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Plant microtubules (MTs), in addition to their role in cell division and cell expansion, respond to vari-
ous stress signals. To understand the biological function of this early response requires non-destructive
strategies for visualization in cellular models that are highly responsive to stress signals. We have there-
fore generated a transgenic tubulin marker line for a cell line from the grapevine Vitis rupestris that readily
responds to stress factors of defense-related and abiotic stresses based on a fusion of the green fluores-
cent protein with Arabidopsis (3-tubulin 6. By a combination of spinning-disk confocal microscopy with
quantitative image analysis, we could detect early and specific responses of MTs to defense-related and
abiotic stress factors in vivo. We observed that Harpin Z (HrpZ), a bacterial elicitor that can trigger pro-
grammed cell death, rapidly eliminated radial MTs, followed by a slower depletion of the cortical array.
Jasmonic acid (JA), in contrast, induced bundling of cortical MTs. Auxin reduced the thickness of corti-
cal MTs. This effect followed a characteristic bell-shaped dose-dependency and could revert JA-induced
bundling. Impeded cell expansion as a consequence of stress treatment or superoptimal auxin was linked
with the appearance of intranuclear tubulin speckles. The early and stimulus-specific responses of MTs
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are discussed with respect to a function in processing or decoding of stress signals.

© 2014 Elsevier GmbH. All rights reserved.

Introduction

Similar to their animal counterparts, plant microtubules (MTs)
are pivotal for cell division. In addition, the cortical array of MTs
controls the spatial organization of cell expansion. It was this plant-
specific function that half a century ago led first to the prediction
(Green, 1962), and finally to the discovery (Ledbetter and Porter,
1963) of MTs. Although MTs are fairly conservative in molecular
terms, their role in cell expansion is not the only issue specific
for plants. During recent years, a novel function of MTs in the
sensing and processing of stimuli has emerged (for review, see Nick,
2013).Due to their nonlinear dynamic (Sataric and Tuszynski, 2005)
assembly and catastrophic disassembly, MTs can act as amplifiers of
signals and also decode temporal patterns such as stress signatures.

Abbreviations: ETI, effector-triggered immunity; HrpZ, Harpin Z; IAA, indolyl-3-
acetic acid; JA, (£)-jasmonic acid; MTs, microtubules; PCV, packed cell volume; PTI,
pathogen-associated molecular pattern (PAMP) triggered immunity.
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As expected from a role in signal processing, evidence for a sen-
sory role of MTs has accumulated, such as perception of mechanical
strain patterns during phyllotaxis (Hardham et al., 1980; Hamant
etal., 2008), or gravitropism (Nick et al., 1991; Godbolé et al., 2000),
perception of low temperature (Abdrakhamanova et al., 2003), or
the sensing of osmotic challenge (Komis et al., 2002; Wang et al.,
2011; Liu et al,, 2013).

If MTs are endowed with a sensory role, they should be highly
responsive to the inducing stimulus and this response should
precede other responses such as gene activation. Signal-triggered
MT responses have been discovered by immunofluorescence for
situations where these responses have spread to the majority of
the cytoskeleton, and this has allowed an understanding of the
role of MT reorientation contributing to signal-dependent growth
responses based on comparative time-course studies (for review,
see Nick, 1999). However, the more subtle early responses rele-
vant for the sensory functions of MTs cannot be addressed by this
approach, because the variability between individual cells of a tis-
sue or a cell population in a suspension culture with respect to
MT organization exceed by far the early, rapid and more delicate
changes induced by a stimulus. To detect such early changes, MTs
must be followed in a given cell over time. This approach requires
a non-destructive method of visualization. Fluorescently tagged
cytoskeletal marker lines have been a valuable tool in this respect.
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A role of MTs has also been proposed for plant defense
(for review, see Takemoto and Hardham, 2004; Kobayashi and
Kobayashi, 2008), but this was mainly attributed to down-
stream responses such as papillae formation or cell-wall synthesis.
However, recently it was demonstrated that pharmacological
manipulation of MTs can activate defense-related gene expression
in cell lines of grapevine (Qiao et al., 2010) suggesting that, simi-
lar to abiotic stress, biotic interactions can also be sensed through
MT-dependent signaling. This gene activation was related to the
induction and metabolism of antimicrobial phytoalexins. In a cell
line from the wild North American grapevine Vitis rupestris, the
MT-dependency of gene activation was most pronounced, and the
same held true for the induction of the highly bioactive stilbene
resveratrol and its potent oxidized dimer 8-viniferin (Chang and
Nick, 2012) associated with the induction of defense-related pro-
grammed cell death.

In our previous work, we have addressed the responses of the
cytoskeleton to flg22, an inducer of basic innate immunity, and
the phytobacterial elicitor HrpZpgp,, making use of fluorescently
tagged marker cell lines that had been generated in tobacco BY-2
(Weietal., 1992; Guan et al., 2013a). This approach was successful
in detecting early responses of submembraneous actin filaments,
whereas MTs appeared to respond only to Harpin Z (HrpZ). To
understand the function of these cytoskeletal responses in the con-
text of defense, it would be necessary to link them with activation
of defense genes and the synthesis of phytoalexins. A drawback of
the BY-2 system is that the physiological framework of defense has
not been worked out thus far. We therefore decided to return to
the V. rupestris cell lines. As a precondition, a GFP-tagged tubulin
marker line had to be generated in the background of this line.

Vitis transformation is a time-consuming task and, depend-
ing on the transgenes or varieties, may even fail completely
(Schellenbaum et al., 2008; Guan et al., 2013b). We succeeded in
generating a fluorescently tagged actin marker line in grapevine
(Guanetal.,, 2014), and therefore ventured to generate a MT marker
line in V. rupestris using Arabidopsis [3-tubulin 6 (At5g12250) in
fusion with GFP. Using this novel tool in combination with spinning
disk confocal microscopy, we were able to visualize early responses
of MTs to different defense-related and abiotic stress signals, to
identify signal-specific reorganization events, and to gain insight
into the role of the phytohormones jasmonic acid (JA) and auxin in
stress-induced microtubular remodeling.

Materials and methods
Plasmid construct

The Agrobacterium tumefaciens strain harboring the construct
pCambia1300_(CAA),-2 x T-GFP-AtTUB6 was generated as follows:
the region encoding the GFP-AtTUBG6 (GFP in fusion with the N-
terminus of Arabidopsis [3-tubulin 6 (At5g12250), Nakamura et al.,
2004) was amplified by PCR using the following primers: 5'-
TCTAGAATGAGTAAAGGAGAAGAAC-3’ containing a Xbal restriction
site (underlined), and 5'-GAGCTCTCACTCATGATCCAATATCTC-3’
containing a Sacl restriction site (underlined) from pBI121-GFP-
AtTUB6 (kind gift of Dr. T. Hashimoto). The insert was then
introduced into the binary vector pCambia1300 (CAA); -2 x T har-
boring an optimized translation initiation site (De Amicis et al.,
2007) and a CaMV35S-nos double-terminator for reduced RDR6-
mediated gene silencing (Luo and Chen, 2007). In this construct,
GFP-AtTUB6 was under control of the constitutive CaMV-35S pro-
moter. The construct was introduced into the A. tumefaciens strain
EHA105 using an improved freeze-thaw transformation protocol
(Chen et al., 1994): after thawing cells at room temperature for
10min, 700 ng of plasmid DNA were added to competent cells,

and mixed gently. After shock-freezing the cells in liquid nitro-
gen for 1min, they were thawed for 5min at 37°C in a water
bath. 500 pL of LB medium (Bertani, 1951. Duchefa, Haarlem, The
Netherlands) were added and incubated shaking at 28°C for 2 h.
Subsequently, cells were spun down briefly, and about 300-400 p.L
of the supernatant was removed. The pellet in the remaining vol-
ume of 100-200 pL was then resuspended and plated on solid LB
medium with 30 wg mL-! Hygromycin, 15 pg mL~! Rifampicin, and
300 wgmL~! Streptomycin. Colonies appeared after 2-3 days at
28°C.

Preparation of suspension cells and Agrobacterium for
transformation

Suspension cell cultures of Vitis rupestris generated from leaves
(Seibicke, 2002) were used in this experiment. They were culti-
vated in liquid medium containing 4.3 gL~! Murashige and Skoog
salts (1962, Duchefa, Haarlem, The Netherlands), 30 gL~! sucrose,
200mgL-! KH,PO4, 100mgL-! inositol, 1mgL-! thiamine, and
0.2mgL-! 2,4-dichlorophenoxyacetic acid (2,4-D), adjusted to a
final pH of 5.8. Cells were subcultured weekly, inoculating 10 mL of
stationary cells into 30 mL of fresh medium in 100 mL Erlenmeyer
flasks. The cell suspensions were incubated at 25 °Cinthe darkonan
orbital shaker (KS250 basic, IKA Labortechnik, Staufen, Germany)
at 150 rpm. A single colony of A. tumefaciens strain EHA105 was
inoculated into 20 mL of LB medium supplemented with the appro-
priate antibiotics. The bacterial cultures were incubated at 28 °C at
200 rpm on an orbital shaker for 48 h.

Pre-culture and co-cultivation

30 wL Agrobacterium (cultivated in LB medium to an opti-
cal density at 600nm of 0.6-2.0) were inoculated into 25mL
infiltration medium [50mL 20x AB salt solution (20gL-!
NH4Cl, 6gL~1 MgS04-7H,0, 3gL~! KCl, 0.2gL-! CaCl,, 15mgL-!
FeS04-7H,0), 2.4 mL 500 mM phosphate solution (60 g L-1 K;HPOy,
20gL-! NaH,POy4, pH 7.5), 100 mL 20% (w/v) sucrose, 848 mL 2-
ethanesulfonic acid (MES) solution (3.9 g L-1 MES, pH 5.8) per liter]
with the appropriate antibiotics, and cultivated in a 250 mL flask for
one day. The next day, the Agrobacterium culture was centrifuged
at 5500rpm for 15min, and re-suspended in 25mL induction
medium [50mL 20x AB salt solution, 2.4 mL 500 mM phosphate
solution, 100 mL 20% (w/v) glucose, 848 mL MES solution per liter]
with the appropriate antibiotics in a 250 mL flask. The next day,
Agrobacterium was again spun down for 15 min at 5500 rpm, and re-
suspended in 25 mL suspension-medium [2.2 gL~! NNgg medium
(Nitsch and Nitsch, 1969. Duchefa, Haarlem, The Netherlands),
20gL-! maltose, 4.6 gL-! glycerol, 0.5 gL' MES, adjusted to a pH
of 5.8] supplemented with 1 mgL-! 1-naphthoxyacetic acid (NOA),
in a 250-mL flask incubating at 28 °C, 200 rpm on an orbital shaker
for2h.

On the same day, 7 mL packed cell volume (PCV) of V. rupestris
suspension cells collected at day 3 after subcultivation and sus-
pended with co-cultivation-medium [2.2gL~! NNgg medium,
20gL-1 maltose, 4.6gL-1 glycerol, 0.5gL~1 MES, 2.5gL~1 PVPP,
3gL-1 gelrite, adjusted to a pH of 5.8], supplemented with 100 wM
acetosyringone, were transferred onto filter paper, and briefly dried
by a mild vacuum for 3-5s. Together with the filter paper, the cells
were transferred into a petri dish on solid co-cultivation-medium,
sealed with parafilm, and kept at 22 °C for two days. Then, drops
of the Agrobacterium suspension were spread on the precultivated
V. rupestris cells and co-cultivated for additional 3 days at 22°C
in a phytotron (Kilte Kamrath, Germany), under a light regime
of 16 h light/8 h darkness using mixed light of Sylvania GRO-LUX
F38W/GRO T8 and OSRAM L38W/840 LUMILUX cool white.
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Elimination of Agrobacterium and generation of a suspension cell
line

After 3 days of co-cultivation, the filter papers carrying the cells
were transferred onto selective medium [30gL~! NNgg-medium
sucrose, 3gL~1 gelrite, 50 mgL~! kanamycin, and 500mgL~! car-
benicillin, adjusted to a pH of 5.8]. 1 week later, filter papers
with adhering cells were transferred onto fresh selective medium.
This subcultivation was repeated at intervals of 4 weeks till a
stably transformed callus had been established and sufficient mate-
rial accumulated to launch a suspension culture (the first callus
could be detected after 6-8 weeks). Then, calli were collected and
transferred into a 500 mL Erlenmeyer flask with 25 mL suspension-
medium with 1 mgL-! NOA to final pH of 5.8. Two weeks later, the
calli were transferred into new medium (the same composition as
above), but with 150 mL volume of medium. This was repeated,
until a homogenous suspension was obtained after 6 weeks.

Genotyping

The putatively transformed V. rupestris cells were spun
down (4000 rpm, 10 min) in a 25-mL Falcon tube, and genomic
DNA was extracted using a cetyl trimethyl ammonium bro-
mide (CTAB) based protocol (Doyle and Doyle, 1987). The
purified DNA was then probed for presence of the Ara-
bidopsis TUB6 gene (Arabidopsis p-tubulin 6 (At5g12250))
using the primers 5-CGATGTTGTACGCAAAGAGGCTG-3’ and 5'-
GACGAGGGAAAGGAATGAGGTTC-3', yielding a PCR product with
an expected size of 436 bp, and using 30 cycles of 10 s denaturation,
10 s annealing at 63 °C, and 50 s extension.

Phenotyping cellular responses and treatments

PCV as indicator for growth, mitotic index, and viability were
measured as described by Guan et al. (2013a). Based on our
previous work (Guan et al., 2013a), flg22 and Harpin Z (HrpZ)
were chosen as elicitors to trigger either basal innate immu-
nity (PTI (pathogen-associated molecular pattern (PAMP) triggered
immunity), flg22), or cell-death related effector-triggered immu-
nity (ETI)-like responses (HrpZ). Aliquots of 20uL from the
suspension were placed on a slide and covered with a coverslip for
microscopy after 3 days of cocultivation with 100 nM flg22 (as mock
control, water was used), 1.7 wM HrpZ (as mock control, 5 mM MES
were used), or with 500 wM (+)-jasmonic acid (JA) (Sigma-Aldrich,
Germany) (100mM of a stock solution in absolute ethanol were
diluted with distilled water as mock control, water was used). For
short-term experiments, 10 uM flg22, 15 wM HrpZ and 500 uM JA
were diluted to the final concentration by thoroughly, but gently
mixing 50 wL of a suspension (collected at day 3 after subcul-
tivation) in an 1.5-mL reaction tube. Again, an aliquot of 20 pL
was placed directly on a slide for microscopy. The time interval
between addition of the agent until recording of the first image was
less than 2 min, the overall time duration under microscopy never
exceeded 20 min. In experiments on auxin-dependent reversion of
MTs responses triggered by HrpZ or JA, 10 wM indolyl-3-acetic acid
(IAA) were added 20 min after treatments with either 15 wM HrpZ
or 500 wM JA (mixed in a 1.5-mL reaction tube). For dose-response
studies of MT responses to auxin, different concentrations of IAA
were added at subcultivation and assessed at day 3. Salinity stress
was administered by incubation in 79 mM NaCl (as mock control,
water was used), osmotic stress by 25% PEG 6000 (as mock control,
water was used). Cells were examined by microscopy 3 days after
the onset of stress treatments.

Microscopy

Making use of the GFP-AtTUB6 marker, MT responses to the
different treatments described above were followed over time in

individual cells by spinning disk confocal microscopy, time-lapse
series were recorded by capturing z-stacks every 2 min over a
period of at least 20 min.

Confocal z-stacks were recorded with an AxioObserver.Z1
(Zeiss, Jena, Germany) using a glycerine immersion 63x LCI-
NeofluarlmmCorr DIC objective (NA 1.3), the 488-nm emission line
of an Ar-Kr laser, and a spinning disk device (Yokogawa CSU-X1
5000).

Quantitative image analysis of microtubules

The method by Higaki et al. (2010) was used to quantify
the degree of MT bundling and density: in brief, the original
z-stacks were processed by skeletonization using macros inte-
grated in the quantitative image processing software Image] (For
details see http://hasezawa.ib.k.u-tokyo.ac.jp/zp/Kbi/HigStomata)
as shown in Suppl. Fig. 1. The skewness of the intensity distribu-
tion over cytoskeletal pixels (reporting the degree of microtubular
bundling) was used for quantification (Higaki et al., 2010): these
values increase when the incidence of highly fluorescent pixels
increases in consequence of MT bundling:

N =\ 3
1 in—1
I =5
sKkewness N ( p >
i=1

with N total number of cytoskeletal pixels, i, intensity of a given
pixel, and i mean pixel intensity.

Results

Generation of V. rupestris calli and suspension cells expressing
GFP-AtTUB6

A fluorescently tagged MT marker cell line was generated from
a suspension line of the wild North American grapevine species V.
rupestris (Qiao et al., 2010) using Agrobacterium-mediated stable
transformation. Green fluorescent calli (Fig. 1A and B) with cells
that showed MT-like filamentous structures (Fig. 1C, cell ¢ and D)
were first examined 4 weeks after transformation, and then sub-
cultured every 4 weeks, till enough callus had accumulated over
3 months to generate a suspension cell line. Already in the cal-
lus stage, clear cortical MTs were visible (Fig. 1C cell ¢ and D). In
contrast, cells that did not express the marker and therefore were
seriously affected by the selection, only showed a faint unstruc-
tured autofluorescence (Fig. 1C cells a, b and D). After transition
to suspension growth, all cells of the stably transformed cell line
exhibited clear cortical and radial arrays of MTs (Fig. 1E). The trans-
genic line was phenotyped with respect to growth, mitotic index,
mortality and differentiation over the cell cycle and no differences
from the non-transformed wild type could be detected (data not
shown).

To verify the correct insertion of the transgene, the transgenic
cells were genotyped by genomic PCR probing for the presence of
the Arabidopsis TUB6 gene (Arabidopsis S-tubulin 6 (At5g12250))
(Suppl. Fig. 2). As expected, only PCR with genomic DNA as tem-
plate, extracted from the transformed cells, but not from the
non-transformed control yielded a band of the predicted size
(436 bp).

By constructing optical z-stacks using spinning-disk
microscopy, the details of the three-dimensional organization
of MTs could be followed (Fig. 2): In addition to cortical MTs that
form parallel, transverse, arrays in cells undergoing elongation,
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Fig. 1. Generation of a transgenic V. rupestris cell line and suspension cells (C: dic; D: GFP filterset) expressing GFP-AtTUB6. Primary calli 4 weeks after transformation under
the fluorescence stereo microscope (A: bright field, B: GFP filterset) and visualized by spinning-disk confocal microscopy (C: differential interference contrast, D: GFP signal).
A successfully transformed cell (a) is shown in comparison with two non-transformed companions (b and c¢). White arrow in D indicates cortical MTs. (E) Fluorescently tagged
arrays of interphase microtubules in the cell line V. rupestris GFP-AtTUBG6 cultivated in suspension.

and transvacuolar MTs emanating from the nucleus, a part of the
tubulin was present in form of fluorescent speckles. These speckles
were occasionally seen also in the central (Fig. 2E) and cortical
(Fig. 2F) regions, but in most cases they were associated with the
nucleus (Fig. 2A-C).

Monitoring the morphogenetic response to defense-related and
abiotic stresses

The effect of defense-related stresses, mimicked by flg22
(pathogen-associated molecular pattern (PAMP) triggered immu-
nity, PTI), HrpZ (effector-triggered immunity (ETI)), and JA
(wounding), as well as three abiotic stresses represented by
sodium chloride (salinity stress), polyethylene glycol 6000

(osmotic stress), and 4°C (cold) were monitored with respect to
culture growth (difference in packed cell volume, PCV), and mor-
tality three days after the onset of stress treatment (Suppl. Fig. 3).
The concentrations and incubation time had been derived from pre-
vious studies in the non-transformed cell line (Guan et al., 2013a;
[smail et al., 2012; Hamayun et al., 2010). All treatments affected
cell growth as reflected by a reduced increase of PCV. For salt
stress (79 mM Nacl), osmotic stress (25% PEG 6000), and 1.7 uM
HrpZ, this inhibition was extreme and linked with a high rate of
cell death. In contrast, treatment with flg22 reduced growth only
slightly (to 86% compared to control). Interestingly, JA and cold
stress inhibited growth, while mortality was low, indicating that
these cells remained viable, but were arrested either in division or
expansion.

Fig. 2. Confocal sections from a z-stack and geometrical projection of the stack for V. rupestris suspension cells expressing GFP-AtTUB6 to show the spatial organization of
MTs. (A-C) Individual sections in z-intervals of 1.5 wm. White arrowheads in indicate fluorescent tubulin speckles associated with the nucleus. (D) Geometrical projection of
a z-stack. (E and F) Cells with speckles out of the nuclear regions: in transvacuolar strands (E), and the cortical layer (F) of the same cells (indicated by arrowheads).
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Fig. 3. Sustained responses of microtubules in vivo in V. rupestris cells expressing the
GFP-AtTUB6 marker after 3 d of treatment with defense-related (flg22, HrpZ, JA), and
abiotic (NaCl, PEG 6000, cold-treatment) stress visualized by spinning-disk confocal
microscopy. Cells imaged in the cortical and central regions of the cell are shown for
control conditions (con), and after the challenge with 100 nM flg22, 1.7 wuM HrpZ,

Sustained microtubule response to defense-related and abiotic
stresses

In the next step, we verified whether the visualized MTs
preserve responsiveness to stress-related stimuli at day 3 after
challenge. The PAMP flg22 (100 nM) disordered both radial MTs
emanating from the nucleus and the cortical MTs underneath the
membrane. Moreover, radial MTs appeared thinner and less, and
cortical MTs were somewhat disordered as compared to the control
and increased in number (Fig. 3). In contrast, treatment with 1.7 uM
HrpZ eliminated the radial MTs, whereas cortical MTs compared
to the control appeared more numerous and thinner and aligned
in parallel (Fig. 3). These observations are consistent with those
made for the same marker in the background of tobacco BY-2 cells
(Guan et al., 2013a). In response to 500 .M JA (since JA is not very
stable, the effective concentration is perhaps much lower) cortical
MTs were organized into bundled, parallel arrays, whereas radial
MTs were eliminated. Treatment with 79 mM NaCl caused strong
bundling and disorientation of both cortical and radial MTs. More-
over, the cortical MTs appeared disoriented. Bundling of cortical
MTs was also observed following treatment with 25% PEG 6000,
but here, the parallel orientation of cortical MTs was maintained.
Instead, the radial MTs had disappeared. Interestingly, for all of
these three conditions, intranuclear speckles of fluorescence were
conspicuous (indicated by the white square in the JA experiment).
When cells were exposed to 4 °C, both cortical and radial MTs were
absent, but again, fluorescent speckles were seen in the nucleus
(Fig. 3, arrows). These speckles were observed inside of the nuclear
envelope in individual confocal sections and therefore appear to be
localized in the karyoplasm. These experiments were accompanied
by appropriate controls, where neither cortical nor radial MTs were
eliminated nor bundled.

Rapid microtubule responses to HrpZ and JA

Since MT organization depends on the developmental state of a
cell and since cells in a suspension differ with respect to this state
(although the cells as a population proceed through an ordered
sequence of proliferation, expansion, and individualization), it is
difficult to infer the more subtle responses relevant for sensing
from a statistical snapshot over the population. We therefore fol-
lowed time-series for individual cells that were mounted on slides
and challenged directly under the microscope with the respective
stress factor (HrpZ and JA). In parallel, time series were conducted
for mock controls to account for effects of the experimental set-up
and possible effects of bleaching due to microscopic excitation. We
used a relatively mild treatment of HrpZ (15 uM for 45 min). This
concentration was chosen based on our previous results in BY-2
(Guan et al.,, 2013a), where 57.6 wM were suited to trigger a rapid
response and taking into account that the sensitivity of V. rupestris
is ~2.5-fold higher than that of BY-2 as monitored by apoplastic
alkalinization. This HrpZ treatment affected MTs in three ways: (i)
the radial array became bundled and reduced in number, which
was detectable already from 5 min (Fig. 4A) and conspicuous from
10 min after an addition of HrpZ. From 20 min, a few intranuclear
speckles were observed. (ii) The cortical array progressively lost its
parallel orientation at a similar time scale as the bundling of radial
MTs. During the first 5 min of incubation with HrpZ, the number
of cortical MTs decreased transiently, followed by as subsequent
increase of disoriented MTs. (iii) Cortical MTs became thinner, but

500 wM JA, 79 mM NacCl, 25% PEG 6000, or 4 °C, respectively. White bordered arrows
in the 4°C experiment indicate intranuclear tubulin speckles observed in the cell
center region. Representative images from at least five independent experimental
series with a population of 100 individual cells for each treatment are shown.
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central
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cortical

Fig. 4. Immediate response of microtubules to HrpZ and JA. In V. rupestris visualized by the GFP-AtTUB6 marker and spinning-disk confocal microscopy. Confocal sections of
time-lapse series collected in the cell center and the cortical regions of the same cell are shown. Controls show the response to the solvent (5 mM MES buffer). (A) Microtubular
response to 15 WM HrpZ over the first 20 min and (B) microtubular response to 500 wM JA over 20 min. Controls show the response to water as mock control.

this was evident only from 20 min after addition of HrpZ. A quan-
titation of this effect by measuring the skewness of cortical MTs
showed a reduction by around 50% compared to the control value
at 20 min (Fig. 5A).

To observe the response to JA within the limited time frame
of observation on a microscopy slide, it was necessary to increase
the concentration of the hormone beyond the around 50 M often
used for sustained treatments. Since JA is volatile and only poorly
membrane-permeable, the effective concentration of JA is much
lower than the nominal value. To obtain a clear response 500 .M JA
was used. A treatment with JA caused a rapid increase in the num-
ber of cortical MTs accompanied by bundling (Fig. 4B). Both effects
were already detected at the earliest observable time point (2 min).
When the dose of JA was lower, e.g. 50 wM in the range of normal
physiological condition, it takes too long for cells maintaining on
slide; whereas increased beyond the 500 LM used in this experi-
ment, both phenomena were accelerated to such a degree that the
response could not be followed due to limitations in the handling of
the sample. When JA-induced bundling was quantified by measur-
ing the skewness of cortical MTs (Fig. 5B), values of around 3-fold as
compared to the controls were seen already at 2 min after addition
of JA; these values slowly dropped during the subsequent 20 min
to around 2.5-fold.

Auxin can modulate the microtubule response to JA

Stress responses require that resources used for growth be allo-
cated to defense or adaptation. Auxin as most important activator
of growth is thus a primary switch for this allocation. We therefore

investigated the influence of different concentrations of the natu-
ral auxin (indolyl-3-acetic acid (IAA)). To relate the MT response
to the physiological context, PCV and mitotic index were deter-
mined in parallel (Suppl. Fig. 4). Mitotic index appeared slightly
elevated from 10 wM IAA, but this stimulation was not statistically
significant. In contrast, PCV was slightly but significantly induced
at 10 wM IAA, and then conspicuously suppressed at 100 wM IAA.
Given the fact that mitotic activity was notimpaired by 100 wM IAA,
this is evidence for a strong inhibition of cell expansion. Thus, the
dependency of cell expansion on auxin follows the classical bell-
shaped dose relation. The steady-state response of MTs to auxin
(assessed at day 3 after addition of IAA) followed a similar pattern:
cortical MTs were thinner after treatment with low and medium
concentrations of IAA, whereas they again were thicker for 100 wM,
i.e. this concentration that was superoptimal with respect to cell
expansion (Fig. 6A). This impression was supported by quantifi-
cation of MT thickness. The skewness values were significantly
reduced (by around 30%) already at 0.1 wM of IAA and remained
low for 1 and 10 wM of IAA. For a high concentration of 100 uM
concentrations, the skewness value returned to the value observed
for cultivation without IAA.

Interestingly, the thinning of cortical MTs was accompanied by a
concomitant response for the incidence of tubulin speckles (Fig. 6B).
Although some of them were perinuclear, some were observed
clearly inside the nuclear rim (Fig. 6B, inset and zoom-in for 10 uM
IAA). Since these images represented single confocal sections, these
speckles were likely to be located in the karyoplasm. In control
cells around 15% of nuclei were free of speckles, this frequency
increased to 35% in presence of 10 uM IAA, but dropped back to the
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control value, when the concentration of IAA was raised to 100 .M.
Thus, there is an inverse relationship between the appearance of
intranuclear speckles and the thickness of cortical MTs.

Since incubation with 10 WM IAA reduced MT thickness, we
asked whether this treatment can revert the responses to HrpZ
and JA. The skewness value as measure for the thickness of cor-
tical MTs was followed over time (Fig. 5B). For HrpZ, the somewhat
reduced skewness value of around 0.5 at 20 min after addition
of HrpZ had returned to almost the control level already 2 min
after addition of IAA and remained more or less at this value dur-
ing the subsequent 40 min. However, since the response of the
skewness value to HrpZ was relatively weak, the amplitude of this
reversion was small as well. It should be noted, however, that
skewness value was increased (and not decreased) by the auxin
treatment. For JA, the response was qualitatively different. Here,
the 2.5-fold increased skewness value 20 min after the addition of
JA had dropped to less than a fifth of this value already 2 min after
addition of IAA, but eased off back to around the value observed in
untreated controls. Thus, the effect of IAA on cortical MTs is qualita-
tively different between HrpZ and JA: in case of HrpZ, IAA induces
a rapid (but small) increase of skewness value, whereas in case
of JA, IAA induces a rapid (and substantial) decrease of skewness
value.

Discussion

Generation of tubulin marker line V. rupestris expressing
GFP-AtTUB6

In addition to their role for cellular architecture, MTs have
emerged as important components for signaling hub processing

stress signals (for review see Nick, 2013). To address this sen-
sory role of microtubules requires visualization systems that allow
to follow MT responses in living cells. For this purpose, we have
successfully generated the first MT marker line for grapevine. In
this suspension cell line of V. rupestris, the GFP signal not only
monitors a normal organization of MTs, but the tagged MTs main-
tain their responsiveness to different stress-related signals. The
observed response patterns are consistent with those observed in
GFP tagged marker lines of tobacco BY-2 (Schwarzerova et al., 2006;
Guan et al., 2013a) or those visualized by immunofluorescence in
the non-transformed V. rupestris line (Qiao et al., 2010; Chang and
Nick, 2012). Fluorescently tagged MT transgenic marker lines have
been generated for Arabidopsis (Shaw et al., 2003), and tobacco
BY-2 cells (Kumagai et al., 2001; Hohenberger et al., 2011), and
have been useful to analyze MT functions in viral infection, plant
organ growth polarity, phragmoplast MT array, as well as for resis-
tance to biotic and abiotic stress factors (Ruggenthaler et al., 2009;
Buschmann et al., 2009; Murata et al., 2013).

Since a stably transformed MT marker line was now also avail-
able for grapevine as a third important plant model, we were now
exploiting this tool to follow short-term responses of MTs. To detect
the early responses, we used time series of individual cells in com-
bination with quantitative image analysis, and by this strategy we
were able to overcome limitations of our previous work, where
we had to rely on immunofluorescence to visualize MTs. Since
immunofluorescence requires chemical fixation, only bulk changes
of cytoskeletal organization could be rendered evident against the
background of cellular heterogeneity in the suspension. However,
also for the life-cell imaging possible by virtue of the novel marker
line, statistical data will be required and that this will need to ana-
lyze populations of cells. This is possible on a microscopy slide, by
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replicates for each treatment.

combining random sampling (for instance using algorithms such as
the Zeiss MosaiX function) with quantitative image analysis. This
will lead to a systematic underestimation of microtubular respon-
siveness and was recognized as a serious constraint in our previous
work with grapevine cells (Qiao et al., 2010; Chang and Nick, 2012).
We used HrpZ, a trigger that can induce in V. rupestris an ETI-like
cell-death response (Chang and Nick, 2012), and JA, a signal that
conveys a general response to abiotic stress including salinity stress
(Ismail et al., 2014a) to search for rapid MT responses. In fact, we
were able to observe, for both triggers, rapid and specific responses
of MTs that proceed within a few minutes and thus fall into the
earliest observable stress responses observed in V. rupestris cells
along with apoplastic alkalinization or generation of reactive oxy-
gen species (Qiao et al., 2010; Chang et al., 2011; Chang and Nick,
2012; Ismail et al., 2012).

The expression of the tubulin marker was driven by the strong
cauliflower mosaic virus 35S promotor. Overexpression of tubulin
has been found to be problematic in many organisms (for review
see Breviario and Nick, 2000) and this leads to the question why sta-
ble transformation of this marker into the V. rupestris line yielded

a strain with normal morphology, proliferation, growth and devel-
opment. The most likely reason for the negative impact of tubulin
overexpression is that an excess of soluble tubulin dimers will pre-
vent the self-organization of microtubule arrays and thus impair
tubulin functionality. However, in contrast to transformation into
plants, transformation of cell suspensions will result in a popu-
lation of transgenics, where the transgene has been inserted into
different sites of the genome in individual cells. Due to the above-
mentioned problems caused by excessive tubulin, the lines with
very high overexpression will be selected out. By virtue of the
antibiotic selection during recovery, we can, on the other hand,
eliminate those cells, where the expression of the transgene is very
low and therefore end up with a population of transgenic cells,
where the expression is moderate and does not interfere too much
with the physiology of the cell.

Microtubule responses to HrpZ and JA

For HrpZ, radial MTs became progressively bundled. This was
followed by a slower deterioration of the cortical array with first
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disordered and subsequently thinner MT bundles. This observa-
tion would be consistent with a model, where either activity or
abundance of MT-associated proteins is repartitioned into the
transvacuolar strands and where MTs, due to competition for free
tubulin heterodimers are progressively depleted from the cortex
and renucleated around the nucleus. This repartitioning might be
linked with the contraction of actin towards the nucleus (Guan
et al.,, 2013a) as earliest manifestation of ensuing programmed
cell death (for review see Smertenko and Franklin-Tong, 2011).
Radial microtubule arrays have been proposed to be organized by
dynein motors in animal cells. For instance, it has been known in
melanophores that dynein induces nucleation-dependent forma-
tion of MT radial array (Vorobjev et al., 2001; Malikov et al., 2004).
So far, despite intensive searches, no dyneins could be detected
in any higher plant genomes. The mechanisms for organizing the
radial array of MTs during dyneins-dependent activities must be
different in plant from animal/fungi. Since many proteins are evo-
lutionarily conserved among eukaryotes, it holds true in proteins
particularly involved in intracellular motility. For instance the for-
mation of spindle poles, in animals and fungi dynein are required to
organize; while plant develops specific mechanisms in interphase
and during mitosis without dynein (for review see, Nick, 2013;
Merdes et al., 2000; Lawrence et al., 2001). One report for a in-
silico detection of a dynein-like protein in rice, was later retracted
as sequencing artefact (King, 2002). However, a plant specific
actin-microtubule cross-linking kinesin, KCH that can dynamically
shuffle between cortex and perinuclear cytoplasm would be molec-
ular candidates for this function (Klotz and Nick, 2012).

For JA, the situation is qualitatively different: here, cortical MTs
are rapidly bundled and increase also in number, which would be
consistent with activation (or de-novo synthesis, or allocation) of
MT-associated proteins in the cell cortex. These bundles of MTs
might be linked to the so called macrotubules reported as early
markers of the response to osmotic stress (Komis et al., 2002). Such
macrotubules have been known for a long time from in vitro stud-
ies (Warfield and Bouck, 1974) and consist of tightly coiled helices
formed by longitudinal compaction of loosely coiled protofilament
pair intermediates. In extreme cases, MTs can even form highly
organized paracrystals (Marantz and Shelanski, 1970) and bifilar
helices (Hinkley, 1978). These macrotubules are not a mere byprod-
uct of the osmotic stress response, but actually were shown to be
necessary for osmoadaptation (Komis et al., 2002). Although the
molecular details of macrotubule formation are to be elucidated, it
is thought to require a partial deconstruction of the cortical array
followed by de-novo nucleation (Komis et al., 2002). It should be
noted thatalso in our system MTs responses were different induced
by salinity stress and by osmotic stress imposed by polyethylene
glycol (Fig. 3). Both salinity and drought cause osmotic stress.
However, salinity not only imposes osmotic stress, but in addi-
tion ionic stress from uptake of sodium ions through nonselective
cation channels (for review see Ismail et al., 2014b). The disor-
dering of cortical MTs in response to salt stress, might be linked
with the salinity triggered detachment of the MT-associated pro-
tein SPIRAL1 (Wang et al., 2011). The salt induced bundling of MT
is accompanied by a depletion of finer MTs and an increase of dif-
fuse cytoplasmic fluorescence probably representing disassembled
tubulin heterodimers (Suppl. Fig. 5C). Also the response to JA is
rapid as presented in Suppl. Fig. 5B and involves an increase in
MT bundling. Salt stress had been shown in the same cell line to
stimulate JA synthesis (Ismail et al., 2014a) and signaling (Ismail
et al., 2012). A straightforward mechanism would be that the acti-
vation of the JA-pathway by osmotic stress is responsible for the
formation of macrotubules. This could be tested by inhibitors of JA
synthesis such as phenidone or antagonists of JA signaling such as
salicylic acid that have been shown to impair salinity adaptation in
grapevine cells (Ismail et al., 2012).

Stress responses are in many cases accompanied by a rapid
inhibition of growth. The evolutionary background for this phe-
nomenon is to allocate resources otherwise used for expansion
for stress adaptation (for a critical review on this growth differ-
entiation balance and concurrent theories see Stamp, 2003). As
to be expected, a knock-down of defense related traits has been
shown to result in higher growth rates (Ziist et al., 2011). Cortical
MTs are central regulators of expansion growth and this MT func-
tion is controlled by auxin (recently reviewed in Nick, 2012). We
therefore asked, whether and how auxin alters MTs in V. rupestris,
and whether exogenous auxin might modulate the microtubular
response to stress signals (represented by HrpZ and JA, respec-
tively).

Exogenous auxin alters microtubules to stress signals HrpZ and JA

We observed that the thickness of cortical MTs was modulated
by auxin and that this auxin response followed a characteristic bell-
shaped curve where MTs became thinner at concentrations up to
10 pM. Since the dose-response of cell growth of auxin follows a
bell-shaped curve and since this bell-shaped relation had also been
demonstrated for auxin-dependent microtubule orientation (Nick
etal., 1992), we also probed for the effect of very high auxin concen-
trations (up to 100 wM) that were superoptimal for cell expansion.
In fact, we were able to show that MTs returned to their original
thickness, confirming that also this auxin-dependent phenomenon
followed a bell-shaped response relation. The thickening of MTs
induced by JA could be reverted by supplementary auxin. This
reversion occurred within extremely short time (less than 2 min)
and was thus much faster than the preceding JA-induced thicken-
ing indicating a mechanism, where bundles of MTs split into finer
fibers by removal of cross-linking proteins rather than by disas-
sembly and reassembly. For HrpZ, both the microtubular effect to
the stress agent as well as the influence of exogenous auxin were
qualitatively different. HrpZ induced a slow depletion of the corti-
cal array (preceded and possibly caused by a preceding bundling of
perinuclear MTs), and auxin partially reverted this phenomenon,
again within a few minutes, again pointing to a modulation in the
activity of MT cross-linking proteins. The sign-reversal in the micro-
tubular response to auxin (dissociation of cortical MT bundles after
pretreatment with JA, stimulation of cortical bundling after pre-
treatment with HrpZ) means that the cellular competence to the
auxin signal is not constant, but modulated by cross-talk with other
signals, e.g. PIN proteins. In Arabidopsis, accumulating evidence
directed to the relation of cortical MT orientation and the cellular
localization of PIN proteins and thus polar auxin transport. The MT
orientation regulators CLASP and MAP65 control the abundance of
polarity regulator PINOID kinase at the plasma membrane (Kakar
et al., 2013). Cortical MTs can mediate petiole elongation during
shade avoidance by regulating the expression of cell wall modi-
fying proteins XTHs via control of auxin distribution (Sasidharan
et al., 2014). Moreover, the polarity of auxin transport is linked to
the cycling of pin-formed protein related to actomyosin-dependent
vesicle traffic (Maisch and Nick, 2007). The continuously cycling of
auxin between plasma membrane and intracellular compartments
has been proposed to depend on actin filaments (Nick, 2010).Sucha
modulation of auxin-responsiveness by JA had been demonstrated
previously in the context of gravitropic curvature in rice (Gutjahr
et al., 2005). Whether HrpZ can alter auxin responsiveness as well,
remains to be elucidated.

Intranuclear tubulin and the prevention of tubulin toxicity
During the present work, intranuclear fluorescent speckles

were observed in the karyoplasm of cells challenged by various
stress factors. Such speckles have been described previously after
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cold-induced disassembly of tubulin in tobacco BY-2 cells
(Schwarzerova et al., 2006). When these nuclei were purified and
probed by protein blotting, they were confirmed to contain tubu-
lin leading to the discovery that plant tubulins harbor nuclear
exclusion sequences. Moreover, such intranuclear tubulin is rich
in tyrosinated a-tubulin indicating that it does not originate from
stable microtubules, but might represent sites of nucleation, sup-
ported by previous reports from Vicia faba that «y-tubulin enters
the nucleus already prior to mitosis, during the G2 phase (Binarova
et al., 2000). These findings were later confirmed for animal cells
(Akoumianaki et al., 2009). The observation that such speckles are
observed not only after cold treatment, but also in response to
other stress factors indicates that these speckles are formed follow-
ing growth arrest. To test this idea, the incidence of such speckles
was scored over variable doses of exogenous auxin. In fact, the
dose-response pattern shows that the frequency of intranuclear
speckles was inversely related with the intensity of auxin-
dependent cell expansion (quantification indicated in Fig. 6A), and
with the skewness value for cortical MTs. Intranuclear speckles
were scarcest, when the cells were exposed to the concentration of
IAA optimal for cell expansion. The biological function of intranu-
clear tubulin is far from understood. However, since nuclear exclu-
sion sequences are found in both animal and plant tubulins, and
since intranuclear tubulin has been reported for mammalian cells as
well (Akoumianaki et al., 2009), the sequestration of tubulin in the
karyoplasm might be evolutionarily conserved. The stress-induced
remodeling of MTs should lead to a rapid accumulation of tubu-
lin heterodimers. Similar to other organisms, plants have evolved
a couple of mechanisms to circumvent the accumulation of non-
assembled tubulin in the cytoplasm. Such tubulin speckles have
been observed previously under conditions, where soluble het-
erodimers form in excess in consequence of bulk disassembly (Ahad
et al., 2003; Schwarzerova et al., 2006). Since they are reversible,
they are unlikely to represent agglomeration of degrading protein,
but seem to be recruited by specific tubulin-binding proteins. For
intranuclear speckles that had been shown (Schwarzerova et al.,
2006) rich in tyrosinated tubulin indicating that these speckles
are not the remaining stubs of stable microtubules, but represent
a pool of dynamic microtubules. Elevated levels of free tubulin
heterodimers seem to be toxic for most organisms (for review
see Breviario and Nick, 2000), and to sequester this free tubu-
lin into the nucleus would be an efficient way to prevent tubulin
toxicity.

Future perspective

Cortical MTs seem to interact with other signaling proteins such
as phospholipase D to generate a sensory hub that can process
stress signals (Dhonukshe et al., 2003; for review, see Nick, 2013).
The integration of a GFP-tubulin marker into a cell line that is highly
responsive to different stresses and capable to respond to differ-
ent stress qualities by specific outputs (Qiao et al., 2010; Chang
et al.,, 2011; Chang and Nick, 2012; Ismail et al., 2012) will allow
to test the model, whether sensory MTs can decode stress signa-
tures and thus allow the cell to discriminate different qualities of
stress. For instance, we are currently in the process of completing
a detailed study on the role of microtubules on the signaling cul-
minating in low-temperature adaptation making use of this cell
line.
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