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Abstract

stages of primary cell wall formation in plants.

In this study, dynamic changes in structural polysaccharide deposition on the plasma membrane and cortical
microtubules (CMTs) behavior were monitored in protoplasts isolated from white birch callus using confocal laser
scanning microscopy and atomic force microscopy. We focused on the influence of an environmental stimulus on
cell wall regeneration in protoplasts by employing an acidic culture medium containing a high concentration of Ca**
(the stress condition). Under the non-stress condition, cellulose microfibrils and callose were initially synthesized,

and thereafter deposited on the plasma membrane as “primary cell wall material”. Under the stress condition, callose
micro-sized fibers were secreted without cell wall regeneration. Behavior of CMTs labeled with mammalian microtu-
bule-associated protein 4 with green fluorescent protein in transgenic protoplasts was monitored by time-lapse video
analysis. Under the non-stress condition, CMTs behavior showed a linear arrangement at a fixed position, whereas
unfixed manner of CMTs behavior was observed under the stress condition. These findings indicate that excessive
Ca’* affects cellulose synthesis and CMTs dynamics in plant protoplasts. Current study first demonstrated dynamics
of cell wall regeneration and CMTs in woody protoplast, which provides novel insight to aid in understanding early
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Introduction

The primary cell wall, which is a thinner membrane-type
wall, is deposited on the cell surface during cell division
and expansion. As the primary wall defines the final cell
shape, it is considered to be a template for the follow-
ing deposition of thick, dominant secondary cell walls.
Studying the process of primary wall formation is indis-
pensable for clarification of the early stages of cell wall
formation in plants. Research on the structure of primary
cell walls has been carried out mostly with a biochemical
focus together with microscopic visualization. Early stud-
ies on primary cell wall structure began with isolation
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and indicate if changes were made.

of cell walls and biochemical analyses of the component
polymers, such as 1,4-glucan, 51,3-glucan, pectic poly-
saccharides, and xyloglucan [1, 2]. Subsequently, cell
wall-related research employed transmission electron
microscopy with immunocytochemical and enzyme-gold
labeling techniques in addition to biochemical analyses,
which were capable of visualizing the localization of spe-
cific molecules in the cell [3-5]. In addition, direct infor-
mation on the three-dimensional molecular architecture
of cell walls has been provided by transmission electron
microscopy using shadowed replicas of rapidly frozen
deep-etched specimens [6—8]. Recently, atomic force
microscopy (AFM) has been used to characterize the
nanoscale and mesoscale structure of primary cell walls
in relation to mechanical properties [9, 10]. These results
are statically investigated for already formed cell walls of
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either primary or secondary cell walls. In situ dynamic
investigation is required to understand the process of cell
wall formation.

Cultured protoplast is one of the suitable materials to
allow investigation of the dynamics of primary cell wall
formation, e.g., arrangements of cellulose microfibrils
and the sequence of polysaccharide synthesis, as well as
compositional changes in cell walls during cell division
[11-17]. Protoplasts, which lack cell walls, are appro-
priate for investigation of primary wall formation from
initiation to the final stages. In addition, protoplasts are
highly sensitive to the culture conditions and thus rep-
resent a suitable experimental system to monitor cell
responses to environmental stresses.

Kondo et al. [18] investigated the effects of environ-
mental stimuli on cell wall formation by a stressed pro-
toplast culture under a severely modified Murashige and
Skoog (MS) medium for Betula platyphylla (white birch)
protoplasts prepared from the leaves [19-21]. A unique
phenomenon was observed in the protoplasts, which was
secretion of a bundle of callose hollow fibrils (=a callose
hollow fiber) from a single site on the plasma-membrane
surface in the presence of a high concentration of Ca*"
under an acidic pH [20, 21]. A similar phenomenon was
observed in protoplasts of other woody plants [13, 22].
Moreover, Matsuo et al. [23] examined protoplasts from
callus of white birch leaves and established a more effi-
cient culture system to induce secretion of the callose
hollow fibers. Recently, this phenomenon also has been
reported in protoplasts of herbaceous plants [24].

Seyama and Kondo [21] reported that cell wall regen-
eration may be inhibited under the stress culture condi-
tion employed in the study. These authors examined the
ability of cell wall regeneration in protoplasts culture
under the stress condition by scoring the proportion of
burst cells among protoplasts cultured under the stress
condition for different durations and then exposed to low
osmotic pressure. A high burst ratio was observed under
the stress condition, regardless of the culture duration,
which indicated that cell wall regeneration was inhibited.
However, the mechanism for deposition of 5-glucans on
the cell surface, but not as a cell wall, under stress condi-
tions remains unclear.

Previous reports have investigated cell wall formation
by protoplasts of herbaceous plants [11, 14—-17, 24], but
few comparable studies have been undertaken on proto-
plasts of woody plants [12], which are important for bio-
mass utilization. Therefore, the current study aimed to
clarify the occurrence of cellulose microfibrils (CMFs) in
protoplasts of white birch callus under the stress culture
condition by in situ observation. The dynamics of CMTs,
which play an important role in cell wall formation, and
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cell division was also examined by probing with mam-
malian microtubule-associated protein 4 (MAP4) fused
with the green fluorescent protein (GFP-MAP4) [25]. As
far as we know, this is the first report that demonstrated
live cell imaging of CMTs in woody protoplasts. Cell wall
regeneration may be regarded as a dynamic system influ-
enced by environmental stimuli, and the present results
provide a novel insight to aid in understanding cell wall
formation and stress tolerance in woody plants.

Materials and methods

Materials

Callus induced from Betula platyphylla Sukatchev var.
japonica Kan No. 8 was used for preparation of proto-
plasts [23]. The calli were subcultured every 3 weeks
on Murashige and Skoog (MS) agar medium supple-
mented with 2 mM a-naphthalene acetic acid (NAA),
1 mM N-(2-chloro-4-pyridyl)-N’-phenylurea (4PU), and
1% (w/v) agar [18]. The cultures were incubated at 25 °C
under visible light (3000—4000 1x) with a 16 h/8 h (light/
dark) photoperiod.

Preparation of protoplasts

Protoplasts were prepared following a previously
described procedure [23] with modifications. Calli cul-
tured under the above-mentioned conditions for 2 weeks
were transferred to a flask-containing MS liquid medium
and shaken at 190 rpm to loosen the cell clusters. After
3—4 days, the protoplasts were isolated by treatment with
0.6 M mannitol solution containing 1% cellulase Ono-
zuka R-S (Yakult Honsha Co., Ltd., Tokyo, Japan) and
1% Macerozyme R-10 (Yakult). Following the enzymatic
treatment, the suspension was filtered through nylon
mesh (pore size 40 x 40 um?) to obtain the protoplasts.
After washing with 0.6 M mannitol, the protoplast pre-
cipitates were collected by centrifugation at 150g for
5 min. An appropriate volume of fresh 0.6 M mannitol
solution was added prior to repeated centrifugation, and
this treatment was repeated twice.

Protoplast culture

Culture of protoplast was started immediately after prepar-
ing the protoplasts. The protoplasts were cultured under
stress (i) and non-stress (ii) conditions. The stress condition
(i) was in accordance with that used by Matsuo et al. [23]:
the prepared protoplasts were cultured in half-strength MS
liquid medium supplemented with 1 mM NAA and 1 mM
4PU, and then, 150 mM CaCl, was added to the culture
medium and the pH was adjusted to 3.5. The non-stress
condition (ii) comprised half-strength MS liquid medium,
supplemented with 1 mM NAA and 1 mM 4PU, with the
addition of 0.6 M mannitol. The cell density was adjusted to
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approximately 5 x 10* cells mI™! in the culture well (equiv-
alent to 2500 cells per well) prior to incubation at 28 °C in
the dark. All protoplasts were cultured in 96-well micro-
plates (Corning, Inc., NY, USA) and were directly observed
under an inverted light microscope (CK40, Olympus Co.,
Tokyo, Japan).

Introduction of GFP-MAP4 into calli as a fluorescent probe
by Agrobacterium tumefaciens-mediated transformation
Microtubules were visualized by introduction of GFP-
MAP4 [25] into calli by the Agrobacterium-mediated
transformation method [26]. The structure of the chimeric
gene sequence is illustrated in Fig. 1. The disarmed strain
Agrobacterium tumefaciens LBA4404 [27] that harbored a
binary vector (pBI1101; Clontech Laboratories, Inc., Palo
Alto, CA, USA) containing GFP-MAP4 was used in the
transformation experiments. Agrobacterium tumefaciens
was cultured overnight at 28 °C in liquid yeast extract-man-
nitol medium in the presence of 50 mg 1! kanamycin, and
this culture was used for transformation of birch calli. The
birch calli were incubated for 30 min in the diluted culture
of A. tumefaciens, then incubated for 48 h on MS medium
(pH 5.8) supplemented with 1% (w/v) agar and 100 pM
acetosyringone (4-acetyl-2,6-dimethoxyphenol; Sigma-
Aldrich Co. LLC, Tokyo, Japan). Each segment was washed
five times with liquid MS medium. The calli were cultured
on selective callus-induction medium [MS medium sup-
plemented with 100 mg 1~! kanamycin, 500 mg 1~ carbeni-
cillin, 2 mM NAA, 1 mM 4PU and 1% (w/v) agar]. After
calli development for 2-3 months, the grown portions
were transferred to fresh selective medium (MS medium
supplemented with 50 mg 1™ kanamycin, 250 mg 1! car-
benicillin, 2 mM NAA, 1 mM 4PU, and 1% (w/v) agar).
The grown portions then were transferred to normal (non-
stress) medium. The transformed protoplasts were selected
from the transformed calli by enzymatic treatment.

To confirm gene expression of GFP-MAP4, total RNA
was extracted using an RNeasy Plant Mini kit (Qiagen,
Inc., Hilden, German) from freezing calli, and first-strand
c¢DNA was synthesized with ReverTra Ace reverse tran-
scriptase (Toyobo, Co., Ltd., Osaka, Japan). GFP-MAP4
was amplified by PCR using the primer pair of 5-ATG
GTGAGCAAGGGCGAG-3' and 5-ACCTCCTGCAGG
AAAGTGGC-3'. PCR was performed under the standard
condition of 30 cycles for the analysis of GFP-MAP4 intro-
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Confocal laser scanning microscopy

Protoplasts cultured under the non-stress and stress con-
ditions were transferred to a glass-bottom 96-well dish
(AGC Asahi Glass, Tokyo, Japan) for observation by con-
focal laser scanning microscopy (CLSM: Leica SP8; Leica
Microsystems, Wetzlar, Germany). Prior to the incubation
for more than 10 min, 10 pg ml ™! of Calcofluor white (CW;
Sigma-Aldrich) for staining of 1,4-glucan (cellulose) and
B1,3-glucan (callose) [28] and 10 pg 1™! of aniline blue fluo-
rochrome (ABF; Biosupplies Australia, Pty. Ltd., Victoria,
Australia) for specific staining of callose [29] were added
separately to the culture. The pH was adjusted to approxi-
mately 6.0 [30] with 1% KOH solution with CW in the
stress condition before CLSM observation.

Cellulase Onozuka R-S (Yakult) was used to investi-
gate the degradability of products from protoplasts under
CLSM to confirm the presence of cellulose. Protoplasts in
the microplates were incubated with 0.1% cellulase Ono-
zula R-S for 24 h at 28 °C in the dark. CLSM follows CW
staining.

Substances deposited on protoplasts and microtubules
linked to GFP-MAP4 were observed by CLSM. CW and
ABF were excited at a wavelength of 405 nm in the irra-
diated beam using direct diode laser, and GFP-MAP4
was excited at 489 nm in the irradiated beam using white
light laser with acousto-optic tunable filter. Fluorescence
emission by CW and ABF was detected at 430-470 nm
by hybrid detector, whereas GFP-MAP4 fluorescence
was detected at 490-600 nm by hybrid detector (Leica
Microsystems, Wetzlar, Germany). The fluorescence was
collected by prism splitting system.

Atomic force microscopy

CMFs synthesized on the plasma membrane as a build-
ing block for cell walls were observed with an atomic force
microscope (AFM). Samples for AFM were prepared in
accordance with the modified method described previ-
ously [31]. Cultured protoplasts were fixed with 2.5% gluta-
raldehyde aqueous solution and then washed with 50 mM
EDTA (pH 7.0). After fixation, the protoplasts were treated
with 0.3% sodium dodecyl sulfate (SDS; Sigma-Aldrich)
twice every 24 h to remove protein present on the cell sur-
face. Aqueous urea (50%) was used to remove SDS twice
every 12 h. Hemicellulose was removed by dissolution in
5% aqueous KOH solution twice every 24 h, and then, the
protoplasts were washed with distilled water to remove the

RB

duction line.
NOS-pro u NPT I (Kan') ﬂ NOS-ter k

Antibiotic-resistant gene

35
S

LB

I

SGFP(S65T) || MAP4 NOS-ter

1

GFP-MAP4

Fig. 1 Schematic diagram of GFP-MAP4 chimeric gene (modified from Marc et al. [25])




Tagawa et al. J Wood Sci (2019) 65:47

KOH solution. For observation, a droplet of the protoplast
cultures was placed on a microscope glass slide and then air
dried. Cellobiohydrolase I (CBH-I) from Hypocrea jecorina
(Sigma-Aldrich) was used to investigate whether microfi-
brils on the plasma membrane were crystalline CMFs. The
dried protoplasts were incubated in 1 U CBH-I aqueous
solution for 24 h at 30 °C, and then washed with distilled
water and air dried.

AFM micrographs of the surface of the dried proto-
plasts were acquired by an MFP-3D-SA AFM (Oxford
Instruments Asylum Research, Inc., Santa Barbara, CA,
USA) operated at room temperature, controlled in the
non-contact mode with a scan rate 1.0 Hz to observe
1 um? areas. An etched-silicon AFM tip was employed
with a nominal radius of 7-11 nm and a spring (force)
constant of 26 Nm™!, which was shaped like a polygon-
based pyramid with a height of about 14 pm and a cone
angle of 35°. Scanning was carried out in both directions
of the fiber axis and perpendicular to the axis. The width
and height of the fiber aggregates were measured using a
cross-sectional line profile analysis. The apparent width
data (D) should include geometrical enhancement (E)
depending on the radius (R) of the AFM tip. In the pre-
sent observations, as the height of the aggregates was
smaller than the radius of the tip, the following correction
equation was employed [32]: E = 2 x (RH — H})'?, w =
W — E, where E is the geometrical enhancement on the
real width value (w), W is the apparent width observed
with the AFM, H is the height of the object observed with
the AFM, and R is the AFM tip radius (7 nm).
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Image analysis

CLSM micrograph image processing was performed
using LAS X (Leica Microsystems, Wetzlar, Germany)
and Image J/Fiji (W. Rasband, National Institutes of
Health, Bethesda, MD, USA) software. Serial z-stack
CLSM images were integrated into projection images
using LAS X. The estimated proportion of coverage with
cell walls for the entire protoplast surfaces was calculated
using CLSM images based on the binarization and area
fraction function of Image J/Fiji. Extension and shrinking
velocity were calculated using CLSM images based on
the tracking function of Image J/Fiji. The relative inten-
sity of both CMTs and CW was calculated using CLSM
images based on the plot profile function of Image J/Fiji.

Results and discussion

Inhibition of cell wall formation correlated with induced
secretion of micro-sized fibers of callose under the stress
condition

Light microscopic images of protoplasts cultured under
the non-stress and stress conditions are compared in
Fig. 2. Under the non-stress condition, the protoplasts
enlarged and began to deform from spherical to elliptic—
spherical in shape at 7 days. At culture for 14 days and
21 days, the protoplasts divided to form colonies (indi-
cated by arrows in Fig. 2). Under the stress condition,
however, protoplasts remained spherical in shape even
after culture for 21 days, and cell division did not occur.
Instead, the protoplast synthesized a micro-sized fiber
(indicated by arrow head in Fig. 2).

Non-stress|. (.
condition ‘

Stress :
condition |

Culture period (day)

Fig. 2 Morphological changes of protoplasts. Light microscopic images of protoplasts at 0, 7, 14, and 21 days of culture under non-stress and stress
conditions. Arrows indicate protoplast colonies. The arrow head indicates a protoplast secreting a micro-sized fiber. All scale bars=100 um
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Seyama and Kondo [21] previously reported inhibition
of cell wall formation by protoplasts under the present
stress condition. However, cell wall regeneration had not
been sufficiently investigated. During cell wall regenera-
tion, two polysaccharides, cellulose and callose, are par-
ticularly important [33]. Cellulose (51,4-glucan) is the
most widely and commercially available polymer compo-
nent in plant cell walls, constituting 30-90% of structural
polysaccharides [34]. A unique cell wall polysaccharide
component is callose (51,3-glucan), which is specifically
restricted to cell plates, pollen tubes, plasmodesmata,
and wounded cells [34]. Thus, the presence of these two
components during cell wall formation on protoplasts
was the focus of CLSM in the current study under stress
and non-stress culture conditions.

Under the non-stress condition, images of cellulose
and callose stained with CW indicated the formation of
aggregates on the protoplast surface within a few hours
of initiation of the culture (0 day in Fig. 3). Apparent pri-
mary walls with a ‘network structure’ had already formed
on the protoplasts after culture for 1 day (1 day in Fig. 3).
At 7 days, networks of fibrils almost entirely covered the
protoplasts (7 days in Fig. 3).

In contrast, under the stress condition, no fibril or net-
work structure covered the protoplasts; instead, micro-
sized fibers appeared (indicated by arrows in Fig. 3).
Based on the images captured after culture for 14 days
(data not shown), the percentage in coverage of products
stained with CW on the cell surface was calculated as ca.
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90% and ca. 30% for the non-stressed and stressed cul-
tures, respectively. These results suggested that no cell
wall deposition was observed for stress condition, while
the cells under non-stress condition seem to regenerate
cell wall.

Under the non-stress condition, inhomogeneous depo-
sition of callose stained by ABF was observed on the cell
surface (0, 1, and 7 days in Fig. 4). On the other hand,
under the stress condition, twisted micro-sized fibers
were apparent (arrows at 0, 1, and 7 days in Fig. 4), which
corresponded with the appearance of substances stained
with CW (Fig. 3).

Enzymatic degradation with cellulase can also be a use-
ful tool to distinguish callose from cellulose. Under the
non-stress condition, the substances covering the cells
disappeared in response to the cellulase treatment (Addi-
tional file 1: Fig. Sla, b), whereas under the stress con-
dition, the micro-sized fibers remained after enzymatic
treatment (Arrows in Additional file 1: Fig. S1c, d). These
results were consistent indicating that the micro-sized
fibers comprised callose.

To investigate possible deposition of nanoscale CMFs,
the surface of the protoplasts after culture for 14 days
were observed by AFM. Before treatments with aque-
ous SDS and KOH, microfibrils were not apparent under
both conditions (data not shown). After the treatments,
however, microfibrils were visible under the non-stress
condition, which indicated that the microfibrils were pos-
sibly covered with proteins, pectin, and hemicelluloses.

Non-stress
condition

Stress
condition

Culture period (day)

Fig. 3 Monitoring of deposition of cell wall components on the surface of protoplasts. CLSM projection images of CW fluorescence in protoplasts
at 0, 1,and 7 days of culture under non-stress and stress conditions. Dashed lines indicate cell shape. Arrows indicate fibers secreted from
protoplasts. Inset images indicate bright-field and CW fluorescence images of sections of protoplasts under the non-stress condition. Scale bars of
main images =25 pm; scale bars of inset images=>5 um
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Non-stress
condition

Stress
condition

Culture period (day)

Fig. 4 Secretion of callose from protoplasts. CLSM images of ABF fluorescence in protoplasts at 0, 1, and 7 days of culture under the non-stress
and stress conditions. Dashed lines indicate the cell shape. Arrows indicate micro-sized fibers secreted from protoplasts. Inset images indicate
bright-field and CW fluorescence images of sections of protoplasts. All scale bars =25 um

Based on the tapping mode image (Fig. 5a, bottom), the
size of the microfibrils was calculated as 2.94+1.2 nm
(mean + SD, n = 20) in height and 25.7£9.1 nm
(mean=+SD, n = 20) in calibrated width. The deposited
fibers were exhibited in a random orientation. As almost
all the microfibrils disappeared after cellulase treatment
(Additional file 1: Fig. S2), they were considered most
likely to be CMFs. In contrast, under the stress condition,
no microfibrils were detected on the protoplast surface
(Fig. 5b), indicating no cellulose deposition on the proto-
plast surface under the stress condition.

Numerous investigations have indicated that the diam-
eter of cellulose microfibrils in the range from 1.5 to
3.8 nm [35]. In the current study, the microfibril height
was similar to the microfibril diameter, but the width was
much larger. Taking into account the deviation tolerance
range of the calibrated width, the microfibrils detected in
the present study may have formed through coalescence
of cellulose microfibrils, which would be ribbon-like
CMFs.

The results presented in Figs. 2, 3, 4, and 5 indicate that
fibril-like structures, including CMFs, were deposited on
the plasma membrane under the non-stress condition
(Fig. 3a). In contrast, the stress condition inhibited syn-
thesis of CMFs. Specifically, the regeneration of cell wall,
which is essential for cell division, did not occur under
the stress condition. Therefore, comparison between the
non-stress and stress conditions with regard to cell wall
formation may provide crucial information on primary
cell wall formation.

Callose was observed to form either in inhomogeneous
depositions or in micro-sized fibers, depending on the
non-stress and the stress culture conditions, respectively
(Fig. 4). Some reports [36, 37] on cell wall formation
indicate attachment of callose to deposited CMFs. Tak-
ing this into consideration, under the non-stress condi-
tion (Fig. 4) in the current study, callose might be located
as inhomogeneous deposition on CMFs surrounding the
plasma membrane. Namely, the presence of CMFs might
inhibit fiber-like formation of callose in the non-stress
condition.

Seyama et al. [20] reported that a low pH did not
inhibit cell colony formation from protoplasts, which
also indicates that a low pH does not inhibit cell wall
formation. Thus, a high concentration of Ca®*" may be
an important factor in the inhibition of cell wall forma-
tion or cellulose synthesis. Concerning Ca*", 1000-fold
difference between cytoplasmic (100 nM) and non-cyto-
plasmic (mM) Ca*" concentrations enables the genera-
tion of calcium signals by fast changes of cytoplasmic
Ca?* levels [38]. Therefore, excessive concentration of
Ca*" around cells possibly causes disturbance of calcium
homeostasis. 150 mM of Ca*" using in the current study
might be regarded as an unusual environment for plant
cells, resulting in inhibition of cell wall regeneration.

Cortical microtubules (CMTs) in protoplasts
under the non-stress and stress conditions
Plant microtubules in cytoplasm are present beneath
the plasma membrane to regulate the trajectory in
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a Non-stress condition
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Fig. 5 Nano-surface of protoplasts. AFM images of the surface of protoplasts cultured under the non-stress (a) and stress (b) conditions at 14 days
of culture after washing with 0.3% SDS and 5% KOH. Upper images indicate light microscopic images of protoplasts observed on AFM sample glass
slides. Middle images correspond to AFM height images of tapping mode, and the graphs indicate the cross-section height along the horizontal
line in the middle image. The arrow heads indicate the measured points of the height in the graph

b Stress condition
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movements of cellulose synthase complexes (CSCs) as a
track [39, 40] via the cellulose synthase-interacting pro-
teins [41, 42]. When CMTs are re-arranged, the moving
trajectory of CSCs is immediately allowed to change [40,
43]. As mentioned in the previous section, cell wall for-
mation and cell division were inhibited in the stress con-
dition, which might be related to the dynamic behavior of
CMTs. Therefore, in the present study, GFP-MAP4 [25]

was introduced into birch calli to provide GFP-MAP4 as
a fluorescent probe attached to CMTs in isolated proto-
plasts. Due to the probe, the behavior of CMTs on the
surface of protoplasts could be monitored by time-lapse
video analyses using CLSM in relation to the culture
condition.

Marc et al. [25] reported that GFP-MAP4 allows the
constant monitoring of microtubule arrangements for
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overextended periods of time when it was expressed at low
levels, whereas at high levels, it induces an aberrant pheno-
type that is likely to inhibit normal microtubule function.
Cells expressing high level of the transgene were unable to
survive under mitotic conditions. Therefore, we select a cal-
lus line that constantly expresses the GFP-MAP4 gene by
screening cultivation, which appears to grow and divided at
a rate similar to that of non-gene modified callus.

Under the non-stress condition, the CMTs became
linear and arrayed at many loci after 14 days of culture
(Fig. 6a). Moreover, in the time-lapse analysis, move-
ments of the CMTs exhibited repetition of both extension
and contraction at a fixed position (indicated by arrows
in Fig. 6a and Additional file 1: Fig. S3a), a well-known
phenomenon “dynamic instability of the microtubules”
In contrast, under the stress condition, the position of
CMTs was not fixed, and they exhibited flexible displace-
ment laterally (indicated by arrows in Fig. 6b). Dynamic
instability of microtubules was still observed for the
CMTs in the stressed cell (Additional file 1: Fig. S3b).

It has never been reported that excessive Ca®*" affects
cellulose synthesis and CMTs’ behavior in plant proto-
plasts. Elucidation of the reasons responsible for unfixed
manner of CMTs is important to understand mecha-
nisms of Ca>" response and/or salt tolerance in plants.
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CMFs following CMT arrays during cell wall regeneration
As described previously, CMTs behavior was supposed
to correlate with the oriented deposition of CMFs on
plasma membrane in plant cells. To confirm such a coop-
erated arrangement between CMFs and CMTs during
cell wall regeneration in woody protoplasts, both of them
were dual-visualized using fluorescent probes of CW and
GFP-MAP4, respectively, in the cells cultured under non-
stress conditions.

Under the non-stress condition at 3 day culture,
CLSM observation for the dual-stained specimens
exhibited some network of fibrils as cell wall com-
ponents, which was confirmed as cellulose network
in previous section, together with CMTs (Fig. 7). It is
noted that the network of cellulose was not necessar-
ily colocalized with CMTs. CW and GFP-MAP4 fluo-
rescent image in the stress condition was no shown
here, because synthesized polysaccharides stained with
CW were not deposited on the plasma membrane as
described for Fig. 3.

These results indicated that arrangement of CMTs pos-
sibly participated with arrangement of CMFs on plasma
membrane. However, CMFs’ position was fixed irrespec-
tive of dynamically moving CMTs, which may cause the
mismatch of CMFs’ and CMTs’ positions. Similar results

a Non-stress
condition

b  Stress
condition

Fig. 6 Dynamics of CMTs'behavior labeled with GFP-MAP4 monitored by time-lapse video analyses. Successive CLSM projection images indicate
movement of CMTs labeled with GFP-MAP4 under the non-stress (a) and stress (b) conditions at 27 days of culture. The left images provide an
overview of CLSM projection images of the protoplasts. Scale bars =25 pm. Dashed squares in the figures indicate magnified positions for the
successive images. The interval of the individual image is 1 min each. Arrows indicate extension of the ends of microtubules. Scale bars=4 um
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GFP-MAP4 Cw

Scale bars=25 um

Fig. 7 Relationship between CMTs and cell wall components. Cell wall components (stained with CW) and CMTs (stained with GFP-MAP4) in
protoplasts cultured under the non-stress condition at 3 days of culture. The arrow heads indicate colocalization of GFP-MAP4 and CW fluorescence.

Zooming ithage

were reported by Kuki et al. [17] in Arabidopsis meso-
phyll protoplasts. Details of the relationship between
CMTs dynamics and CMFs deposition in protoplasts
under the stress and non-stress conditions will be investi-
gated in future work.

Conclusion

The current study demonstrates dynamics of struc-
tural polysaccharides deposition relating to CMTs
dynamics on the plasma-membrane surface of plant
protoplasts during cell wall regeneration. Under the
acidic stress condition, using a culture medium con-
taining a high concentration of Ca*, cell wall regen-
eration was suppressed in protoplasts of white birch
callus, which was possibly due to inhibition of CMFs
deposition (Figs. 3, 5b). The absence of the cell wall
might lead to formation of callose micro-sized fibers
(Fig. 4). In contrast, under the non-stress condition,
CMFs were deposited to establish cell walls (Figs. 3,
5a) and callose was deposited on the cell surface. The
stress condition also affected CMT dynamics. Under
the stress condition, CMTs behaved in an unfixed
manner (Fig. 6b). The relationship with inhibition
of CMF synthesis has been still unclear, but CMTs
dynamics may be correlated with CMF deposition on
the plasma membrane (Fig. 7). The simultaneous inhi-
bition of CMF formation and the corresponding CMT
dynamics were likely to be caused by the high concen-
tration of Ca>™.
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Additional file 1: Fig. S1. CLSM images of CW fluorescence in untreated
(a, ) and cellulase-treated (b, d) protoplasts under non-stress condition

(a, b) and stress condition (c, d). The arrows indicate callose hollow fibers.
Scale bars =200 um. Fig. S2. Atomic force microscopic (AFM) amplitude-
images of surfaces of protoplasts cultured under the non-stress condition

before and after cellulase treatment. These images were taken at the same
position of the surface of protoplast. Fig. S3. Successive confocal laser
scanning microscopic (CLSM) projection images: These indicate move-
ment of CMTs labeled with GFP-MAP4 under the non-stress (a) and stress
(b) conditions at 27 days of culture. The interval of the individual image is
1 min each. The arrow heads indicate extension or contraction of the ends
of CMTs. Scale bars=4 um.
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