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Abstract: Katanin, is a microtubule severing protein that orchestrates microtubule organization throughout
the plant cell cycle. Taking into consideration the role of the microtubule cytoskeleton in the stomatal
development, the Arabidopsis thaliana katanin mutants, fra2, luel and bot1 were studied to observe how the
absence of function of/malfunction of katanin affects stomatal development. Katanin mutants are
characterised by less mature stomata and more young stomata and meristemoids forming clusters. The size
of the mature stomata differed from col-0, with the katanin mutants having shorter guard cells and pores as
well as smaller pore aperture. Also a unique type of cells was observed in the fra2 mutant, the persistent
guard mother cells (GMC’s), where the GMC persisted and did not divide symmetrically to form a stoma.
Another, rather significant observation was that, the cell walls of some epidermal cells in the mutants
appeared to be incomplete. As far as the cell wall matrix components distribution is concerned, callose did
not display significant differences compared to col-0 while pectins and hemicelluloses were differentially
dispersed. Microtubules in cytokinetic GMCs were long, bended and connected to the nuclei, while
microtubule arrays in katanin mutant leaf epidermis were aberrant and stomatal complexes had astral
microtubule arrays as it was observed in the wild type. In conclusion, the malfunction of katanin appears to
affect the development of stomata in the epidermis of young leafs in Arabidopsis thaliana, affecting not only
stomatal patterning, since the one-cell spacing rule was compromised, but also the morphology of the
stomatal complexes. The cell wall-matrix appears altered in the katanin mutants possible affecting the
function of the stomata since katanin mutant stomata had a reduced pore aperture.
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1. Introduction

The developmental process by which stomata form, consists of a series of cellular
differentiations and divisions, where a subset of protodermal cells eventually differentiates into
meristemoid mother cells (MMC) [1,2]. An MMC divides asymmetrically to produce a small
triangular cell called a meristemoid and a larger cell called a stomatal-lineage ground cell (SLGC).
An SLGC can terminally differentiate into a lobed pavement cell (PC). Sometimes, a second
asymmetric spacing division occurs to produce a satellite meristemoid, which is always placed distal
to an existing stoma or precursor. The meristemoid transits into a guard cell mother cell (GCM) and
symmetrically divides resulting in two guard cells that form the stoma [2]. This series of events is a
tightly genetically controlled process [3] thus, stomatal distribution is not random and it follows a
certain rule, the one epidermal cell spacing rule which means that stomata must always be separated
by at least one pavement cell [4].

Katanin, especially the p60 subunit, functions as a microtubule severing protein [5]. Arabidopsis
thaliana mutants of the p60 subunit that were characterized are: bot1, fra2, erh3, luel, katanin, all allelic
to each other. All of the above are semi-dwarf and thick plants, with all of their organs being shorter
than those of the wild type (Col-0) [6]. These irregularities in the morphology of mutants, especially
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in the root and shoot, were attributed to the failure of cortical microtubules to follow a uniform
transverse orientation in elongating cells. Consequently, as cortical microtubules provide the pattern
for cellulose microfibril deposition, defective cortical microtubule arrangement results in aberrant
cellulose microfibril orientation in the expanding cell wall. This, in turn, favors a rather isotropic cell
growth, responsible for the characteristic phenotype of the above mutants [6-8].

The kidney-shaped A.thaliana guard cells contain an unusual array of radially-oriented
microtubules that converge near the central rim of the stomatal pore. The assembly of this array starts
just after GMC division. This array becomes prominent before any thickenings in the new wall can
be detected, and the locations of the array foci predict where pore wall swelling will occur later [9].
Therefore, taking into consideration the characteristics of the katanin mutants and the distribution of
the microtubule cytoskeleton during stomatal development [9], the katanin mutants fra2, [uel, and
botl were studied to observe how the absence of function /malfunction of katanin affects stomatal
development. The number of stomata (mature and young) as well as the number of meristemoids
was quantified per surface unit in cotyledons of 7-day old plants. Furthermore, the length and the
width of the guard cells were measured, as well as the pore length and pore aperture. Next, the
distribution of cell-wall components on the stomatal cell wall-matrix was studied using aniline blue
for callose staining and immunofluorescence to observe various pectins and hemicelluloses. Finally,
the possible changes in microtubule organization were investigated in a GFP-TUA [uel expressing
line.

2. Experiments

2.1. Plant Material

This study was carried out in young cotyledons of Arabidopsis thaliana grown in ¥z strength MS
growth medium for 7 days. All of the seeds used in this study were purchased by NASC.

2.2. Preparation of semithin sections and Toluidin Blue O staining

Small leaf pieces fixed in 2% (w/v) PFA and 0.1% (v/v) glutaraldehyde in PEM at 4 °C for 1.5 h.
The specimens 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 for 30 min (each step) at 0 °C. The
material was post-fixed with 0.25% (w/v) osmium tetroxide added to the 30% ethanol step for 2 h.
The material was infiltrated with LR White (LRW) (Sigma) acrylic resin diluted in ethanol, in 10%
steps to 100% (1 h in each), at 4 °C and with pure resin overnight. The samples were embedded in
gelatin capsules filled with LRW resin and polymerized at 60 °C for 48 h. The samples were stained
with Toluidin O in order to be observed in light microscopy.[10]

2.3. Callose Localization

Callose in living stomatal complexes was localized in paradermal hand-made leaf sections
stained with 0.05% (w/v) aniline blue (Sigma, C.I. 42725) in 0.07 M KaHPOs buffer, pH 8.5 [11]. Sections
remained in aniline blue solution during observation at the epifluorescent microscope.

2.4. Immunolocalization of Pectins, Hemicelluloses and Microtubules

For immunolabeling of LM20- (homogalacturonans displaying a high degree of
methylesterification), JIM5- (homogalacturonans displaying a lower degree of methylesterification),
and 2F4 (demethylesterified homogalacturonans interconnected with calcium bridges), as well as
LM25 and LM15 (xyloglucans)- HG epitopes in paradermal hand-made leaf sections the following
protocol was performed [12]. The specimens were fixed in 8% (w/v) paraformaldehyde (PFA) in PEM
buffer (50 mm PIPES [piperazine-N,N'’-bis(2-ethanesulphonic acid)], 5 mm EGTA, 5 mm MgSO4, pH
6.8) for 45 min. Then, the leaf sections were washed three times with PEM for 15 min and treated with
1% (w/v) cellulase in PEM, pH 5.6, for 60 min. After washing with PEM, the sections were extracted
with 0.5% (v/v) Triton X-100 and 2% (v/v) dimethylsulphoxide (DMSO) in Phosphate Buffer Saline
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(PBS) for 20 min and transferred to PBS containing 2% (w/v) BSA for 1 h. The sections were incubated
overnight with the anti-callose antibody (Biosupplies, Parkville, Australia) diluted 1:40 in PBS
containing 2% (w/v) BSA, and rinsed three times with PBS, for 15 min each time. They were
transferred to PBS containing 2% (w/v) BSA and incubated for 1 h at 37 °C in FITC anti-mouse IgG
(Sigma), washed with PBS and mounted with a mixture of glycerol/PBS (2:1 v/v) containing 0.5%
(w/v) p-phenylenediamine (anti-fade medium). LM20, JIM5 and 2F4 (Plant Probes, Leeds, UK) were
used as primary antibodies and FITC—conjugated anti-rat IgG (Sigma) as secondary antibody in all
cases. The various categories of HGs recognized by LM20, JIM5 and 2F4 antibodies are thoroughly
described at the end of the Introduction section. All antibodies were diluted 1:40 in PBS that contained
2% (w/v) BSA except for 2F4 and its secondary antibody, which were diluted 1:40 in T/Ca/S buffer
(Tris-HC1 20 mM pH 8.2, CaCl2 0.5 mM, NaCl 150 mM). During the immunolabeling procedure with
2F4 antibody, the sections were washed with T/Ca/S buffer (for details see Plant Probes leaflet). For
microtubules immunolocalisation, YOL antibody (anti-TUA) has been used as primary antibody,
folowed by anti-rat FITC as secondary antibody.

2.4. Observation and Photography

The specimens were examined with a Zeiss Axioplan microscope equipped with a UV source, a
Differential Interference Contrast (DIC) optical system, and a Zeiss Axiocam MRc5 digital camera.
Two filter sets were used for the specimens observation: a filter set provided with exciter solid glass
filter 365 nm and barrier long-wave pass band filter 420 nm, and another set provided with exciter
pass band filter 450-490 nm and barrier pass band filter 515-565 nm. Series of paradermal optical
sections have been studied, to ascertain the distribution of the examined cell wall materials along the
whole surface of the cell walls. At least three independent experiments have been conducted for
callose and LM20-, JIM5- and 2F4- HG epitopes localization in Arabidopsis thaliana stomatal
complexes. Furthermore, more than twenty sections were examined in every experiment. All samples
were checked for UV autofluorescence using the above filters. GFP-TUA lines were observed under
a Zeiss Observer.Z1 microscope equipped with the LSM 780 confocal laser scanning system, while
image acquisition was done with the ZEN 2011 software [13].

3. Results

3.1. Stomatal Development and Stomatal Characteristics in Katanin Mutants

Katanin mutant’s stomata had shorter guard cells and pores as well as smaller pore aperture
(Figure 1 A,B) while the width of the guard cell was similar with the wild type (Figure 1A,B). Also
katanin mutants bore less mature stomata but more young stomata and meristemoids (Figure 1 C,D.)
with fra2 to exishibit more striking differences when compared with the Col-0 (Figure 1D). More
importantly katanin mutants displayed abnormalities regarding the stomata distribution, whith the
meristemoids and the mature stomata to be in contact forming clusters (Figures 2 and 3). A unique
type of cells was observed in in the fra2 mutant, the persistent GMC’s, where guard mother cells
persisted and did not divide symmetrically to form a stoma but at the same time they had guard cell
characteristics/properties (Figure 3F).
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Figure 1. Diagrams showing either the characteristics of the morphology of the developing stomata
(A,B) or the stages of the stomatal development (C,D) in Col-0, bot1 and fra2 cotyledones. Asterisks
show statistical significance set at p <0.05.

fra2

Figure 2. Semithin sections of chemically fixed and embedded in plastic cotyledones of Col-0 (A) and
fra2 (B-F) stained with toluidin blue O. Col-0 epidermis (A) had a typical appearance with mature
stomata (arrows), young stomata (arrowheads) and meristemoids (black squares) being orderly
arranged, obeying the one epidermal spacing rule. In fra2 the meristemoids appeared in clusters (B,C)
while mature stomata (F) where commonly found in pairs in close contact (D,E). In some cases
incomplete cell walls where visible (circles in C and D). Bars: 20 um in A, 20 um in B-F.
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Figure 3. DIC microscope images of epidermis of cotylydones of Col-0 (A), fra2 (B,D,F), bot1 (E) and
luel (C,G). In Col-0 no defects can be observed with the mature, young stomata and the meristemoids
cells to obey the one epidermal spacing rule. In contrast in katanin mutants’s epidermis either
meristemoid clusters (B) or mature stomata pairs in contact could be observed (C-E,G). In fra2
presistent GMCs could be also observed (star in F). Bars: 20 pm.

3.2. Stomatal Patterning in Katanin Mutants

The stomatal complexes of Arabidopsis thaliana are comprised of two guard cells surrounded by
a number of epidermal cells that can be smaller than the usual epidermal cells and are the result of a
meristemoid cell being divided more than once before differentiating into a GMC (anisocytic
complexes) (Figure 2A). Whereas, when this meristemoid is divided only once or not at all, the
epidermal cells are of regular size (nonanisocytic complexes). In Figure 2, in fra2 mutants, the initial
meristemoid cell continues to divide asymmetrically, giving rise to a number of small meristemoid
cells, in close contact to each other (Figure 2B,C). This eventually results in the formation of stomatal
complexes appearing in clusters, when cell differentiation is complete (Figure 2E,F). Local
thickenings on the cell wall regions lined by the preprophase microtubule band are characteristic at
the guard cell mother cells (GMCs) of A. thaliana, also observed in Leguminosae species. As a result,
the junction of the dorsal cell walls of the young GCs appear thickened, while the ventral wall end is
tightly connected to these thickenings (white arrow and arrowhead in Figure 2A). In fra2 mutants,
these cell wall thickenings of the dorsal walls at the junction sites, may not have been completely
formed due to the microtubules inability to be accurately placed (Figure 2E,F). Another significant
observation was the incomplete cell walls observed after chemical fixation of the tissue (circles in
Figure 2C,D), resulting in cells that were connected through the gaps that were created (Figure 2B—
F).

In Figure 3, the increased number of meristemoids in fra2 mutants is clearly observed (Figure
3B), as well as the clustering of the stomatal complexes (Figure 3C-E), where it is obvious that the
one cell spacing rule is compromised. Another significant observation is that, in many GMCs, the
symmetrical division is absent. These cells grow in size and differentiate without becoming guard
cells. These cells, observed in Figure 3F (asterisk) are called persistent GMCs.

3.3. Callose Deposition in Fra2, Luel and Botl Mutants

Callose deposition in katanin mutants (Figure 4C-F) did not display significant differences
compared to Col-0 (Figure 4A,B). Aniline blue staining was prominent in young cell plates
(arrowheads in Figure 4A,C-E) while in the mature stomata a strong staining in the polar ventral cell
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wall ends has been observed (white arrows in Figure 4A-F) even at stomata in close contact (Figure
4C-F).

Figure 4. Aniline staining in Col-0 (A,B) fra2 (D), luel (E) and bot1 (I-L) epidermis of cotyledons.
Arrows point to cell wall thickenings at the junction sites of the dorsal cell walls, while arrowheads
point to the newly formed cell walls. No significant differences can be observed between Col-0 and
the katanin mutants. Bar: 20 um.

3.4. Hemicellulose and Pectin Deposition in Stomatal Complexes of fra2 and Bot1 Mutants

Cell wall-matrix components distribution is altered in the mature stomata of katanin mutants
(Figures 5 and 6). As far as hemicelluloses are concerned, LM25 and LM15 (xyloglucans) epitopes in
Col-0 stomata (Figure 1A-C) were strongly deposited at the cell wall thickenings of the dorsal cell
wall junctions and weakly found at the polar ventral cell wall ends (brackets in Figure 1C). Katanin
mutants stomata exhibited either a signal covering a smaller area of the dorsal cell wall junctions
(Figure 1G,K) or were ectopically placed in the stomata periphery (Figure 5E,I). In mature Col-0
stomata, the LM20-, and JIM5-, homogalacturonan (HG) epitopes were mainly found at the cell wall
thickenings of the dorsal cell wall junctions, at the polar ventral cell wall ends and at the base the
stomatal pore ledges (Figure 6C,D). In the latter, the presence of LM20-HG epitope was intense in
Col-0 (Figure 6A). The 2F4-HG epitope showed a prominent distribution at the dorsal cell wall of the
guard cells (Figure 6E) in Col-0 while in katanin mutants intense signal was observed in the dorsal
cell wall junctions (Figure 6 K,L,Q). LM20-and JIM5-HG in katanin mutants were distributed boardly
in the dorsal cell walls of the guard cells at the stomata periphery (Figure 6 G-I,M,O).
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Figure 5. Mature A. thaliana stomata following LM25 and LM15 hemicelluloses epitope localization.
All pictures taken from paradermal hand-made leaf sections. (A,C,E,G,1,K) Surface optical section of
stomata as appears after LM25 (A,C,E,LK) and LM15 antibody immunolabeling (G) and as seen by
DIC optics (B,D,F,H,J,L). Brackets in E show immunodetection at the dorsal cell walls, while brackets
in C, G and K and arrow in K point to the cell wall thickenings at the junction sites of the dorsal cell
walls. Bar: 20 pm.

Figure 6. Mature A. thaliana stomata following LM20, JIM5 and 2F4 homogalacturonans epitope
localization. All pictures taken from paradermal hand-made leaf sections. Localization of the LM20-
HG epitope in surface optical sections of Col (A), fra2 (G,H) and bot1 (M) and as seen in DIC optics
(B,N) respectively. Localization of the JIM5-HG epitope in surface optical sections of Col (C,D), fra2

(I) and bot1 (O) and as seen in DIC optics (J,P) respectively. Localization of the 2F4 epitope in surface
optical sections of Col (E), fra2 (K,L) and as seen in DIC optics (F,R) respectively. Brackets in
(E,G,M,0) show immunodetection at the dorsal cell walls, while arrows point to cell wall thickenings.
Bar: 20 pm.
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3.5. Microtubules in Fra2 and Bot1l Mutants

Microtubules in dividing cells of fra2 (Figure 7G) were long, bended and connected to the nuclei
of the newly developed/daughter cells when compared with Col-0 (Figure 7E) while in the luel
mutant, even though microtubule arrays on the leaf epidermis were aberrant (Figure 7C), stomatal
complexes had astral microtubule arrays as those observed in the wild type (Figure 7B,D). The
prophase spindle of the fra2 mutants cotyledone diving cells were multi-polar (arrowhead in Figure
7F) with aberrant prophase microtubule zone (Figure 7F).

Col-0: GFP-TUA

luel: GFP-TUA

YOL1/34, DNA staining

G

Figure 7. Microtubules observed at Col-0, luel and fra2 katanin mutants. In (A-D), GFP-TUA
constructs were observed at CLSM microscopy. In (E-G), microtubules immunodetection was
performed and DNA staining followed at hand made fresh leaves sections. Arrows point to stomatal
complexes. Bar: 20 um.

4. Discussion

Up until now katanin protein defects in the leaf epidermis have been linked: (a) With the bulky
and distorted longitudinally arranged cells of the dgl1 rice katanin mutant which had crescent-,
triangle-, trapezoid-, or circular-shaped cells contrast to the wild type, which developed only
rectangular cells [14]; (b) with the disturbed linear arrangement of the stomatal cells in the dgl1
mutant, [14], and (c) with, the defective pavement epidermal luel cells and the reduced stomatal
length in luel [15]. The present study consolidated and extended the above results with the stomatal
development to appear altered in both fra2 and bot1 mutants as well (Figures 2 and 3). Katanin defects
not only affected the stomatal morphology but altered the distribution/development of mature,
young and meristemoids (Figures 1 and 3). These results suggest that the role of katanin protein in
stomatal cell differentiation and development is also pronounced as it has been reported for other
cell types [7,8].

The presence of numerous double stomata in the above mutants could be due to defects in either
division plane determination, or cell plate guidance to the predetermined division site, as it has been
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reported in root cells [7]. Failure of cytokinesis to occur at the proper division plane may be due to
defects in preprophase band positioning, to the absence of identity factors from the cortical division
site, or to lack of guidance of the growing cell plate to the cortical division site [16]. An important
observation, toward elucidating the above finding, is that in fra2 meristemoid dividing cells, defected
preprophase bands and multipolar prophase spindles were present (Figure 7). Cytokinesis outside
the proper division plane seems likely to be the outcome of prophase spindle multipolarity, in which
the dominant prophase spindle poles are obliquely arranged on the nuclear surface,
metaphase/anaphase spindles acquire oblique orientation, inherited by the phragmoplasts/cell plates
as well. Consequently, as cytokinesis proceeds, the cell plate expands away from the predetermined
division plane and produces an oblique daughter cell wall and not properly arranged stomata
develop (Figures 2 and 3). Moreover, the incomplete cell walls observed (Figure 1) could lead to
stomatal lineage determinant factor leackage (e.g., BASL [17]) to meristemoid neighbouring cells
causing their re-programming towards the development of stomata, so that stomatal clusters appear
(Figure 2).

Another important finding was the altered hemicellulose and HG-epitope distribution occurring
in katanin mutant’s stomata (Figures 5 and 6). Extenting the katanin mutant cell types in which cell
wall matrix materials are defectively deposited [18], stomata complexes had a problematic LM25-,
LM15- xyloglucan, and LM20, JIM5-, 2F4-HG epitope deposition in the cell wall thinkenings in the
polar ventral ends and dorsal cell wall junctions indicating that the rigidness of this area is
compromised. Rigid stomatal polar ends are important for guard cell function [12,19], which in
katanin mutants is disturbed, since a reduced pore aperture was noticed (Figure 1). These cell wall
matrix deposition defects could be the outcome of the observed meristemoid preprophase band
malformations given that, during preprophase, the polar cell wall thinkenings are established [20].

5. Conclusions

In conclusion, the malfunction of katanin appears to affect the development of stomata in the
epidermis of cotyledones in Arabidopsis thaliana considering that we have cases where the one-cell
spacing rule is not observed, the cell wall biosynthesis is interrupted and it is possible that the
function of the stomata is also affected since katanin mutant stomata had a reduced pore aperture.
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Abbreviations

The following abbreviations are used in this manuscript:

DIC diffentiate interphase contrast
GMC guard mother cells

HG homogalacturonans

MMC mereistemoid mother cells
pPC pavement cells

SLGC stomatal-lineage ground cell
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