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The data presented in this work revealed that in Zea mays the exogenously added auxins indole-3-acetic acid (IAA)
and 1-napthaleneacetic acid (NAA), promoted the establishment of subsidiary cell mother cell (SMC) polarity and the
subsequent subsidiary cell formation, while treatment with auxin transport inhibitors 2,3,5-triiodobenzoic acid (TIBA)
and 1-napthoxyacetic acid (NOA) specifically blocked SMC polarization and asymmetrical division. Furthermore, in
young guard cell mother cells (GMCs) the PIN1 auxin efflux carriers were mainly localized in the transverse GMC faces,
while in the advanced GMCs they appeared both in the transverse and the lateral ones adjacent to SMCs. Considering
that phosphatidyl-inositol-3-kinase (PI3K) is an active component of auxin signal transduction and that phospholipid
signaling contributes in the establishment of polarity, treatments with the specific inhibitor of the PI3K LY294002
were carried out. The presence of LY294002 suppressed polarization of SMCs and prevented their asymmetrical
division, whereas combined treatment with exogenously added NAA and LY294002 restricted the promotional auxin
influence on subsidiary cell formation. These findings support the view that auxin is involved in Z. mays subsidiary cell
formation, probably functioning as inducer of the asymmetrical SMC division. Collectively, the results obtained from
treatments with auxin transport inhibitors and the appearance of PIN1 proteins in the lateral GMC faces indicate a
local transfer of auxin from GMCs to SMCs. Moreover, auxin signal transduction seems to be mediated by the catalytic

function of PI3K.

Introduction

Stomatal complexes in Zea mays and generally in Poaceae is
the outcome of a definite sequence of three asymmetrical divi-
sions that give rise to the guard cell mother cell (GMC) and two
subsidiary cells laterally to it, and a symmetrical one which pro-
duces the pair of guard cells (Fig. 1.2 Among them, the divi-
sions generating the subsidiary cells have been repeatedly studied,
since they constitute a very attractive model to investigate the
premitotic cell polarization and the following asymmetrical divi-
sion. The subsidiary cell mother cell (SMC) asymmetrical divi-
sion is undoubtedly triggered by a local induction stimulus
"emitted" by the GMC (reviews by refs. 2—4; see Fig. 1).

This stimulus triggers a definite sequence of polarization
events that precede and accompany the asymmetrical SMC divi-
sion, which in turn creates a minute subsidiary cell and a large
typical epidermal one. Although over the last decades the succes-
sive stages of SMC protoplast polarization and the mechanisms
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that mediate or promote its asymmetrical division have been
studied (reviews by refs. 2, 3, 5), the nature of inductive stimulus
still remains unknown. This signal might be a chemical substance
emitted by the GMC"*®? or a mechanical stimulus exerted by
the GMC on its lateral SMCs.>!013 Considering the above, as
well as that SMC division is characterized by a shift of the divi-
sion plane orientation in protoderm from transverse to leaf axis
to longitudinal one (review by ref. 2; see also Fig. 1), it is reason-
able to assume that the inductive stimulus might be a hormone-
like substance.

Auxin might be an ideal inducer of polarity, since it directs
cellular patterning by controlling division plane orientation.*!
This hormone plays a key role in plant development regulating a
remarkably wide range of developmental processes.'” In Arabi-
dopsis, auxin participates in leaf development, where among
others, seems to coordinate asymmetrical cell differentiation and
division."®' The unique morphogenetic auxin properties could
be, at least in part, attributed to its ability to become
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Figure 1. Diagram illustrating the development of Zea mays stomatal complexes. MT: microtubule; PPB: preprophase band; SMC: subsidiary cell mother

asymmetrically and polarly distributed.’” In Zea mays, it is
polarly transported along the main leaf axis.”®?! Auxin transpor-
tation is mediated by several families of auxin transporters, which
participate in intracellular and intercellular auxin influx and
efflux.”” Transporters that provide directionality to the intercel-
lular auxin flow are, among others, the PIN-FORMED (PIN)
efflux carriers and the AUXIN INSENSITIVE1 (AUX1) influx
carriers. 172224

In developing stomatal complexes of grasses, like those of Z.
mays, the shift in division plane orientation, as well as SMC
polarization, might be induced by a local change in the direction
of auxin flow in growing epidermis. To investigate this hypothe-
sis the effects of indole-3-acetic acid (IAA), its synthetic analog
1-napthaleneacetic acid (NAA), and those of the specific auxin
transport inhibitors 2,3,5-triiodobenzoic acid (TIBA)® and
1-napthoxyacetic acid (NOA)* on the asymmetrical divisions
generating subsidiary cells in Z. mays, were monitored. TIBA dis-
rupts the cycling of PIN1 carriers and affects auxin transport by
interfering with membrane trafficking processes.26 NOA is con-
sidered as an inhibitor of auxin influx since it has been shown to
affect cellular auxin uptake facilitated by AUXI transporters.”
In addition, taking into consideration that polar PIN localization
is indicative of the auxin flow direction,”” the localization of
PIN1, one of the first identified PIN efflux carriers,”” in the
developing Z. mays stomatal complexes was also examined.

Interestingly, phospholipid signaling is required for PIN local-
ization and cooperates with auxin in establishing cell polarity.”®
In addition, phospholipases C and D (PLC/PLD) signal trans-
duction pathways seem to promote the induction or perception
of the stimuli emitted by the GMC, controlling the SMC asym-
metrical division.'” On the other hand, phosphatidyl-inositol-3-
kinase (PI3K) modulates phospholipid turnover catalyzing the
phosphorylation of phosphoinositides and importantly, its func-
tion assists auxin signaling.29 Moreover, PI3K catalytic activity is
necessary for generation of cell polarity in migrating monospores
of the red alga Porphyra yezoensis.>® Thus, the role of PI3K in the
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asymmetrical division of SMCs and its potential implication in
mediating signal transduction of auxin was evaluated, using the
specific PI3K inhibitor LY294002.%" As far as we know, this is
the first study involving auxin signaling in polarization/asymmet-
rical division of SMCs in grasses.

Results

Subsidiary cell formation in control seedlings

General remarks

In Z. mays, cells of particular protodermal rows, the stomatal
ones, undergo asymmetrical divisions close to basal leaf meristem
producing the GMCs (Fig. 2A). Initially, GMCs appear rectan-
gular in paradermal view (Fig. 2A and B), however, as they
develop, GMCs elongate along the stomatal row axis and before
their division they tend to assume an almost square shape in
paradermal view (Fig. 2C). The assembly of an interphase micro-
tubule (MT)-ring lining the mid-region of lateral and periclinal
GMC cell walls (Fig. 2E and F), which is followed by deposition
of a cellulose microfibril ring at these regions, plays a critical role
in GMC morphogenesis.”>” The cellulose microfibril ring allows
the elongation of the lateral cell walls and simultaneously pre-
vents the expansion of the transverse ones (Fig. 2A—C). The anti-
clinal cell walls oriented parallel to the leaf axis are defined as
lateral walls, while those oriented transversely to leaf axis are the
transverse cell walls. The periclinal ones are those exhibiting a
parallel to leaf surface orientation.

Before division, the length of GMCs, which represents the
dimension parallel to the stomatal row axis, increases about
125.00%. Simultaneously, its width, the dimension vertical to
the same axis, appears 34.60% decreased.'® As a result, SMCs
bulge locally toward their adjacent GMCs (Fig. 2C). The latter
cells emit a stimulus that induces asymmetrical division of the
SMCs yielding a minute lens-shaped subsidiary cell, adjacent to
the inducing GMC (Figs. 1, 2C). The local bulging of Z. mays
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Figure 2. (A-D) Areas of Z. mays stomatal rows, as observed with DIC optics, displaying young GMCs (A), GMCs in an intermediate developmental stage
(B), advanced GMCs (C) and young stomatal complexes (D). The double arrow in (A) shows the longitudinal leaf axis. The asterisks mark the GMCs and
the squares the SMCs. In the SMC shown in (C) the nucleus (N) has occupied its polar position. The arrows point to the daughter cell walls of the asym-
metrical divisions that create the subsidiary cells. The arrows in (D) show subsidiary cells and the arrowheads young guard cells. EC: epidermal cell; ICSR:
intervening cell of the stomatal row. (E and F) GMCs (asterisks) and SMCs (squares) after tubulin immunolabeling in external (E) and median (F) optical
planes. The arrows point to preprophase MT- band profiles of a SMC and the arrowheads to those of an interphase MT-ring in GMCs. (G) Tubulin immu-
nolabeling in a prophase SMC (square). The arrows indicate the preprophase MT- band, the arrowheads the half prophase MT-spindle, while the asterisk
marks the inducing GMC. N: nucleus. (H) AF-patch (arrow) in SMC (square), which bulges toward the inducing GMC (asterisk). Scale bars: 10 pm.

SMCs toward the inducing GMCs is also facilitated by the pat-
terned expansion of intervening cells of the stomatal row (see also
Fig. 2A-C)."”

It has been estimated that in Z. mays seedlings grown in
dark at 25 £ 1°C, the GMCs exhibiting a width/length ratio
between 0.8 and 1.4 are in their majority capable of emanat-
ing inductive stimulus toward the adjacent SMCs.'> GMCs
aspect ratio was assessed in a central optical cell plane using a
light microscope equipped with a micrometer scale. In the
current study, according to their aspect ratio, the GMCs were
classified in two subgroups: (a) GMCs with aspect ratio more
than 1.4 which are present close to meristem leaf region,
from now on called “young” GMCs and (b) GMCs with
respective ratio less than 1.4, which are located at protoder-
mal regions where the subsidiary cell formation occurs, from
now on called “advanced” GMCs. Based on the above consid-
eration, each SMC was classified according to the particular
category of its neighbor GMC and its status (divided or not).
Laterally to advanced GMCs 70.41% of SMCs (1090 out of
1548 SMCs measured) have been divided asymmetrically
(Fig. 3), whereas the percentage of divided SMCs adjacent to
young GMCs is 17.00% (154 out of 906 SMCs measured;
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Fig. 3). Besides, 97.20% of SMCs adjacent to young guard
cells (Fig. 2D) have been divided (958 out of 986 SMCs;
Fig. 3).

SMC polarization

The primary protoplasmic events of SMCs’ polarization pre-
ceding asymmetrical division are: (a) The migration of nucleus
toward the inducing GMC (Figs. 1C, 2C). It has been calculated
that in 77.56% of SMCs (446 out of 575 measured) adjacent to
advanced GMCs the nucleus occupies its polar position (Fig. 4).
The percentage of SMCs adjacent to young GMCs possessing a
properly positioned nucleus is 26.23% (106 out of 404 SMCs;
Fig. 4). (b) The cortical cytoplasm lining the SMC cell wall
region shared with the GMC lacks MTs (Fig. 2F).>*3% () The
assembly of an unusually shaped preprophase MT-band at the
polar end of SMC (reviews by refs. 2, 3, 5; see also Figs. 1C,
2E-G). (d) The organization of a monopolar prophase MT half-
spindle, which is connected with the preprophase MT-band and
seems to anchor the nucleus to its polar position (Figs. 1C,
2G).** (e) The organization of an actin filament (AF)-patch (for
literature see refs. 2, 3; see also Figs. 1C, 2H) and an endoplas-
mic reticulum-patch'? at the polar end of SMC.
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Figure 3. Table and the respective histograms presenting the percentages of subsidiary cell formation in control and treated seedlings. Treatments:
CONTROL dH,0; NAA 100 M, 48 h; TIBA 300 M, 48 h; LY294002 50 M, 72 h; NAA 100 wM + LY294002 50 M, 48 h.

PIN1 localization in GMCs and SMCs

Immunolabeling revealed that PIN1 auxin efflux carriers in
Z. mays protodermal cells were polarly localized. In regions close
to meristem, where newly formed GMCs are found, PIN1 fluo-
rescence signal was mainly emitted by the transverse cell faces,
including those of GMCs and only a weak signal emitted by
the lateral ones (Fig. 5A). During GMC growth, the intensity
of PIN1 fluorescence in the latter regions was increased and
eventually in advanced GMCs, PIN1 seemed to accumulate in
both transverse and lateral GMC faces (Fig. 5B; cf. Fig. 5A). In
some advanced GMCs the fluorescence of PINI1 carriers
appeared even more intense along the lateral GMC faces than
along the transverse ones (Fig. 5B). Therefore, the lateral faces
of many GMCGCs, which are close to SMCs, are enriched in
PIN1 carriers (Fig. 5B).
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Exogenous addition of auxins promotes subsidiary cell
formation

Although TAA or NAA, at durations applied in this work, did
not detectably affect seedling growth, they led to a remarkable
increase in SMC polarization and promoted its asymmetrical
division, behaving similarly. In protodermal areas displaying
advanced GMCs, the amount of divided SMCs was comparable
to that of the controls. Out of 312 NAA-treated SMCs measured,
71.80% have been successfully divided (Fig. 3). However, in
regions exhibiting young GMCs the percentage of divided SMCs
was 35.16% (276 out of 785 SMCs measured), considerably
increased compared to that of the control leaves (Figs. 3; see also
Fig. 6A and B). Moreover, in leaves treated with auxins all young
stomatal complexes possessed two subsidiary cells (Figs. 3, 6C).
Even in controls, a small amount of undivided SMCs adjacent to
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Figure 4. Table and the respective histograms showing the percentages regarding the polar positioning of SMC nucleus in control and treated seedlings.
CONTROL dH,0; NAA 100 M, 48 h; TIBA 300 .M, 48 h; LY294002 50 M, 72 h; NAA 100 wM + LY294002 50 nM, 48 h.

young guard cells exists (2.80%; Fig. 3). These data suggest that  close to leaf meristem. Besides, in treated seedlings, many GMCs
the addition of exogenous NAA and IAA favors, to some divided symmetrically before acquiring their almost square, in
extent, the asymmetrical division of SMCs and interestingly, pro-  paradermal view, shape (Fig. 6C; cf. Fig. 2D). This observation
motes the initiation of SMC division in protodermal regions suggests that the exogenously provided auxins promote both
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Figure 5. Immunolocalization of PIN1 carriers in control (A, B) and
treated (C-H) GMCs (asterisks) and SMCs (squares). The arrows point to
transverse and the arrowheads to lateral cell walls. (A) Young GMCs. (B)
Advanced GMCs. (C-F) TIBA-treated GMCs (asterisks) as they appear after
PIN1 carrier immunolabeling (C and E) and using DIC optics (D and F). (G
and H) Immunolabeling of PIN1 carriers in a LY294002-treated GMC
(asterisk) (G) and the respective DIC image (H). Treatments: (C-F) TIBA
300 M, 48 h; (G and H): LY294002 50 .M, 48 h. Scale bars: 10 pm.
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asymmetrical and symmetrical stomatal cell divisions and conse-
quently, the stomatal complex development was attained more
closely to the leaf base than in the control leaves (Fig. 6C; cf.
Fig. 2D).

Premitotic polarization of the auxin-treated SMCs was also
favored. The amount of SMCs possessing the nucleus at its polar
position was considerably increased. This was very intense in pro-
todermal regions close to leaf meristem, where the polarized
SMCs adjacent to young GMCs was 83.65% (312 out of 373
SMCs; see also Fig. 6D), nearly 3-fold higher compared to the
controls (Fig. 4). Similarly, the respective amount of polarized
SMCs adjacent to advanced GMCs was increased (Fig. 4).
Besides, the interphase GMC MT-ring was almost typical in
appearance (Fig. 6E and F; cf. Fig. 2E and F). As in controls
SMCs, the cortical cytoplasm lining the cell wall between SMC
and GMC was devoid of MTs. Moreover, laterally to the induc-
ing GMCs a typical preprophase MT-band was formed in treated
SMC:s (Fig. 6E and F).

In control leaves, these polarizing events predominantly char-
acterized SMCs in contact with advanced GMCs (Fig. 2C, E, F).
However, in leaves incubated with NAA and IAA they were also
observed in SMCs adjacent to young GMCs (Fig. 6D-F). In
many SMCs, a typical preprophase MT-band was detected,
although their nucleus did not occupy a polar position. Never-
theless, this can be also detected in control seedlings of Z. mays
and other grasses.>*>*® The treated SMCs displayed numerous
endoplasmic AFs, many of which traversed the perinuclear cyto-
plasm (Fig. 6G). A well-organized AF-patch was found only in
those SMCs bulging toward the advanced GMCs (Fig. 6G; cf.
Fig. 2H). The SMCs that were in contact with young GMCs
and did not bulge toward them possessed numerous AFs ran-
domly distributed, but not distinct AF-patches (Fig. 6H). Collec-
tively, these data suggest that auxin also promotes SMC
polarization establishment and favors the appearance of this phe-
nomenon to protodermal areas close to leaf meristem.

Inhibition of auxin transport restrains subsidiary cell
formation

Although TIBA, at durations and concentrations used in this
work did not interfere with the growth of Z. mays seedlings and
especially GMC morphogenesis, subsidiary cell formation was
inhibited (Fig. 7A). The percentages of divided TIBA-treated
SMCs adjacent to young GMCs, advanced GMCs, or young
guard cells were 3.88%, 16.03% and 51.10% respectively
(Fig. 3). Therefore, the number of divided SMCs, in all cases,
was definitely lower compared to that of controls, whereas the
number of undivided SMCs was considerably higher (Fig. 3).
As a result, unlike to controls, in seedlings incubated with
TIBA, large protodermal areas, possessing advanced GMCs or
young guard cells, lacked subsidiary cells (Fig. 7A and B). Nota-
bly, the symmetrical divisions in the meristem, the asymmetrical
ones generating the GMCs, as well as the symmetrical GMC
divisions appeared to proceed normally. This evaluation was
made by tracing numerous young daughter cell walls after stain-
ing with aniline blue (Fig. 7C). The amount of the so-called
persistent GMCs, which are the undivided GMCs exhibiting
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Figure 6. (A-C) Protodermal areas near the leaf base of NAA- (A and C) and IAA-treated (B) seedlings as viewed after aniline blue staining. Bilaterally to
the young GMCs (asterisks in (A) and (B)) subsidiary cells have been formed (cf. Fig. 2A and B). The stomatal complexes shown in (C) have been formed
before the GMCs acquire a square shape (compare Fig. 2C and D). (D) DIC optical view of polarized NAA-treated SMC (square) in contact with a young
GMC (asterisk) (cf. Fig. 2B and C). N: nucleus. (E and F) NAA- (E) and IAA- (F) treated young GMCs (asterisks) and their neighbor SMCs after tubulin immu-
nolabeling in external (E) and median (F) optical plane. The arrows point to profiles of preprophase MT-band in SMCs and the arrowheads to the inter-
phase MT-ring in GMCs. (G) AF-organization in NAA-treated SMCs (squares) in contact with advanced GMCs (asterisks).The arrows show AF-patches. (H)
AF-organization in young NAA-treated GMCs (asterisks) and their adjacent SMCs (square). Treatments: NAA 100 M, 48 h; IAA 200 M, 48 h. Scale bars:

distinct morphological features of guard cells was only 3.93% in
280 young stomatal complexes measured (Fig. 7E; cf. Fig. 2C
and D; see also ref. 32, 37). These data demonstrate that in Z.
mays protoderm TIBA specifically inhibits the asymmetrical
SMC division.

Premitotic SMC polarization was also affected in TIBA-
treated leaves, where the polar migration of SMC nucleus toward
the adjacent GMC was greatly inhibited (Fig. 7D). Out of 366
SMCs adjacent to advanced GMCs, 28.96% possessed polar
positioned nucleus, whereas the majority of these SMCs
(71.04%) exhibited nuclei at random sites (Fig. 4). The respec-
tive percentage of properly positioned nucleus in SMCs adjacent
to young GMCs was 18.52% out of 556 SMCs measured
(Fig. 4). Moreover, although in controls, young guard cells were
also capable of inducing polarization in their partner SMCs,*>
in many TIBA-treated stomatal complexes lacking subsidiary
cells, the nucleus of SMC resided far from the polar SMC end
(Fig. 7F).

The interphase MT-ring in GMCs was typical after the appli-
cation of TIBA (Fig. 7G and I), however, many advanced GMCs
emitted an intense tubulin fluorescence signal lining the whole
surface of the lateral cell wall (Fig. 7H). This implies that TIBA
somehow interferes with GMC cortical MT reorganization dur-
ing GMC transition from interphase to preprophase/prophase
(for a review see ref. 2). Besides, TIBA did not considerably affect
the organization of cortical MTs in SMCs. The sites of contact
between SMC and GMC in treated SMCs lacked cortical MT's
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and the preprophase MT-band organization laterally to adjacent
GMC was almost typical, regardless the position of the SMC
nucleus (Fig. 7T and J). In contrast, TIBA affected to some extent
AF-organization. The SMCs bulging toward the neighbor GMC
displayed not very well defined polar AF-patches (Fig. 7K and
L; cf. Fig. 2H).

Treatment with TIBA affected also the distribution of PIN1
carriers in Z. mays protoderm. The advanced GMCs displayed
spherical conformations in the cytoplasm emitting weak PIN1
fluorescence (Fig. 5C and E). Relatively few and unequally dis-
tributed PIN1 carriers were only detected on the anticlinal GMC
faces (Fig. 5C-F; cf. Fig. 5B).

To further investigate the implication of auxin transport in
subsidiary cell formation treatments with the auxin influx inhibi-
tor NOA were also carried out. Interestingly, NOA interfered
with subsidiary cell generation and the migration of SMC
nucleus toward its polar site. The amount of divided NOA-
treated SMCs laterally to young or advanced GMCs was 9.21%
(21 out of 228 SMCs) and 33.47% (79 out of 236 SMCs),
respectively. The respective percentages in control leaves were
17.00% and 70.41%. Consequently, protodermal areas of seed-
lings incubated with NOA containing advanced GMCs or young
guard cells frequently lacked subsidiary cells (Fig. 8A-C).
Although in treated SMCs adjacent to young GMCs the percent-
age of polarized nuclei was comparable to controls, the amount
of polarized NOA-treated SMCs next to advanced GMCs was
dramatically decreased. Only, 41.40% out of 157 SMCs
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300 M, 48 h. Scale bars: 10 um.

Figure 7. Protodermal areas of seedlings incubated with TIBA. (A-C) Optical sections of stomatal rows after aniline blue staining. The asterisks mark
advanced GMCs, the arrows young stomatal complexes and the arrowhead in (C) a newly formed daughter cell wall of the symmetrical GMC division.
Note the absence of subsidiary cells. (D) Treated SMC (square) as seen in DIC optics. The nucleus (N) is far from the inducing GMC (asterisk). (E and F).
DIC optical views of a persistent GMC (E) and a young stomatal complex lacking subsidiary cells (F). The SMCs in (F) (squares) are not polarized. (G and
H) Young (G) and advanced (H) treated GMCs (asterisks) after tubulin immunolabeling. The arrowheads show optical sections of the interphase MT-ring.
(I and J) Treated SMC (square) following tubulin immunolabeling in external (I) and median (J) optical plane. The arrows point to sections of the prepro-
phase MT-band of the SMC and the arrowheads to sections of the interphase MT-ring of the GMCs. N: nucleus. (K and L) Treated advanced GMC (asterisk)
and one of the neighbor SMCs (square) after AFs staining (K) and in DIC optics (L). The arrows show the AF-patch of the SMC. In (L) the SMC bulges
toward the "inducing" GMC and its nucleus (N) has not occupied its polar position (compare Fig. 2C). Treatments: TIBA (A-C) 100 n.M, 48 h; (D-L)

measured exhibited a properly positioned nucleus, whereas in
controls the respective percentage was 77.56%. Fig. 8B shows
treated SMCs possessing a nucleus located far from the inducing
GMC. These findings suggest that auxin influx is also critical for
SMC polarization and division.

Additional control experiments were carried out in order to
clarify whether auxin accumulation or its polar transport was
responsible for the promotion of subsidiary cell formation
observed after NAA or TAA (see above). Treatments with NAA
in combination with TIBA or NOA were carried out. Under
these circumstances many protodermal regions containing
advanced GMCs or young guard cells were devoid of subsidi-
ary cells (Fig. 8D-F). These findings suggest that not only
auxin accumulation but mainly its transport is a prerequisite
for subsidiary cell formation.

Selective inhibition of the catalytic activity of PI3K blocks
subsidiary cell generation
Although treatment of Z. mays seedlings with the specific

PI3K inhibitor LY294002 for 24-72 h did not affect their
growth or GMC morphogenesis, subsidiary cell formation was
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largely prevented (Fig. 9A). The amount of newly formed subsid-
iary cells was greatly decreased compared to controls. Out of 474
SMCs adjacent to advanced GMCs, only 20.04% had been
divided and 15.64% out of 578 SMCs laterally to young GMCs
had generated subsidiary cells (Fig. 3). The percentage of undi-
vided SMCs adjacent to young guard cells was 79.90% (596 out
of 746 SMC:s; Fig. 3). Consequently, many stomatal complexes
lacked subsidiary cells (Fig. 9B). Similarly, to the results obtained
with TIBA and NOA, the inhibition of asymmetrical SMC divi-
sion by LY294002 treatment seems to be highly specific. The
symmetrical GMC divisions were not significantly affected
(Fig. 9A). Only a small population (7.40%) of persistent GMCs
(Fig. 9C) was detected in treated seedlings.

LY294002 clearly interfered with nuclear migration to the
polar site of SMCs (Fig. 9D). A random position of nucleus was
detected in 80.69% SMCs adjacent to young and 83.00% SMCs
laterally to advanced GMCs (Fig. 4), as well as in many SMCs
next to young guard cells (Fig. 9B). On the contrary, in treated
SMCs neither the preprophase MT-band nor the AF-patch for-
mation were inhibited, although the latter was not well organized

(Fig. 9E-G).
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LY294002 seems also
to disturb the PIN1 carrier
localization. The affected
protodermal  cells  dis-
played spherical configura-
tions, differently distribu-
ted compared to those of
and
poor PINI fluorescence
signal (Fig. 5G). In partic-
ular, in the advanced
treated GMCs PIN1 car-
riers  were  randomly
located, unlike the con-
trols where they tended to
be equally distributed in
all the anticlinal GMC
faces (Fig. 5G and H; cf.
Fig. 5B).

Aniline

controls emitting

Aniline

NAA+TIBA Aniline

Auxin and PI3K
interplay promotes
subsidiary cell formation

Considering the similar
effect caused by inhibition
of auxin transport and
LY294002 on premitotic
SMC  polarizaton  and
asymmetrical division, it
was investigated whether
auxin and PI3K cooperate
to generate subsidiary cells,
applying exogenously NAA
together with the specific
PI3K inhibitor. NAA and
LY294002 separately pro-
duced opposite effects on

NAA+NOA Aniline
*

subsidiary cell formation

(Fig. 3). Compared to
SMCs  solely incubated
with NAA the percentage
of divided SMCs adjacent to

Figure 8. Protodermal areas of seedlings treated with NOA (A-C), NAA + TIBA (D and E) and NAA + NOA (F). The
asterisks mark advanced GMCs and the arrowheads in (B) and (E) point to SMC nucleus. (A-C) Optical sections of sto-
matal rows after aniline blue staining (A and C) and under DIC optics (B). Note the absence of subsidiary cells adjacent
to advanced GMCs (A, B) and to young guard cells (C). (D and E) Stomatal row of NAA + TIBA-treated leaves contain-
ing advanced GMCs (D) and young stomata (E). Note the absence of subsidiary cells. (F) Protodermal region of seed-

young and advanced GMCs | g incubated with NAA + NOA lacking subsidiary cells. Treatments: (A-C): NOA 50 M, 72 h; (D and E): NAA
in NAA+LY294002- 100 wM + TIBA 300 wM, 72 h; (F): NAA 100 M 4 NOA 50 wM, 72 h. Scale Bars: 10 wm.
treated  seedlings  was

decreased (Fig. 3). Besides, opposite to the results obtained
from NAA treatment, a population (17.15%) of undivided
SMCs adjacent to young guard cells was observed (Figs. 3,
10A). Premitotic SMC polarization was also disturbed
(Fig. 10B and C; cf. Fig. 2C). The percentages of SMCs
exhibiting a nucleus at its polar position were much lower
than the respective ones obtained when the seedlings were
treated with NAA (Fig. 4). These data favor the hypothesis
that PI3K is implicated in transduction of the auxin signal,
and that both are required for generation of SMC polarity
and asymmetrical division.
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Discussion

Auxin and the inductive stimulus in stomatal complexes

The hypothesis that the stimulus emanating from the grass
GMCs, which triggers asymmetrical division in the adjacent
SMCs, is a chemical substance possibly hormonal in nature
has been suggested more than 50 years ago."®”*® The chemi-
cal nature of the inductive stimulus is adequately supported
from previous results obtained from caffeine-treated Z. mays
seedlings in which the daughter cell wall separating the subsid-
iary cell remained incomplete, resulting in the formation of
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Aniline

LY294_002

LY294002 - - The emerging r91e .of auxin
in SMC polarization and
i asymmetrical division is fur-
% ther supported by data
¥ e

derived from proteomic anal-
ysis showing that the Z. mays
protodermal areas close to

leaf meristem are enriched in
several auxin related pro-
teins.” It is worthwhile not-
ing that not just auxin
accumulation but its polar-
ized transport seems to be
critical for the induction of

- . .
! subsidiary  cell ~generation.
‘ This may be concluded, con-

D : sidering that auxin transport

inhibitors TIBA and NOA

LY294002

LY294002 prevented SMC polarization

and subsidiary cell formation,
regardless the simultaneous
presence  of  exogenously
added NAA (Fig. 8D-F).
Strictly  defined

transport

*’v\

auxin
routes  control
= development and patterning
of several plant tissues and

organs, via managing the

‘)
c ¥ &

distribution of auxin trans-

ments: LY294002 50 uM, (A, D-G): 48; (B and C): 72 h. Scale bars: 10 p.m.

Figure 9. Protodermal areas of seedlings incubated with LY294002. (A and B) Optical sections of stomatal rows after
aniline blue staining (A) and under DIC optics (B). The asterisks mark advanced GMCs, the arrows young stomatal
complexes and the arrowhead a newly formed daughter cell wall of the symmetrical GMC division. Note the
absence of subsidiary cells in all cases. (C and D) Persistent GMC (asterisk in C) and treated SMC (square in D) as
they appear under DIC optics. The SMC nucleus (N) has not occupied a polar position near the neighboring GMC
(asterisk; cf. Fig. 2C). (E and F) Treated SMC (square) after tubulin immunolabeling in external (E) and median (F)
optical planes. The arrows point to the SMC preprophase MT-band and the arrowheads show the GMC interphase
MT-ring. N: nucleus. (G) Treated SMCs (squares) after AF staining. The arrows show the AF-patch in each SMC and
the asterisks the neighboring GMC. Note the local "protrusion” of the SMCs toward the neighboring GMCs. Treat-

porters (reviews by refs. 15,
22, 27, 40, 41). Since it is
known that PIN polarity
primarily determines the
direction of auxin flow,”” a
local transport of auxin
from Z mays GMCs to
SMC:s is further supported

by the particular appearance

aborted SMCs. As a consequence, their adjacent GMCs were
also capable of inducing divisions in the next cell compart-
ment probably due to the transport or diffusion of the stimu-
lus through minute perforations of the incomplete subsidiary
cell wall.”

The experimental data present in this work indicate for the first
time that auxin might operate as the inductive stimulus that forces
the asymmetrical division of Z. mays SMCs. Incubation of Z. mays
seedlings with the specific auxin transport inhibitors TIBA and
NOA blocked subsidiary cell formation (Figs. 3, 7A and B, 8A-C).
On the contrary, the exogenously added NAA and IAA promoted
the asymmetrical SMC division and interestingly in this case, the
GMC:s seem to become potent to induce divisions in SMCs at an
earlier stage of their development (Figs. 3, 6A and B). Thus, in
NAA- and [AA-treated leaves subsidiary cell formation occurred in
protodermal regions closer to the leaf base than in the control ones.

€984531-10

Plant Signaling & Behavior

of PINI efflux carriers on
the lateral GMC faces. In
young GMCs, they were mainly localized to the transverse GMC
faces, but in the advanced ones they were found in all transverse
and lateral GMC faces (Fig. 5A and B). Notably, at this develop-
mental leaf stage, in the rest protodermal cells, PINT carriers
were mainly localized at the transverse cell faces. In this direction,
the inhibition of subsidiary cell formation in TIBA-treated leaves
is accompanied by disturbance of PIN1 localization in GMCs
(Fig. 5C-F). Therefore, it may be suggested that during GMC
morphogenesis a programmed change in the direction of auxin
transport takes place, which is critical for subsidiary cell forma-
tion. Since AUX1 inhibition by NOA also prevented the asym-
metrical division of SMCs (Fig. 8A—C), a local accumulation of
auxin influx carriers is expected in Z. mays SMC polar face in
control leaves, and this possibility should be investigated.
Evidence accumulated over the last years suggests that auxin is
intimately involved in development of stomatal complexes of the
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NAA+LY29400W -

Figure 10. Protodermal areas of seedlings incubated with NAA plus
LY294002. (A) DIC optical view of a stomatal row. The young stomata
(arrows) lack subsidiary cells. The arrowheads indicate the nucleus of
each SMC that is located far from the respective stoma. (B and C)
Treated SMCs (squares) after aniline blue staining (B) and in DIC optics
(C). The nucleus (N) resides far from the adjacent GMCs (asterisks). Treat-
ments: NAA 100 wM + LY294002 50 M, 48 h. Scale bars: 10 pm.

dicotyledonous species Arabidopsis thaliana. In A. thaliana hypo-
cotyl protoderm, auxin, acting synergistically with other hor-
mones, promotes the asymmetrical divisions producing the
GMCs.* Its crucial implication in controlling stomatal pattern-
ing of cotyledon and leaf protoderm in A. thaliana was further
strengthened by recent data demonstrating that, during stomatal
complex development, auxin was massively transported between
different stomatal cell types. Interestingly, prior to the symmetri-
cal division of GMCs, the levels of auxin constantly decreased in
these cells."” Thus, in A. thaliana, GMCs seem to function as
local auxin protodermal sources. More recently, Zhang et al®
showed that auxin interferes with stomatal development in a
dose-dependent manner. Low levels of auxin in A. thaliana meso-
phyll promote stomatal formation, whereas elevated auxin con-
centrations inhibited this process. Taken, our findings and the
above mentioned into consideration, it seems reasonable to
extrapolate that Z. mays GMCs also act as local protodermal
sources releasing auxin in the adjacent SMCs. Such release might
function as an inductive stimulus specifically involved in polari-
zation and asymmetrical division of the SMCs.

Auxin signaling and induction of SMC division

The view that the local change in the direction of auxin flow is
involved in signal transduction that leads to the asymmetrical
division of SMCs, is further supported by the results obtained
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after treatments with TIBA and NOA. TIBA, which disrupts
PIN1 localization and blocks auxin transportzs’26 (see also
Fig. 5C-F) and NOA which inhibits auxin influx, interfering
with AUX1 carriers,'”? both resulted in a great inhibition of
SMC division (Figs. 3, 8A-C). Therefore, this hormone could
specifically interfere with the induction of this division. The find-
ing that auxin signaling participates in cell cycle control, regulat-
ing specific cell cycle checkpoints during transition from G1 to S
and from G2 to M phase,"***¢ corroborates this hypothesis.

Besides, PI3K in plants is an active mediator of auxin signal-
ing and is involved in auxin-dependent processes such as root
gravitropism.”” In animal cells, PI3Ks have been implicated in
regulation of various steps of cell division.”” The participation of
PI3K’s catalytic activity in subsidiary cell generation of Z. mays is
supported by the specific blockage of the asymmetrical division
producing the subsidiary cells, after incubation of seedlings with
the specific inhibitor LY294002 (Fig. 3). The ability of
LY294002 to reverse the effect on subsidiary cell formation
exerted by the exogenously added auxin allows the hypothesis
that a dynamic interplay exists between PI3K and this hormone.
In particular, NAA plus LY294002 treatment resulted in a
remarkable reduction in the amount of subsidiary cells compared
to solely NAA-treated Z. mays seedlings (Fig. 3).

Auxin signaling and SMC polarization

Moreover, auxin promotes polarization preceding the asym-
metrical division in several cell types, including lateral root
founder cells and brown algae zygotes.”! In the present case,
auxin signaling interferes with establishment of polarity in
SMCs. The addition of exogenous auxins promotes polar migra-
tion of SMC nucleus, whereas treatments with TIBA and NOA
inhibited this process (Figs. 4, 8B). Unlike to control seedlings,
NAA and IAA treatments stimulate the polar positioning of
SMC nucleus at protodermal regions close to leaf base (Fig. 4).
The similarity of the findings obtained by TIBA, NOA,
LY294002, and NAA plus LY294002 treatments in polar move-
ment of SMC nucleus, suggests that auxin and PI3K act coopera-
tively in the induction of polarity in SMCs.

The migration of the nucleus toward the polar SMC site is
mediated by AF cytoskeleton (reviews by ref. 2, 11, 48, 49) and
interestingly, the NAA-treated SMCs adjacent to young or
advanced GMCs exhibited an increased population of perinu-
clear AFs. Consistently, auxin signaling interferes with the orga-
nization of actin cytoskeleton. In A. thaliana leaf epidermal cells,
auxin that is transported in the apoplast, modulates the activity
of ROP GTPases, which in turn influence AF-organization in
neighbor cells.’®>? Thus, RAC/ROPs (Rho-like Rac/Rop
GTPases of plants) could function as spatial switches relaying
localized auxin signals.”> ROP patches follow auxin gradients
that establish polarity in trichoblasts™ and importantly, ROPs
accumulate at the polar end of Z mays SMCs.”* However, the
absence of specific ROPs from Z. mays mutants produced only
weak defects in SMC polarization. On the contrary, in panl/
panl rop2/rop2 rop9/+ triple mutants lacking partially ROP
function and simultaneously, the activity of a receptor like kinase

(RLK) named PAN1 (panglossl), the premitotic SMC
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polarization was seriously affected.”* Notably, PANT and its
partner PAN2 also exhibit polar accumulation in SMCs of Z.
mays.5>56

Considering that PAN1 and ROPs cooperate on positioning
SMC nucleus and that in panl mutants AF-patches were
absent,”*>” it may be suggested that PAN1 may generally inter-
fere with cortical AF-organization. This protein also accumulates
at definite regions of subsidiary cells and intervening cells of sto-
matal rows of Z. mﬂy.f,57’58 where distinct AF accumulations have
also been found.**>® Thus, the AF-patches at the polar end of
Z. mays SMCs, should not be considered as prime polarizing fac-
tors, since they are absent from SMCs in other grasses like
Triticum turgidum, but they may be related to the local SMC
bulging toward the inducing GMC.'*** Evidence favoring this
hypothesis is that in TIBA- and LY294002-treated SMCs, where
the polar nucleus migration and the asymmetrical division were
inhibited, AF-patches were assembled. Moreover, in auxin-
treated leaves, in which SMC polarization and asymmetrical divi-
sion is expanded into protodermal regions close to leaf base, AF-
patch was only detected in SMCs bulging toward their adjacent
GMCs.

Polar MT-organization does not seem to be considerably
affected in TIBA or LY294002-treated SMCs. Although these
treatments block nucleus positioning and the entry of SMCs to
division, the preprophase MT-band adjacent to GMC is properly
assembled. Therefore, division plane in SMCs, as it is expressed
by the preprophase MT-band organization, is determined regard-
less the inhibition of asymmetrical division. These data may con-
firm the hypothesis that, in SMCs of grasses, asymmetrical
division and determination of the division plane are controlled
by different stimuli, both of GMC origin.'* SMC division seems
to be triggered by auxin signaling, whereas the SMC division
plane may be differently determined.

The plane of SMC division might be determined by local
mechanical stresses exerted on SMCs by GMCs.>'*?*>° The
driving force generating such local mechanical stresses might be
originated by the unequal elongation rates between the GMCs,
the SMCs and the intervening cells of stomatal row. In particular,
the lateral GMC cell wall seems to elongate more intensely than
its SMC wall partner and the proximal to the GMC cell wall
regions of the intervening stomatal row cells (unpublished data).
Consequently, mechanical stresses applied to certain SMC cell
wall areas may define the position of the unusual SMC prepro-
phase MT-band. In TIBA or LY294002 treated seedlings, where
GMC morphogenesis was not affected, the SMCs displayed a
typical preprophase MT-band, despite the inhibition of their
asymmetrical division, probably because these putative mechani-
cal stresses are not hampered (see also ref. 12). On the contrary,
in NAA- and TAA-treated seedlings where the SMC divisions
occur at an early stage of GMC morphogenesis, the mechanical
stresses and consequently the formation of the SMC preprophase
MT-band may be generated in an opposite way. In this case, the
slightly growing lateral GMC walls apply tensions to the adjacent
growing SMC wall regions and the proximal regions of interven-
ing cells of the stomatal row that display higher elongation rate at
this developmental stage.
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PI3K and auxin signal transduction

The findings of this study also suggest the implication of
PI3K’s catalytic activity in transduction routes accomplishing
auxin signaling in developing Z. mays stomatal complexes. This
is indicated by the extensive attenuation of SMC polarization/
asymmetrical division after the inhibitory effect of LY294002
(Figs. 3 and 4). Moreover, LY294002 alleviated the promoting
effects of the exogenously added auxin in SMC polarization and
the subsequent formation of subsidiary cells (Figs. 3 and 4).
PI3K may mediate these events influencing the recycling of
PINT carriers since it is known that this is an actin dependent
process,'” and that PI3K interferes with the organization of actin
cytoskeleton.?**”

Alternatively, PI3K may act regulating the activity of PIN1
carriers. PINOID kinases catalyzing the phosphorylation of
PIN1 proteins are activated by 3-phosphoinositide-dependent
protein kinases (PDKs).%° PDKs can bind to a broad range of lip-
ids including the catalytic product of plant PI3K phosphatidyl-
inositol-3-phosphate.*” Other phosphoinositide kinases,”® inosi-
tol triphosphate and phosphatidic acid generated from the activ-
ity of the phospholipid degrading enzymes PLCs and PLDs
respectively, also mediate polar auxin transport controlling the
distribution and activation of PIN carriers.®"** These data sup-
port the view that phospholipid turnover could be important for
subsidiary cell generation, among others, directing polar move-
ment of auxin. This hypothesis is in accordance with previous
work demonstrating that the catalytic activity of PLCs and PLDs
interferes with subsidiary cell formation in Z. mays."'> PI3K apart
from its potential participation in mediating auxin-induced pro-
cesses, via establishment of phospholipid asymmetry across plas-
malemma similarly to other phosphoinositide kinases,”® may
promote also signal transduction initiated by the local auxin
transport from GMCs to SMCs (see also ref. 47).

In conclusion, the data presented in this article reveal for the
first time that auxin signaling is implicated in polarization estab-
lishment and asymmetrical division of SMC and that PI3K
actively participates in auxin signal transduction toward genera-

tion of subsidiary cells of Z. mays.

Materials and Methods

Plant material

Caryopses of Zea mays L. var Aris, kindly offered by the
National Agricultural Research Foundation (Cereal Institute,
Thessaloniki, Greece), were allowed to germinate on moist filter

papers in darkness for 72 h at 25 £ 1°C.

Treatments

Three days-old seedlings were incubated with aqueous solu-
tions of 200 M IAA (Duchefa Biochemie, Haarlem, The Neth-
erlands), 100 puM NAA (Duchefa), 100-300 puM TIBA (Alfa
Aesar, Ward Hill, MA, USA), 50 uM NOA (Sigma, St. Louis,
MO, USA) and 50 nM LY294002 (Sigma), as well as with NAA
+ TIBA, NAA + NOA; and NAA + LY294002 at concentra-
tions mentioned above. The roots were excised and the seedlings
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were then placed on cotton wetted with treatments solutions.
Treatments were carried out in darkness at 25 =+ 1°C for 24—
72 h. Following the same procedure, control seedlings were
placed on cotton wetted with distilled water. The substances
were derived from dimethyl sulfoxide stock solutions. The maxi-
mum dimethyl sulfoxide concentration in treatment solutions
was 0.5% (v/v). To confirm that the solvent, at the concentra-
tions used in this study, did not cause any side effect, additional
control experiments were performed. In these cases the seedlings
used as controls were placed on cotton wetted with 0.5% (v/v)
dimethyl sulfoxide dissolved in distilled water. Experiments were
repeated at least three times.

Immunocytochemistry

MT immunodetection was performed as was described in
Panteris et al.>> In brief, hand-made leaf strips from control or
treated seedlings were fixed for 1 h with 4% (w/v) paraformalde-
hyde in PEM buffer [50 mM piperazine-1,4-bis(2-ethanesul-
fonic acid, 5 mM ethyleneglycol-O,0’-bis(2-aminoethyl)-N,N,
N’,N’-tetraacetic acid, 5 mM MgSO4-7H,0, pH 6.8] contain-
ing 2% (v/v) dimethyl sulfoxide and 0.1% (v/v) Triton X-100.
After three washes with the same buffer the cell walls were
digested with 1% (w/v) cellulase (Onozuka, Honshua, Tokyo,
Japan), 1% (w/v) macerozyme (Onozuka) and 1% (w/v) driselase
(Sigma) in PEM buffer pH 5.0, for 15 min. The specimens were
washed again with PEM, pH 6.8 and were extracted with 5%
(v/v) dimethyl sulfoxide and 1% (v/v) Triton X-100 in phosphate
buffered saline (PBS) for 20 min. After rinsing with PBS the leaf
strips were incubated overnight with a rat monoclonal anti-a
tubulin antibody (YOL; Clone 1/34; Serotec, Oxford, UK) and
afterwards with fluorescein isothiocyanate-conjugated anti-rat
IgGs (Sigma) for 2 h at 37°C. Both antibodies were diluted 1:40
in PBS containing 2% (w/v) bovine serum albumin (BSA). DNA
staining was performed using 10 pg/ml Hoechst 33258 (Molec-
ular Probes, Eugene, OR, USA). Finally, the leaf strips were

mounted with an anti-fade solution containing p-phenyldiamine.

Actin filament staining

Visualization of AFs was achieved using the procedure
described previously in Panteris et al.>* Leaf strips of control and
treated seedlings were incubated for 30 min in dark with
300 .M m-maleimidobezoyl-N-hydroxysuccinimide
(Sigma) in PEM containing 2% (v/v) dimethyl sulfoxide and
0.1% (v/v) Triton X-100. The strips were then prefixed with 1 %
(w/v) paraformaldehyde in PEM for 20 min and fixed with 4%
(w/v) paraformaldehyde for 1 h. Afterwards, they were washed
with PEM and extracted with 5% (v/v) dimethyl sulfoxide and
1% (v/v) Triton X-100 in PEM for 20 min. The strips were
finally incubated for 1 h at 37°C with Alexa Fluor 568-conju-
gated phalloidin diluted 10% (v/v) in PEM from a stock solution

ester
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of 200 Units/ml phalloidin in methanol (Molecular Probes), and
they were mounted with the anti-fade solution.

PIN1 localization in semithin sections

For PIN1 immunolocalization in semithin sections, small leaf
pieces of control and treated leaves were fixed in 2% (w/v) para-
formaldehyde and 0.1% (v/v) glutaraldehyde in PEM, pH 6.8, at
4°C for 1.5 h. The specimens were then 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 finally with pure resin overnight. The
samples were embedded in gelatin capsules filled with LRW resin
and polymerized at 60°C, for 48 h.

Semithin sections of material embedded in LRW resin were
transferred to poly-L-lysine (Sigma) coated glass slides and
blocked with 5% (w/v) BSA in PBS for 5 h. After washing with
PBS, anti PIN1 antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) diluted 1:20 in PBS containing 2% (w/v) BSA
was applied overnight, at room temperature. Following rinsing
with PBS and blocking again with BSA, the sections were incu-
bated for 3 h, at 37°C and then they were left overnight at room
temperature in fluorescein isothiocyanate-conjugated anti-goat
IgGs (Sigma) diluted 1:40 in PBS containing 2% (w/v) BSA.
The sections were finally mounted with the anti-fade solution.

Observation and photography

Paradermal leaf sections of control and treated seedlings were
visualized with a Zeiss Axioplan microscope (Zeiss Oberkochen,
Germany) equipped with a micrometric scale, a differential inter-
ference contrast (DIC) system and an Axiocam MRc5 digital
camera. Some sections were incubated with a solution of 0.05%
(w/v) aniline blue (Sigma) in 0.07 M K,HPOy buffer, pH 8.5.9
This handling allows the staining of newly formed daughter cell
walls since they contain large amount of callose. The specimens
were examined with the Zeiss Axioplan microscope which was

equipped with UV source and proper filters.
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