fluorescein isothio-
cyanate (FITC)-conjugated anti-rat immunoglobulin G (IgG)
(Sigma) diluted 1 : 40 in PBS containing 1 % (w/v) BSA, for
2 h at 37 8C. Following washing with PBS, the DNA was
stained for 5 min with 10 mg ml21 Hoechst 33258 (Sigma) in
PBS and the samples were mounted with an anti-fade solution
[2.4 mg p-phenylenediamine (Sigma) diluted in 1.5 ml of a solu-
tion containing 2 : 1 glycerol : PBS].

Endoplasmic reticulum immunolocalization

For endoplasmic reticulum (ER) immunostaining, the micro-
tubule labelling protocol was applied with the addition of the fol-
lowing antibodies: 2E7 [(Santa Cruz Biotechnology; HDEL
(2E7): sc-53472)] as first antibody and FITC-conjugated anti-
mouse IgG (Sigma) as second antibody (for details see
Giannoutsou et al., 2011).

Callose localization

Callose in living Z. mays mesophyll was localized in hand-
made leaf sections stained with 0.05 % (w/v) aniline blue
(Sigma, C.I. 42725) in 0.07 M K2HPO4 buffer, pH 8.5 (O’Brien
and McCully, 1981).

For callose immunolocalization in semi-thin sections, small
pieces of leaf were fixed in 2 % (w/v) paraformaldehyde and
0.1 % (v/v) glutaraldehyde in PME at 4 8C for 1.5 h. The speci-
mens were washed in the same buffer and dehydrated in a graded
ethanol series (10–90 %) diluted in distilled water and three
times in absolute ethanol, each step lasting 30 min, at 0 8C.
The material was post-fixed with 0.25 % (w/v) osmium tetroxide
added to the 30 % ethanol step for 2 h. The material was infil-
trated with LR White (LRW) (Sigma) acrylic resin diluted in
ethanol in 10 % steps to 100 % (1 h in each) at 4 8C and with
pure resin overnight. The samples were embedded in gelatin cap-
sules filled with LRW resin and polymerized at 60 8C for 48 h.

Semi-thin sections of material embedded in LRW resin were
transferred to glass slides and blocked with 5 % (w/v) BSA in PBS
for 5 h. After washing with PBS, anti-(1 � 3)-b-D-glucan antibody
(Biosupplies Australia, Parkville, Australia) diluted 1 : 40 in PBS
containing 2 % (w/v) BSA was applied overnight at room tempera-
ture. Following rinsing with PBS and blocking again with 2 % (w/v)
BSA in PBS, the sections were incubated for 1 h at 37 8C in FITC
anti-mouse IgG (Sigma) diluted 1 : 40 in PBS containing 2 %
(w/v) BSA. After rinsing with PBS, the sections were mounted
using an anti-fade medium containing p-phenylenediamine.

Callose immunolocalization was also carried out in hand-
made leaf sections. The sections were fixed in 8 % (w/v) parafor-
maldehyde in PME for 45 min at room temperature, washed three
times for 15 min with PME and treated with 1 % (w/v) cellulase
in PME, pH 5.6, for 60 min. After washing with PME, the sec-
tions were extracted with 0.5 % (v/v) Triton X-100 and 2 %
(v/v) DMSO in PBS for 20 min and transferred to PBS containing
2 % (w/v) BSA for 1 h. The sections were incubated with
anti-callose antibody overnight and rinsed with PBS three
times, each for 15 min. They were transferred to PBS containing
2 % (w/v) BSA and incubated in FITC IgG as described above,
washed with PBS and covered with anti-fade solution.

Callose immunogold localization was carried out in thin sec-
tions of material embedded in LRW resin mounted on gold grids.
They were treated with PBS for 30 min, blocked with 5 % (w/v)
BSA in PBS for 3–5 h, incubated with anti-callose antibody for
2.5 h at 37 8C and finally incubated with 10 nm monodisperse
colloidal gold-conjugated anti-mouse IgG (Sigma) overnight.
Anti-(1 � 3)-b-D-glucan antibody and gold-conjugated IgG
were diluted 1 : 40 and 1 : 10 in blocking buffer respectively.
The sections were counterstained with 2 % (w/v) aqueous
uranyl acetate for 20 min.

MLG localization

For immunolocalization of these mixed-linkage glucans, an
antibody recognizing linear (1 � 3,1 � 4)-b-oligosaccharide
segments (Biosupplies Australia) was used, following the proto-
col described for callose immunolocalization.

Homogalacturonan localization

HGAs are composed of 1,4-linked a-D-galactosyluronic acid
(GalA) residues (Fry, 2011). Some of their carboxyl groups are
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methyl-esterified. HGAs with a low degree of methyl esterifica-
tion readily form ordered structures (gels) in the presence of
calcium ions (Fry, 1990; Michelli, 2001). JIM5 and JIM7 mono-
clonal antibodies recognize different patterns of methyl esterifi-
cation on HGAs; the JIM5-HGA epitope contains few or no
methyl esters, whereas the JIM7-HGA epitope is more heavily
methyl-esterified (Knox et al., 1990). The 2F4 monoclonal anti-
body recognizes non-esterified HGAs that are cross-linked by
calcium (Liners et al., 1989; Douchiche et al., 2010; Eder and
Lütz-Meindl, 2010).

For immunolabelling of the above HGA epitopes in fixed free-
hand and semi-thin leaf sections, the labelling protocol described
above for callose localization was used by adding JIM5, JIM7
and 2F4 (PlantProbes, Leeds, UK) as primary antibodies and
FITC-conjugated anti-rat IgG (Sigma) as second antibody in
all cases. All antibodies were diluted in PBS that contained
2 % (w/v) BSA, except for 2F4 and its second antibody, which
were diluted in T/Ca/S buffer (Tris–HCl 20 mM, pH 8.2, CaCl2
0.5 mM, NaCl 150 mM).

Rhamnogalacturonan localization

The rhamnogalacturonans (RGAs) are a family of closely
related polysaccharides containing branched and linear a-L-Araf
andb-D-Galp residues (Ridley et al., 2001; Fry, 2011). LM6 anti-
body (Plant Probes) recognizes 1,5-linked a-arabinans and can
bind more readily to highly branched arabinans (Willats et al.,
1998).

Immunolabelling of the LM6-RGA epitope was performed on
fixed freehand and semi-thin leaf sections, using the labelling
protocol previously described for callose localization, adding
LM6 as primary antibody and FITC-conjugated anti-rat IgG
(Sigma) as second antibody (Douchiche et al., 2010; Eder and
Lütz-Meindl, 2010).

Transmission electron microscopy and light microscopy

Small pieces of Z. mays leaves were fixed in glutaraldehyde,
post-fixed in osmium tetroxide, dehydrated in an acetone series
and embedded in either Durcupan ACM (Fluka) or Spurr’s
mixture (Serva, Heidelberg, Germany). Thin sections were
stained with uranyl acetate and lead citrate. Semi-thin sections
were stained with 0.5 % (w/v) toluidine blue in 1 % (w/v)
borax solution.

Observation and photography

Semi-thin and hand-made sections were examined with a
Zeiss Axioplan microscope equipped with a UV source, a differ-
ential interference contrast (DIC) optical system, the proper
filters and a Zeiss Axiocam MRc5 digital camera. Aniline blue-
stained sections were examined using a filter set provided with a
365 nm exciter solid glass filter and a 420 nm barrier longwave
pass band filter, and immunolabelled sections were examined
with a filter set provided with a 450–490 nm exciter pass band
filter and a 515–565 nm barrier pass band filter. All samples
were checked for UV autofluorescence using the above filters.
Both transmission electron microscopy (TEM) and immuno-
TEM specimens were examined with a Philips 300 transmission
electron microscope.

RESULTS

General remarks

In sections vertical to the long leaf axis (transverse sections),
most of the photosynthetic MCs of Z. mays are radially arranged
around the sheath of vascular bundles (Evert et al., 1977; see also
Supplementary Data Fig. S1). Depending on their position in the
mesophyll, they exhibit significant differences in shape, size and
number of lobes. A single layer of MCs, appearing as palisade-
like in transverse leaf sections, is intercalated between epidermis
and bundle sheath cells on both leaf surfaces (Metcalfe, 1960; see
also Supplementary Data Fig. S1). In sections parallel to the leaf
surface (paradermal sections), they appeared very elongated,
were arranged with their longer axis parallel to the leaf axis
and usually displayed up to six lobes (Fig. 1A). MC isthmi, ver-
tical to the leaf axis, formed at the cell walls that were parallel to
the leaf axis (longitudinal cell walls) (Fig. 1A). TheMCslateral to
the vascular bundles were shorter and wider than the palisade-like
MCs. They showed deep isthmi and often exhibited cell branches
contacting one or more bundle sheath cells along relatively large
cell wall areas (Fig. 1B). In leaf areas where the vascular
bundles laid close to one another, one layer of MCs intervened
between bundle sheaths (Fig. 1C). These MCs formed one or
two isthmi transverse to thevascularbundleaxisandexceptionally
one isthmus parallel to it (Fig. 1C).

MC initials

The MCs are generated in an acropetal fashion by a meristem-
atic zone localized at the base of the leaf (Mauseth, 1988).
Considering the differences in shape and size characterizing
the MCs, it seems likely that different MC initials give rise to dif-
ferent MC types. Before differentiation commenced, the MC
initials underwent some division(s), during which cell walls
aligned transversely to the long leaf axis (transverse cell walls)
were laid down (Fig. 2A). Then, MC initials grew in size parallel
to the leaf axis, a process resulting in substantial elongation of
the longitudinal cell walls (Fig. 2B; cf. Fig. 2A). These walls
appeared relatively thin and are interrupted by few, usually
single, plasmodesmata (Fig. 2I). In addition, the longitudinal MC
walls were lined by symmetrically distributed cortical microtu-
bules (Fig. 2J1). At this stage, intercellular spaces were generated
at the sites of junction of three or more MC initials (Fig. 2B
inset, C), which became intercellular canals along MC edges (see
also Panteris et al., 1993a).

After aniline blue staining and callose immunolabelling, fluor-
escent callose spots were found along the whole surface of the
longitudinal and transverse MC walls (Figs 2C and 3A1, A2).
Callose was also deposited in the walls delimiting the intercellular
spaces at the junctions of the MC initials (Fig. 2C).

MLGs were found along the whole surface of the longitudinal
and transverse walls of the MC initials (Figs 2D and 3A1, A2).
The 2F4-HGA epitope was also localized along the whole
surface of the walls of these cells (Fig. 3A3, A4). The longitudinal
walls labelled with this antibody emitted a poor fluorescence
signal, while the transverse ones emitted a more intense
signal (Fig. 2E). The walls outlining the intercellular canals also
fluoresced.

The JIM5-HGA epitope was mainly localized in the cell wall
regions delimiting the intercellular spaces generated at the
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junctions of the MC initials (Figs 2F and 3A5, A6). Intense fluor-
escence signal was also emitted by the areas where the transverse
walls met the longitudinal walls (Figs 2F and 3A6). The
JIM7-HGA epitope had limited participation in the cell wall
matrix of the MC initials. In contrast, the junctions of cell walls
delimiting the intercellular spaces among the MC initials
emitted an intense fluorescent signal (Fig. 2G). In the triangular
intercellular space illustrated in the inset in Fig. 2G, the signal
was emitted by two of the cell wall junctions but not by the
third, where the cell wall detachment continued. The LM6-RGA
epitope marked the walls delimiting the intercellular spaces
formed at the MC junctions only (Fig. 2H).

Nascent and young MCs

The first structural signs of MC differentiation were mani-
fested in the cell walls of nascent MCs. Aniline blue staining
and callose immunolabelling revealed that callose disappeared
from most cell walls regions (Fig. 4A, B; cf. Fig. 2C). However,
thispolysaccharidewas found indefinite regionsof the longitudin-
al cell walls, forming two to five callose patches in each wall,
2–3 mm in width (Figs 3B1, B2 and 4A, B). The cell walls of
nascent and differentiating MCs that were not stained with
aniline blue or immunolabelled for callose did not emit any fluor-
escence when they were observed with an epifluorescence micro-
scope under the filters used for callose localization after aniline
blue staining, as well as after immunodetection (Supplementary
Data Fig. S2). Therefore, the callose patches do not represent
cell wall autofluorescence, but real callose depositions.

The callose patches were arranged at regular distances from
each other and were usually localized in the same planes on
the two opposite longitudinal MC cell walls (Figs 3B1, B2 and
4B, E). In young MCs, the distance between two successive
callose patches varied from 4.16+ 0.24 to 4.68+ 0.07 mm
(Table 1). The periclinal longitudinal MC walls showed accumu-
lations of distinct callose spots on the same planes as those of the

anticlinal longitudinal ones displaying callose patches (Fig. 4C,
D; see also Supplementary Data Video), a finding confirmed in
transverse leaf sections. Thus, in space, the callose patches
appeared in parallel cell wall bands 2–3 mm in width, trans-
versely aligned to the longitudinal MC axis (Fig. 4C, D; see
also Supplementary Data Video).

The number of cell wall bands impregnated with callose was
proportional to MC length (Table 2). In MCs up to 13 mm in
length, two cell wall bands impregnated with callose were
detected. Those varying in length between 13 and 18 mm exhib-
ited three callose-enriched cell wall bands, while those exceed-
ing 19 mm in length exhibited four callose-enriched cell wall
bands. Between neighbouring MCs the callose patches were
mostly oppositely arranged (Figs 3B1, B2 and 4E; see also
Supplementary Data Video), an observation suggesting the
co-differentiation of laterally adjacent MCs. In many nascent
MCs, callose patches were initially established in one of the lon-
gitudinal cell walls (Fig. 4A). The callose patches seemed to
appear first in the palisade-like MCs.

Examination of many nascent MCs by TEM revealed a shift in
plasmodesmata distribution along the longitudinal cell walls
from the dispersed type to the clustered type. At definite
regions of these cell walls and close to pre-existing plasmodes-
mata, secondary plasmodesmata were generated, forming
plasmodesmata clusterings (PCs; Fig. 5A, B; see also Fig. 2J2).
The cell wall regions, where PCs were initiated, appeared
swollen and displayed electron-transparent materials
(Fig. 5A–C). In the adjacent cortical cytoplasm, ER elements
as well as dictyosome vesicles were found, while the adjacent
plasmalemma regions were convoluted (Fig. 5B, C).

During PC establishment, microtubules were scattered along
the whole length of the longitudinal cell walls (Fig. 2J2).
Often, microtubules lined the cell wall regions where PCs devel-
oped (Figs 2J2 and 5C). After immunogold callose labelling, nu-
merous gold grains were deposited on developing PCs (Fig. 5D).
The cell wall areas between the PCs displayed very few or no gold

A B C

FI G. 1. Paradermal sections of MCs as they appear in the light microscope after staining with toluidine blue. (A) Palisade-like MCs in paradermal view. Arrows in-
dicate cell contacts and arrowheads cell isthmi. Asterisks mark cell lobes in an external paradermal semi-thin section. The double arrow indicates the leaf axis in (A–C).
(B) MCs were located laterally to vascular bundles. Large arrows show contacts of MCs with bundle sheath cells. Small arrows point to MC contacts and arrowheads to
MC isthmi. BSC, bundle sheath cell. (C) A single layer of MCs intervenes between two adjacent vascular bundles. The large arrowhead indicates a cell isthmus parallel

to the leaf axis, while the small arrowheads show cell isthmi transverse to the leaf axis. TW, transverse wall. Scale bars ¼ 10 mm.
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grains. Thus, the callose patches detected in the epifluorescence
microscope demarcate the cell wall regions where PCs develop.

In young MCs the cortical microtubules were reorganized into
microtubule rings (Figs 6A and Supplementary Data Fig. S3A,
B, D) that control the deposition of local cell wall thickenings,
which contained numerous cellulose microfibrils (Supplementary
Data Fig. S3B, C). MC isthmi were formed in the region of cell
wall thickenings (Supplementary Data Fig. S3A inset). Their for-
mation was accompanied by the formation of schizogenous inter-
cellular spaces, while in the areas between the cell isthmi cell
lobes were formed (Supplementary Data Fig. S3A inset, D). In
young MCs, the PC callose patches were prominent (Figs 3C1, C2

and 6B) and seemed to predict the sites of the future MC contacts.
Callose was also deposited in the walls delimiting the intercellular
spaces forming at the MC junctions and in those opening at the cell
isthmi regions (Figs 3C1 and 6C, D).

The cortical microtubule rings and the cell wall bands showing
PC callose patches alternated along the longitudinal walls
(Fig. 6A; cf. Fig. 6B). Each local cell wall thickening lined by
microtubule bundles always occurred between two successive
PC callose patches (Fig. 6E). The cortical cytoplasm adjacent
to the cell walls possessing the PC callose patches was complete-
ly devoid of cortical microtubules (Fig. 6E). The repeated TEM
observation of (1) nascent MCs displaying developing PCs and
microtubules dispersed along the whole of their longitudinal
walls (Fig. 2J2) and (2) young MCs displaying microtubule
bundles between successive PCs (Fig. 6E) led to the conclusion
that microtubule reorganization follows the establishment of PC
callose patches. The measurements presented in Table 2 allow the
conclusions that (1) the distance between successive microtubule
rings is similar to that between successive callose patches, (2) each
microtubule ring forms at the mid-region between two successive
callose-enriched cell wall bands, and (3) the number of callose
patches and microtubule rings depends on cell length.

Notably, at this stage, the MLGs were removed from the sites
of the longitudinal walls, where callose had been deposited
(Figs 3C2 and 7A, B). They were consistently present in the trans-
verse walls (Figs 3C1, C2 and 7A), in the thickenings along the
longitudinal cell walls (Figs 3C2 and 7A) and in the cell wall
regions delimiting the intercellular spaces forming at the MC
isthmus regions and at the MC junctions (Figs 3C1 and 7A, B).
The 2F4-HGA epitope was gradually removed from the major
part of the cell wall surface and was restricted to the sites of
the future MC contacts, where callose had been deposited, and
to cell wall regions limiting the intercellular spaces at MC junc-
tions (Figs 3C3, C4 and 7C). The JIM5-HGA epitope marked
only the junctions of the walls delimiting the intercellular
spaces at MC junctions and those at the cell isthmus regions
(Figs 3C5, C6 and 7D–F). The JIM7-HGA epitope enriched
the developing local cell wall thickenings (Figs 3C6 and 7G)
and the cell wall regions defining the developing intercellular
spaces (Figs 3C5 and 7G). The LM6-RGA epitope was restricted
to the margins of the future cell contacts (Figs 3C3, C4 and 7H).

A

C D

E F

I J

G HB

FI G. 2. Micrographs of MC initials taken with a conventional light microscope
(A, B), an epifluorescence microscope (C–H) and a TEM (I). (A, B) Paradermal
semi-thin sections of MC initials located at the meristematic leaf zone (A) and the
region just next to it (B). Arrows in (A) indicate the newly formed transverse cell
walls, while the double arrow in (B) indicates the leaf axis in (A–J). (Inset in B)
Triangular intercellular space (arrowhead) generated at the junction site of three
MC initials. (C–H) Localization of callose (C), MLGs (D) and pectin epitopes
(E–H) in cell walls of MC initials. Arrowheads indicate intercellular spaces
formed at the junction sites of three or more MC initials. Arrow in (F) shows
the junction of a transverse with a longitudinal MC wall. (C, D, G)
Immunolabelling in LRW sections. (E, F, H) Immunolabelling in hand-made

sections. (I) Longitudinal cell wall portion of an MC initial. Arrows mark plasmo-
desmata. Scale bars: (A–H) ¼ 10 mm; (I) ¼ 200 nm; (B inset) ¼ 3 mm;
(G inset) ¼ 5 mm. (J) Diagram showing the distribution of cortical microtubules
alonga longitudinal cell wall of a MC initial (J1) and a nascent MC (J2). Black dots
represent microtubules; black lines represent plasmodesmata. Arrows show

young plasmodesmata clusterings.
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successive stages of MC differentiation. Cells in (A–C) are shown at higher magnification than those in (D, E).
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In the latter, both callose and the 2F4-HGA epitope were consist-
ently found (Fig. 3C1–C4).

Shaping MCs

The increase in MC diameter at forming MC lobes, as well as
MC elongation, was obvious in shaping MCs. This differential
MC growth seemed to create mechanical tensions that forced
further cell wall detachment, making the cell isthmi and
cell lobes more evident (lower inset in Fig. 8A; see also
Apostolakos et al., 1991; Panteris and Galatis, 2005). The cell
wall expansion occurring in developing MC lobes did not
affect PC integrity (Fig. 8A, C). Actually, MC wall detachment
stopped at the PC regions (Fig. 8A, B) that finally resided at
the tips of MC lobes, where the MCs contacted each other
(Fig. 8C). In shaping MCs, the PCs occupied a greater part of
the longitudinal walls and displayed more plasmodesmata than
those in young MCs (Fig. 8A, C). The presence of ER in the
close vicinity of PCs was obvious in thin MC sections
(Fig. 8A) as well as in MCs immunolabelled for HDEL ER pro-
teins (upper inset in Fig. 8A).

In shaping MCs, intense callose depositions were found at the
MC contacts (Figs 3D2 and 9A) and at the junctions of the cell

walls delimiting the intercellular spaces initiated at the MC
isthmi, where wall detachment continued. The fluorescent
signal emitted by the MC contacts was either continuous or
restricted to two or more areas (Fig. 9A). The MC contacts
usually displayed more than one PC (Fig. 8C). In shaping
MCs, MLGs were found along the whole wall, except for the
MC contacts (Figs 3D1, D2 and 9B). A more intense fluorescent
signal was emitted by the walls outlining the forming intercellu-
lar spaces at the MC isthmus regions (Fig. 9B). Following immu-
nolabelling with 2F4 antibody, an intense fluorescence signal
was emitted by the MC contacts (Figs 3D4 and 9C) and a very
weak signal was emitted by the detaching regions of walls deli-
miting the intercellular spaces initiated at MC isthmi
(Fig. 3D4). The JIM5-HGA epitope marked the MC contacts
only (Figs 3D6 and 9D). These sites emitted a dotted pattern of
fluorescence. The JIM7-HGA epitope was also restricted to
cell contacts, but the emitted signal was continuous (Figs 3D6

and 9E). The LM6-RGA epitope was limited to the margins of
MC contacts (Figs 3D4 and 9F).

Mature MCs

The cell walls of mature MC contacts appeared relatively thick
and electron-dense and were traversed by numerous plasmodes-
mata (Fig. 10 inset). The increased electron density possibly
reflects the dominant presence of matrix polysaccharides. In con-
trast, the cell walls delimiting the MC lobes were relatively
electron-transparent (Fig. 10 inset). In each MC contact, the
regions traversed by plasmodesmata were slightly thickened
(Fig. 10; see also Evert et al., 1977). Each plasmodesma was sur-
rounded by a cylinder of material more electron-transparent than
that of the rest of the MC contact (Fig. 10). ER was prominent in
the cortical cytoplasm apposed to MC contacts (Fig. 10).

A

C D E

B

FI G. 4. Callose detection in hand-made sections of nascent MCs. (A, B) Nascent
MCs after aniline blue staining (A) and callose immunodetection (B). In longitu-
dinal cell walls, well-defined callose patches (arrows) have been deposited in the
cell wall regions where the cell contacts will be formed. The double arrow defines
the leaf axis in (A–E). (C, D) Nascent MCs after callose immunodetection in
optical sections through a median (C) and an external (D) plane. Dotted lines
define a cell wall band impregnated with callose. (E) Callose patches (arrows)
in adjacent nascent MCs display an opposite arrangement. Scale bars: (A, B) ¼

5 mm; (C–E) ¼ 10 mm.

TABLE 1. Distance between two successive callose patches in
young and mature MCs

Longitudinal cell
walls with two
callose patches

Longitudinal cell
walls with three
callose patches

Longitudinal cell
walls with four
callose patches

Young
MCs

4.68+0.07 mm 4.40+0.16 mm 4.16+0.24 mm

Mature
MCs

10.13+1.45 mm 9.36+0.96 mm 14.12+0.99 mm

TABLE 2. Distance (mm) between two successive callose patches
and two successive microtubule (MT) rings in young MCs

Longitudinal cell
walls with two
callose patches

and one MT ring

Longitudinal cell
walls with three
callose patches

and two MT rings

Longitudinal cell
walls with four
callose patches
and three MT

rings

Callose patches 4.68+0.07 4.40+0.16 4.16+0.24
Wall length 13.36+0.82 17.52+0.96 19.68+1.35

MT rings – 4.64+0.23 5.1+0.54
Wall length 12.61+0.76 16.32+0.93 18.57+1.28
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In mature MCs, callosewas exclusively present in cell contacts
(Figs 3E1, E2 and 11A, B). In median optical planes, the fluores-
cent callose signal was either continuous or dotted (Figs 3E2 and
11A, B), while in external and internal optical planes the signal
was emitted by distinct spherical formations (Figs 3E1 and 11C).

The length of the MC contacts was 3.5–4mm, slightly greater
than that of the PC callose patches in young MCs, which was

A B

C D

FI G. 5. TEM views of longitudinal cell wall regions of nascent MCs. (A) Cell
wall area displaying three young plasmodesmata clusterings (arrows; cf.
Fig. 2I). The arrowhead points to a dictyosome. (B, C) Higher magnification of
plasmodesmata clusterings. Arrows show microtubules and arrowheads ER
portions. (D) Wall area of nascent MC after immunogold callose labelling.
Numerous gold grains have been deposited on the forming plasmodesmata

clusterings (arrows). Scale bars: (A, D) ¼ 500 nm; (B, C) ¼ 200 nm.

A B

C D

E

FI G. 6. Epifluorescence microscope (A–C), differential interference contrast
(D) and TEM (E) views of young MCs. (A) MC tubulin immunolabelling in hand-
made leaf sections. Arrowheads point to microtubule bundles formed in the cor-
tical cytoplasmadjacent to the sites of future cell isthmi. Note that the microtubule
bundles between the adjacent MCs have been formed on the same planes. The
double arrow indicates the leaf axis in (A–E). (B) Aniline blue staining of
MCs in hand-made leaf sections. Arrows mark callose patches at the positions
of future cell contacts. (C, D) External paradermal section of young MCs embed-
ded in LRW after callose immunolabelling (C) and with DIC optics (D). Cell
walls outlining an intercellular space that has opened between MCs (large arrow-
head) and intercellular spaces forming at future cell isthmi (small arrowheads)
emit an intense fluorescent callose signal. (E) Microtubule bundle (small
arrows) lining a wall thickening (asterisk) deposited in the position of a future
cell isthmus. Plasmodesmata clusterings (PCs, large arrows) exist on both sides
of the wall thickening. Note the absence of microtubules from the cytoplasm
lining the PCs (cf. Fig. 5C). (Inset) Microtubule bundle at higher magnification.

Scale bars: (A, B) ¼ 10 mm; (C, D) ¼ 5 mm; (E, E inset) ¼ 200 nm.
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2–3mm. While in young MCs the distance between two succes-
sive callose patches varied between 4 and 4.5mm, in mature MCs
it varied between 9 and 14 mm (Table 1). Therefore, during MC
growth, the cell wall regions intercalated between the callose
patches seemed to elongate.

In mature MCs, MLGs were completely absent (Figs 3E1, E2

and 11D), but persisted in vascular bundle cells and in sclerenchy-
matic fibres (Fig. 11D). The 2F4-HGA and JIM7-HGA epitopes
were restricted to MC contacts (Figs 3E4, E6 and 11E, G).
The latter epitope exhibited a continuous fluorescent signal
along the whole surface of MC contacts (Fig. 11G). In addition,
the JIM5-HGA epitope emitted a dotted signal at the margins of
the MC contacts only (Figs 3E6 and 11F), which in DICoptics cor-
responded to detectable local cell wall thickenings (Fig. 11F
inset). The median region of the MC contacts emitted a faint
signal. In mature MCs, the margins of cell contacts possessed
the LM6-RGA epitope (Figs 3E4 and 11H).

DISCUSSION

Establishment and mechanical properties of cell wall
subdomains in developing MCs

The present work revealed for the first time that a definite struc-
tural and chemical differentiation of cell walls in the young MCs
of Z. mays establishes two distinct types of cell wall subdomains
with different mechanical properties.

The first type includes the wall subdomains defining the sites
of contact between the neighbouring MCs, which in mature MCs
are restricted to the tips of cell lobes. During MC shaping they do
not extend appreciably and during intercellular space formation
they prevent cell wall detachment to proceed into cell contacts.
Of prime importance for MC differentiation and function is the
insertion (in these cell wall subdomains) of secondary plasmo-
desmata forming distinct PCs (Fig. 8C). The MC contacts also
contribute to the mechanical robustness of the developing and
mature leaf (see also Knox, 1992; Jarvis et al., 2003).

The second type of cell wall subdomain defines the cell wall
regions where the MC isthmi form. Theyallowelongation and de-
tachment of the adjacent cell wall partners, greatly contributing to
MC lobe formation. The measurements presented in Table 1
support the above hypothesis. In young MCs, the two types of
cell wall subdomains alternate along the longitudinal MC walls.

The establishment and maintenance of cell contacts are
mediated by local differentiation of matrix cell wall polysacchar-
ides (Knox, 1992; Jarvis et al., 2003). In Z. mays, the wall subdo-
mains of MC contacts are characterized by (1) deposition of
callose and localization of the pectin epitopes recognized by
the 2F4, LM6, JIM5 and JIM7 antibodies (Fig. 3), (2) the
removal of MLGs (Fig. 3) and (3) the formation of secondary
plasmodesmata, which form distinct PCs (Fig. 8A, C). In
mature MCs, the PC sites thickened detectably (Fig. 10; see
also Evert et al., 1977). The presence of the HGA epitopes in
cell contacts has already been described (Willats et al., 2001;
Ordaz-Ortiz et al., 2009). However, the presence of large quan-
tities of callose in establishing and mature cell contacts in MCs of
Z. mays, which was confirmed in those of Triticum turgidum (E.
Giannoutsou et al., unpubl. res.; see also Supplementary Data
Fig. S4), was observed for the first time here.

The wall subdomains among MC contacts showed the follow-
ing characteristics: (1) the preferential presence of MLGs, which
were spread along the whole surface of the extending and split-
ting cell wall regions, but disappeared before completion of
MC morphogenesis (Fig. 3); (2) the temporary presence of the
JIM5-, JIM7-HGA and LM6-RGA epitopes (Fig. 3); (3) the de-
position of cellulose microfibril rings at the MC isthmus regions
(Apostolakos et al., 1991; see also Supplementary Data Fig.
S3C); (4) the absence of callose and of the 2F4-HGA epitope
(Fig. 3); and (5) the disruption of existing plasmodesmata
during wall detachment.

The distribution of the matrix polysaccharides in the MC wall
subdomains found in sections of material embedded in LRW
after immunolocalization was identical to that observed after
immunolocalization in hand-made sections (Fig. 9D, E; cf.
Fig. 11F, G). Thus, this distribution is real and not an artefact result-
ing from the embedding of material in resins (Willats et al., 2001).

It has recently been found that RGA, as well as xyloglucan,
xylan and mannan epitopes, can be effectively masked in cell
walls by the presence of HGAs (Marcus et al., 2008; Hervé

A B

D E F

G H

C

FI G. 7. Immunolocalization of MLGs (A, B) and pectin epitopes (C–H) in
young MCs. Arrows mark the positions of future cell contacts, small arrowheads
the positions of future cell isthmi and large arrowheads the intercellular spaces at
MC junctions. The double arrow in (A) indicates the leaf axis. (A, B, D–G) LRW
resin sections; (C, H) hand-made sections. (F) DIC optical view of the cell portion

shown in (E). Scale bars ¼ 5 mm.
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et al., 2009; Marcus et al., 2010; Wang et al., 2012). Thus, these
polysaccharides were detected in cell walls by immunolabelling
methods only when the HGAs had been previously removed.
Therefore, the question of whether the distribution pattern of
callose, MLGs and LM6-RGA epitope in developing MCs
(Fig. 3) is affected by masking from HGA epitopes arises.
However, our data revealed that in the same cell wall areas of
developing MCs, callose as well as MLGs were localized to-
gether with 2F4-, JIM5- and JIM7-HGA epitopes (Fig. 3).

Therefore, the specific pectin [2F4, JIM5 and JIM7] HGA epi-
topes do not mask callose and MLGs. In addition, the fact that,
in developing MCs, the LM6-RGA epitope is co-localized with
the HGA epitopes studied (Fig. 3) shows that the LM6-RGA
epitope is not effectively masked by HGAs (Marcus et al.,
2008). For further documentation of the above, immunolocaliza-
tion of callose and MLGs in semi-thin sectioned MCs embedded
in LRW has been performed. Pectins were previously removed
from these MC cell walls by treatment of sections with 1 M

A

C

B

FI G. 8. Shaping MCs as they appear in the light microscope (lower inset in A), in the TEM (A–C) and after ER immunodetection (upper inset in A). (A) Longitudinal
view of cell wall portion. Detachment of cell walls forming an intercellular space (IS) at the cell isthmus region stops at the wall region displaying a well-developed
plasmodesmata clustering (large arrows). Small arrows point to ER portions, while the double arrow defines the leaf axis. (Upper inset) Immunolabelling of ER HDEL
proteins in a shaping MC. The cytoplasm adjacent to the forming cell contacts (arrows) emits an intense fluorescent signal. (Lower inset) Median paradermal semi-thin
section of shaping MCs stained with toluidine blue. Arrows show cell contacts and arrowheads show cell isthmi. (B) Triangular intercellular space (IS) formed at the
junction of three MCs. Plasmodesmata clusterings (arrows) exist at the regions of the longitudinal wall where cell wall detachment has stopped. The double arrow
defines the leaf axis. (C) Forming MC contact. Arrows show plasmodesmata clusterings and asterisks mark intercellular spaces. The double arrow defines the leaf

axis. Scale bars: (A) ¼ 500 nm; (A, upper inset) ¼ 5 mm; (A, lower inset) ¼ 10 mm; (B) ¼ 500 nm; (C) ¼ 1 mm.
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KOH for 1 h at 25 8C (Marcus et al., 2010; Wang et al., 2012). In
Supplementary Data Fig. S5A1–D2 it is obvious that pretreatment
with KOH removed HGA epitopes from MC cell walls
(Supplementary Data Fig. S5A1, C1; cf. Fig. S5B1, D1).
However, in MCs pretreated with KOH, the distribution patterns
of callose and MLGs were identical to those of control MCs
(Supplementary Data Fig. S5F, H; cf. Fig. S5E, G). Therefore,
masking phenomena do not seem to have affected the data
obtained in the present work.

Probable roles of matrix polysaccharides in cell wall subdomains

Callose. Callose is a unique (1 � 3)-b-D-glucan that can be
formed and removed from the cell wall in a short time, and is
involved in a variety of developmental processes, including its
deposition in cell wall regions experiencing mechanical stress
(Heslop-Harrison, 1964; Stone and Clark, 1992; Basic et al.,
2009; Chen and Kim, 2009; Galatis and Apostolakos, 2010;
Piršelová and Matušiková, 2012). Only hypotheses can be
made about the function(s) of callose in the wall subdomains
of MC contacts. Thus, callose, apart from its well documented in-
volvement in the control of plasmodesmata permeability (Xu and
Jackson, 2010; Vatén et al., 2011), may serve the following
functions.

(1) It may serve as a cell wall-strengthening material (Parre and
Geitmann, 2005), possibly making the impregnated cell
wall subdomains stiff and not easily extendable. Callose
with other matrix polysaccharides deposited in the MC
contact wall subdomains may locally prevent the schizogen-
ous separation of the adjacent cell walls. This callose

A B C

D E F

FI G. 9. Immunolocalization of callose (A), MLGs (B) and pectin epitopes (C–F) in shaping MCs. Arrows point to MC contacts, the double arrow defines the leaf axis
and arrowheads point to positions of MC isthmi. Scale bars ¼ 5 mm.

FI G. 10. TEM micrograph of a mature MC contact traversed by plasmodesmata
(arrows). Arrowheads point to ER elements. Scale bar ¼ 200 nm. (Inset) The MC
contact of which part is shown in Fig. 10 at higher magnification. Asterisks mark

intercellular spaces. Scale bar ¼ 2 mm.
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property may protect the plasmodesmata from disruption
during MC elongation.

(2) It may participate in secondary plasmodesmata formation.
Such involvement has not yet been reported (Ehlers and
Kollmann, 2001; Xu and Jackson, 2010). In Z. mays MCs,
PC development keeps pace with callose deposition, i.e. sec-
ondary plasmodesmataform in acallose-enriched wall envir-
onment. In this case, callose may (a) facilitate the rapid local
digestion of the cell wall, necessary for secondary plasmo-
desmata formation (Ehlers and Kollmann, 2001) or (b) con-
tribute to the creation of a microenvironment facilitating the
duplication of the existing plasmodesmata, a fascinating
process recently described for secondary plasmodesmata
formation (Faulkner et al., 2008). Notably, callose enriching
locally thickened cell wall regions traversed by plasmodes-
mata has been described in root cells of an Arabidopsis
thaliana mutant in which genes inducing callose synthesis
are over-expressed (Vatén et al., 2011).

The cell walls outlining the developing MC intercellular spaces
are temporarily enriched by callose (Fig. 3). This transient callose
represents wound callose, which is believed to protect the plasma-
lemma and the adjacent cell wall regions from the mechanical

stresses generated during intercellular space initiation (Parre and
Geitmann, 2005; Vaughn et al., 2007; Apostolakos et al., 2009).
In contrast, the callose present in mature MC contacts is constitu-
tive callose. The degree of polymerization, age and thickness of
the callose deposits may alter the physical properties of this
glucan (Stone and Clarke, 1992).

MLGs. These hemicelluloses characterize the cell walls of Poales,
to which Z. mays belongs (Carpita et al., 2001; Buckeridge et al.,
2004; Fincher, 2009a) and very rarely cell walls of other vascular
plants and lower land plants (Fry et al., 2008; Burton and Fincher,
2009). MLGsthat are localized in the cell wall regions between the
cell contacts of developing MCs (Fig. 3) may facilitate the prefer-
ential and intense cell wall expansion at these areas (Table 1). This
is consistent with the current view that in developing organs the
MLGs are involved in cell wall expansion (Carpita et al., 2001;
Buckeridge et al., 2004; Fincher 2009a, b). This view is reinforced
by the pattern of MLG distribution in developing MCs.The MLGs
are first located throughout the surface of expanded walls of MC
initials (Fig. 3A1, A2). Then, they are removed from contact MC
sites that do not expand (Fig. 3B1–D2), whereas they persist in
the cell wall regions between them (Fig. 3B1–D2), which greatly
elongate. Finally, they are removed from all cell wall regions
when elongation of MCs has been completed (Fig. 3E1, E2).

A

E F G H

B D

C

FI G. 11. Localization of matrix cell wall polysaccharides in mature MCs. (A) Localization of callosewith aniline blue. The cell wall at the cell contacts (arrows) emits
an intense fluorescent signal. Asterisk marks an intercellular space. (B, C) Paradermal optical sections through a median plane (B) and a surface plane (C) of the same
MC lobe afteraniline blue staining.Arrows show callosedepositionsat MC contacts of anticlinal (B) and periclinal (C) longitudinal cell walls. (D) Transverse semi-thin
section of mature leaf embedded in LRW and immunolabelled for MLGs. MC walls, in contrast to walls of vascular bundle cells (arrows) and sclerenchymatic cells
(arrowheads), do not fluoresce. (E–H) Immunodetection of pectin epitopes in hand-made sections of mature MCs. An intense fluorescent signal is emitted by the MC
contacts only (arrows). In (H) the section passes through the end of the cell contact. Asterisks mark intercellular spaces. (Inset in F) DIC optical view of MC contact

(arrow). Scale bars: (A–C, E–H) ¼ 5 mm; D ¼ 10 mm.
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Pectin epitopes. The presence of different pectin epitopes in the
cell contacts and in the areas of cell wall detachment has been
examined in detail in dicotyledonous plants (VandenBosch
et al., 1989; Knox et al., 1990; Orfila et al., 2001; Willats
et al., 2001, 2004). Those pectin epitopes that consist of intensely
de-esterified HGAs molecules are linked with Ca2+ and form cell
wall matrix gels of high viscosity, which make wall detachment
difficult during intercellular space formation. Therefore, they
contribute to the establishment and maintenance of cell contacts.
In contrast, pectin epitopes with a low level of de-esterification
form matrix gels of low viscosity, allowing cell wall loosening
and intercellular space formation. Moreover, these HGA epi-
topes increase cell wall porosity (Willats et al., 2001; Jarvis
et al., 2003; Wolf et al., 2009).

Considering the above, it seems reasonable to suggest that the
intensely de-esterified 2F4-HGA epitope in MC contacts contri-
butes to the establishment and maintenance of MC adhesion,
while its absence from the wall subdomains of MC isthmus
regions correlates with intercellular space formation. The
2F4-HGA epitope may function like the PAM1-HGA epitopes
in cell adhesions of dicotyledons (Willats et al., 2001). The
2F4-HGA epitope may complement callose in the establishment
and maintenance of cell adhesion at MC contacts, because pectin
participation in the cell wall matrix is relatively low in cereals
(Carpita, 1996; Fincher, 2009a).

The JIM5- and JIM7-HGA epitopes exhibit a relatively low
and a very low degree of de-esterification (Knox et al., 1990) re-
spectively, forming matrix cell wall gels of intermediate (JIM5)
and very low (JIM7) viscosity. As is the case in dicotyledons
(Knox et al., 1990), in nascent and young MCs, the JIM7-HGA
epitope resides in the wall regions that will split to create intercel-
lular spaces (Fig. 3C5, C6). Its distribution is similar to that of the
LM7-HGA epitope in dicotyledons (Willats et al., 2001) and
may facilitate intercellular space formation. The co-existence
of the JIM7-HGA epitope with the 2F4-HGA epitope in cell con-
tacts of shaping and mature MCs (Fig. 3D4, D6, E4, E6) may also
increase porosity in these cell wall areas, a process promoting
communication between adjacent MCs.

As in dicotyledons (Knox et al., 1990), in Z. mays the young
and shaping MCs of the JIM5-HGA epitope reside at the junc-
tions of cell walls delimiting the forming intercellular spaces
(Fig. 7D, E). This pectin may help to define the sites where
wall detachment during intercellular space formation will
stop. In mature MCs, this epitope is present in the wall thicken-
ings at the cell contacts, which are traversed by plasmodesmata
(Fig. 10). Its involvement in primary pit field formation is
already known (Casero and Knox, 1995; Orfila and Knox,
2000).

Large quantities of LM6-RGA epitope are detected at the
regions of wall detachment during intercellular space for-
mation (Orfila et al., 2001; McCartney and Knox, 2002;
Ordaz-Ortiz et al., 2009). The present work confirms the
above positional relationship. Since the arabinans are highly
flexible and water-soluble polymers (Fry, 2011), it has been
suggested that the arabinans linked to RGAs may directly func-
tion in cell wall softening or may modulate the HGA proper-
ties, facilitating cell wall detachment (Orfila et al., 2001).
In differentiating MCs, the LM6-RGA epitope may have a
similar function.

Shift in plasmodesmata distribution and formation
of plasmodesmata clusters

A combination of primary and secondary plasmodesmata
establishes pathways within plant organs whose main functions
are the trafficking of nutrients as well as morphogens controlling
tissue development. Thus, the cell contacts with their plasmodes-
mata seem to play crucial roles in these processes (Kragler et al.,
1998; Haywood et al., 2002; Xu and Jackson, 2010; Burch-Smith
et al., 2011). In Z. mays MC initials, an early shift in plasmodes-
mata distribution is triggered, which results in PC formation in
the wall subdomains of the future cell contacts (Figs 5A and
8A, C). Therefore, the above wall subdomains with their plasmo-
desmata are probably involved in the local entry of MC signals,
which coordinate morphogenesis in the entire mesophyll, as is
the case with other tissues (Robert and Friml, 2009; Vatén
et al., 2011). This is supported by (1) the spatial and temporal
co-development of callose patches/PCs between the laterally ad-
jacent MCs and (2) the finding that in many nascent MCs the
callose patches are initially established at only one side of the
cell (Fig. 4A). In Z. mays MCs, the putative morphogenetic
signal(s) trigger initially local cell wall differentiation and then
microtubule reorganization (see next section). In this process,
the PCs should play a crucial role.

Realization of the MC morphogenetic pattern

The present work revealed that MC morphogenesis in cereals
is more complex than initially described (Jung and Wernicke,
1990, 1991; Apostolakos et al., 1991; Wernicke and Jung,
1992; Panteris and Galatis, 2005). It reveals the establishment
of two distinct structural morphogenetic patterns during MC
morphogenesis. The first is created early in MC morphogenesis
by the definition of cell contact wall subdomains. The second is
created in the cortical cytoplasm by the formation of a definite
number of microtubule rings, which define the positions of cell
isthmi. Since MC contact determination precedes microtubule
ring organization, it may be assumed that the establishment of
the first defines or at least affects the position and the number
of microtubule rings. The data presented in Table 2 show
clearly that each microtubule ring is formed at the mid-region
between two successive callose-enriched cell wall bands.

Concerning the mechanism by which the MC contact wall sub-
domains are involved in the organization of cortical microtubule
rings, only assumptions can be made. It has recently been found
that in differentiating tracheary elements, the organization of
cortical microtubule rings, which defines the pattern of second-
ary cell wall thickening, is controlled by Rho of Plant (ROP)
11 GTPases. In these cells, distinct microdomains are established
in the plasmalemma, where ROP11 GTPases bind preferentially.
These, in collaboration with the protein MIcrotubule Depletion
Domain (MIDD) 1, induce local disassembly of microtubules
in certain areas of cortical cytoplasm and microtubule bundling
in others (Oda and Fukuda, 2011, 2012). Considering the similar-
ity in cortical microtubule organization between MCs and
tracheary elements, especially the annular ones, it may be sup-
posed that a similar mechanism induces the shift in cortical
microtubule organization in MCs from the dispersed type into
the grouped type (microtubule rings).
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It is also known that a cell wall integrity signalling pathway
that induces various cell activities functions in plants. This
pathway is based on the production of oligosaccharide fragments
of the cell wall, which act as signalling molecules (Fry, 1990) and
involves, among other signalling processes, the activation of
Rho-like GTPases (reviewed by Wolf et al., 2012). Taking into
consideration all the information given in the literature, it can be
assumed that the local chemical differentiation of cell wall
matrixatMCcontact sitesmay, throughacellwall integritysignal-
ling pathway, define the sites of putative ROP binding to the
plasmalemma, which in turn controls the organization of micro-
tubule rings. Therefore, the probable implication of ROP proteins
in MC differentiation should be examined.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of the following. Figure S1: area of
transverse section of a mature Zea mays leaf. Figure S2:
shaping MCs as they are seen in DIC optics, and by epifluores-
cence microscopy under a filter set provided with exciter G365
and barrier LP420 and another with exciter BP450–490 and
barrier BP 515–565. Figure S3: TEM micrographs of shaping
MCs. Figure S4: young and shaping MCs of Triticum turgidum
as seen byepifluorescence microscopyafteraniline blue staining.
Figure S5: immunodetection of cell wall matrix polysaccharides
in sections of nascent MCs embedded in LRW. Video: nascent
MCs after callose immunolocalization. The callose-enriched
cell wall bands and their opposite arrangement in adjacent
MCs can be easily observed.
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