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1. Introduction 
The plant cell wall is composed 

of several different classes of 
macromolecules, including polysaccharides, 
structural proteins and aromatic 
substances. These components are 
integrated into a kind of supermolecule by 
means of weak inter- and intra-molecular 
interactions, as well as by cross-linking by 
covalent bonds. Within this architecture 
are found a broad variety of cell wall 
enzymes, most of which are involved in 
construction, maintenance and 
restructuring of its own architecture. As a 
result of the actions of these enzymes, the 
cell wall undergoes drastic changes in its 
molecular architecture in such a way that 
allows controlled cell wall expansion and 
deformation, thereby playing crucial roles 
in plant growth and morphogenesis. In 
addition to the morphological roles, the 
plant cell wall plays a wide range of 
physiological functions, which include the 
defense system against pathogens, 
translocation of nutrients and transduction 
of chemical signals within plants.  

Despite good documentation of 

structural features of individual cell wall 
components, little is known about the mechanisms 
by which the cell wall components synthesized by 
membrane-bound enzyme systems are 
translocated into the apoplast to assemble the 
supermolecular architecture. This occurs by 
collaborative actions of many types of cell 
wall-related enzymes, a dynamic process that 
continues during the life of plants. While a whole 
complement of Arabidopsis and rice genome 
databases have disclosed lists of putative proteins 
potentially involved in cell wall dynamics, we do 
not know how they are organized to work 
collaboratively in the cell wall construction 
processes. 

Tobacco (Nicotiana tabacum) BY-2 
cell culture stands out among many cell lines 
established thus far in terms of proliferation rate 
and synchrony (Nagata et al. 1982, 1992),  and is 
ideally suited for cellular and molecular analyses. 
It is currently employed as a model material in 
various fields of plant biology. For researches into 
the dynamic aspect of plant cell walls, this culture 
system is especially useful in that it is composed 
of a homogeneous cell type with a single type of 
primary cell wall:  High proliferation rates and 
high homogeneity constitutes the major advantage 
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in preparing a large amount of primary cell walls 
derived from similar cell types. During the last 
decade, several important advances have been 
made in the field of plant cell wall biology by 
using BY-2 cells. In the first half of this article, 
we summarize typical achievements in which 
tobacco BY-2 cells were successfully used to 
dissect the dynamic aspect of plant cell walls. In 
the second half, we will focus on functional 
analyses of  xyloglucan endotransglucosylase/ 
hydrolase (XTH) gene family in tobacco BY-2 
cells, the gene family that encodes the enzymes 
responsible for construction and restructuring of 
the cellulose/xyloglucan framework in plant cell 
walls. 

 
2. Suspension culture of tobacco BY-2 cells as a 
model system for cell wall studies 
2.1  Preparation of cell wall enzymes 

Since most cell wall proteins are not 
strongly anchored to the cell wall framework, 
they are easily liberated into the medium during 
suspension culture. Guaiacol-type peroxidases 
(POX) are typical enzymes found in the 
suspension culture of tobacco BY-2 cells. These 
enzymes constitute a subfamily of peroxidases 
and can mediate polymerizations of both proteins 
and monolignols. Certain isozymes of POX are 
known to be expressed during protoplast 
regeneration and cellular differentiation processes 
(de Marco et al. 1996a, b). It is postulated that 
some POXs play roles in the assembly and 
modification of cell wall components. de Marco 
et al. (1999) isolated seven isoforms of POX from 
culture medium of suspension-cultured tobacco 
BY-2 cells. Their purification procedures are 
quite simple. The culture medium with cells 
removed by filtration through nylon mesh was 
reduced by lyophilization and ultracentrifuged to 
remove pectic substances. The supernatant 
solution thus obtained was used as the enzyme 
source for the isolation and characterization of 
seven POX proteins. 

 
Xyloglucan endo-transglucosylases 

/hydrolases (XTHs) are a class of enzymes 
capable of catalyzing molecular grafting between 
xyloglucans and/or the endo-type hydrolysis of a 
xyloglucan molecule. These enzymes are encoded 
by a fairly large gene family and are considered to 

play central roles in construction as well as the 
modification of the cellulose/xyloglucan 
framework,  the basic framework that underpins 
the cell wall architecture in plants (Nishitani 
1997; Campbell and Braam 1999). Unlike the 
seven POX proteins, XTH proteins seems to be 
bound ionically to the cell wall framework, and 
are not freely liberated into the medium during 
incubation. Most of the XTH activity can be 
liberated from the cell wall by the extraction of 
living BY-2 cells with 50 mM MgCl2 for 5 min 
followed by 10 min of infiltration under a reduced 
pressure and filtration through 33 µm nylon mesh 
by squeezing to recover the 50 mM MgCl2 
fraction containing the XTH proteins. The 
extraction procedures do not disrupt the plasma 
membranes of tobacco BY-2 cells and the fraction 
is not contaminated with any cytoplasmic proteins 
(unpublished). 

Tobacco BY-2 cells can be used as host 
cells for the large-scale production of 
recombinant proteins. Sun et al. (1997) expressed 
a xylanase gene (xynB) from Clostridium 
stercorarium in tobacco BY-2 cells under the 
control of the cauliflower mosaic virus (CaMV) 
35S promoter. The enzyme activity of the 
recombinant xylanase B produced in tobacco 
BY-2 cells remained quite active during a 
prolonged period of cultivation. The amount of 
the xylanase protein was estimated to be 51% of 
the total soluble proteins in the tobacco BY-2 calli 
after two weeks of cultivation, indicating the 
potential use of tobacco BY-2 cells as hosts for 
the production of large amounts of recombinant 
proteins. 
 
2.2  Direct delivery of molecular probes to cell 
wall space 

The suspension-cultured cells also carry the 
advantage that exogenously applied molecular 
probes such as enzymes and labeled substrates 
can be delivered directly to the cell wall space by 
incubating cells in culture medium containing the 
molecular probes to be tested. In order to analyze 
in muro activity of XTH in the incorporation of 
the xyloglucan fragment into the 
cellulose/xyloglucan framework, Ito and Nishitani 
(1999) synthesized a fluoresceinyl xyloglucan 
heptasaccharide, and used it as a probe to 
visualize the XTH activity in the cell wall. They 
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incubated the BY-2 cells in the presence of the 
fluorescent probe and disclosed the in muro 
enzyme activity as a fluorescent image under an 
epifluorescence microscope (Fig. 1). Thus, by 
using this probe, in situ localization of XTH 
activity to incorporate xyloglucan fragment into 
the cell wall framework can be visualized in 
tobacco BY-2 cells. 

Expansins are another class of cell wall 
proteins implicated in the machinery of 
acid-mediated cell wall modification and, hence, 
wall expansion. To gain insight into their actions 
in the cell wall expansion process, Link and 
Cosgrove (1998) examined exogenous α-expansin 
and fusicoccin on growth of the BY-2 culture. 
They found that the application of either expansin 
or fusicoccin can stimulate the growth rate of 
BY-2 culture three fold, indicating the presence in 
the BY-2 cells of the active machinery required 
for the acid-growth mechanism found in growing 
tissues of intact plants. This vindicates the 
usefulness of BY-2 cells as a handy tool in the 
field of cell wall physiology. 
 
2.3  BY-2 cell lines with altered cell wall 
components by acclimatization 

BY-2 cells, which are capable of 
proliferating at a high rate, possess advantages in 
establishing cell lines with altered cell wall 
constituents by step-wise acclimatization to 
certain culture conditions. These conditions 
include suppressed synthesis of cellulose 
microfibrils in the presence of a cellulose 
synthesis inhibitor and interference of 
rhamnogalacturonan assembly in the absence of 
boron. 

Boron is an essential element for 
higher plants (Warington 1923) and indispensable 
for the growth of tobacco BY-2 cells. Step-wise 
adaptation of BY-2 cells to low-boron media led 
to the discovery of an essential role of this 
element in the structural organization of 
rhamnogalacturonans in plant cell walls (Matoh et 
al. 1992). Currently, this element is known to 
exist as the boron-rhamnogalacturonan II complex 
in plant cell walls (Kobayashi et al. 1997). BY-2 
cell culture ordinarily requires 1 mg/l of boron for 
normal growth. Upon reduction of the boron 
concentration to 0.056 mg/l, the growth rate was 
reduced to half of the maximum rate (Matoh et al. 

1992). By sub-culturing BY-2 cells in a medium 
containing lower concentrations of boron, Matoh 
et al. (2000) established cell lines that can grow 
normally in medium containing as little as 10 µg/l 
of boron. In the cell walls of these cell lines, two 
thirds of the RG-II was found to lack boron 
moiety and occurred in a monomeric form. This 
fact confirms the idea that boron is committed to 
cross-linking between rhamnogalacturonan  II 
monomers and, thereby, serves as a key 
component in cell wall architecture. 

Synthesis of crystalline cellulose in 
azuki bean epicotyls was found to be inhibited 
specifically by 2,6-dichlorobenzonitrile (DCB) 
(Hogetsu et al. 1974) at micromolar 
concentrations. Step-wise acclimatization of 
carrot suspension-cultured cells to gradually 
increasing concentrations of DCB up to 10 µM 
during prolonged periods of subculture led to the 
establishment of cell lines that can grow in the 
presence of 10 µM DCB (Shedletze et al. 1990). 
Cell walls of these DCB-habituated cells virtually 
lacked the cellulose-xyloglucan network; instead, 
a pectin-extensin network was reinforced in the 
habituated cells (Shedletze et al. 1992). More 
recently, Nakagawa and Sakurai (1998) and 
Sabba et al. (1999) generated DCB-habituated 
tobacco BY-2 cell lines with reduced cellulose 
contents. Nakagawa and Sakurai (1998) analyzed 
the expression of several genes involved in the 
construction of the cellulose/xyloglucan network 
and found altered expression patterns in cellulose 
synthases, glucanases and XTHs. These 
habituated cells are potentially of great use for the 
comprehensive analyses of cell wall related genes. 

 
2.4  Cell wall regeneration from protoplasts 

The transparent and large-sized cells 
with synchronized cell cycle phases have 
broadened the usefulness of BY-2 cells in the 
research of cell wall dynamics, particularly 
investigations into cell wall regeneration from 
protoplasts. Using large-sized and highly 
synchronized populations of BY-2 cells, it will be 
possible to analyze de novo synthesis and 
assembly of certain cell wall polymers. Despite 
their potential use in the research of cell wall 
regeneration, the BY-2 cells have not always been 
utilized to the fullest extent. 
Pieces of evidence imply that cell wall 
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regeneration from protoplasts may trace the 
process by which new cell walls are generated 
during cytokinesis in ordinary plant tissues. 
Aniline blue staining has revealed that β- 
1,3-glucan, which is observed in the cell plate 
(Hong et al. 2001), is also accumulated on the 
surface of protoplasts in the early stages of wall 
regeneration. Given that the wall regeneration on 
the protoplasts repeats the process of cell plate 
maturation during cell division, the protoplasts 
may be employed as a good model system for cell 
wall generation in the nascent cell plate. 
Apparently, genomic, as well as proteomic, 
approaches to genes and proteins expressed 
during the cell wall regeneration process would 
offer the opportunity to elucidate a whole 
complement of components involved in the 
construction of the nascent cell wall. 

According to the current paradigm of 
cell wall construction, orientation of newly 
synthesized cellulose fibers on the plasma 
membrane is directed by cortical microtubules 
located inside the plasma membrane (Giddings 
and Staehelin 1988; Williamson 1991). The 
relationship between the cortical microtubule 
array and the orientation of cellulose microfibrils 
has been studied extensively by using protoplasts 
prepared from tobacco BY-2 cells (Hasezawa et al. 
1988; Fisher and Cyr 1998). Hasezawa and 
Nozaki (1999) observed that cellulose microfibril 
bundles were deposited only on the cortical 
microtubules in taxol-treated protoplasts derived 
from BY-2 cells under an electron microscope. 
This result provides evidence to support the idea 
that the microtubules directly regulate the 
movement of the cellulose-synthesizing complex 
on the plasma membrane by means of biophysical 
forces. 

On the other hand, a cellulose 
synthesis inhibitor, isoxaben, inhibits the 
synthesis of cellulose microfibrils, which is 
followed by disorganization of cortical 
microtubules and suppression of cell elongation. 
Since isoxaben does not affect polymerization or 
depolymerization of microtubules per se, this 
result means that the microfibrils located outside 
the plasma membrane provide biophysical 
information back to the cortical microtubules 
inside the plasma membrane to establish and 
maintain the growth axis. Based on this 

consideration, Fisher and Cyr (1998) proposed an 
extension of the microtubule/microfibril paradigm 
to include the two-way flow of physical 
information between microtubules and 
microfibrils. According to the extended paradigm, 
highly organized microfibrils and cortical 
microtubules provide a self-reinforcing system to 
ensure that plant cells expand continuously in a 
single major axis of growth. Despite many studies, 
however, the mechanism by which cortical 
microtubules and cellulose microfibrils determine 
the direction of cell wall extension, and hence cell 
expansion, still remains unclear. At present there 
is no reason to exclude the possibility that other 
cell wall components attached to 
cellulose/xyloglucan framework are committed to 
the regulatory machinery that determines the 
direction of cell wall expansion. 
 
2.5  Cell wall analyses using transformant cell 
lines 

Delivery of exogenous genes into 
BY-2 cells originated in the use of liposomes or 
electroporation techniques with the protoplast 
(Nagata et al. 1981, 1987), a procedure currently 
carried out routinely (Mathur and Koncz 1998). 
Alternatively, transgenes are introduced to intact 
BY-2 cells directly via particle bombardment or 
by co-cultivation with Agrobacterium tumefaciens 
(An 1985; Rempel and Nelson 1995). 
Agrobacterium-mediated transformation 
procedures have also been established and are 
carried out routinely in many laboratories 
(Matsuoka and Nakamura 1991). These 
transformation techniques are frequently used to 
generate cell lines in which expression of the gene 
encoding a certain protein is repressed or 
enhanced ectopically. 

Ito and Nishitani (1999) expressed 
sense and antisense mRNAs for a tobacco XTH 
gene under the control of the CaMV35S promoter 
to obtain stable transformant tobacco BY-2 lines 
in which the expression level of XTH proteins 
was modified. They compared the activity to 
incorporate fluoresceinyl xyloglucan 
heptasaccharide to the cell wall framework among 
individual transformants and found that the 
activity was significantly reduced in transformant 
cells in which the expression of XTH was 
severely suppressed by over-expression of the 
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antisense XTH mRNA. This indicates the 
involvement of XTH proteins in the integration of 
free xyloglucan molecules into the cell wall 
framework, and gives evidence in support of the 
idea that XTH proteins play a crucial role in the 
construction of the cellulose/xyloglucan 
framework. 

The greatest use of the green 
fluorescent protein (GFP) in plant cell biology has 
been vindicated by recent studies, particularly 
those in the fields of cytoskeleton and membrane 
trafficking. Kost et al. (1998) successfully labeled 
plant actin filament with GFP-mouse talin fusion 
protein, and thereby revealed dynamic aspects of 
the actin cytoskeleton network in elongating 
pollen tubes. Nebenführ et al. (1999, 2000) 
generated BY-2 cell lines in which GFP is fused 
with soybean α-1,2-mannosidase, a resident Golgi 
protein, and revealed the dynamic organization of 
the Golgi system together with other related 
membrane trafficking. 

On the other hand, Marc et al. (1998) 
used a GFP tagged with a microtubule-binding 
domain of the mammalian microtubule-associated 
protein 4 (MAP4), and clearly visualized 
microtubule organization in living BY-2 cells 
(Granger and Cyr 2000). These GFP technologies, 
capable of visualizing the dynamic aspect of the 
cytoskeleton network in living cells, made it 
possible to gain insights into the relationship 
between cortical microtubules and newly 
synthesized cellulose microfibrils. Kumagai et 
al. (2001) sychronized transgenic BY-2 cells 
expressing a GFP-tubulin fusion protein 
(BY-GT16) by aphidicolin, and monitored 
the dynamics of their microtubules. By use 
of this approach they have disclosed the 
mode of reorganization of cortical 
microtubules at the M/G1 interface. 
Combinations of newly designed novel GFP 
fusion proteins would afford a good opportunity 
to clarify the regulatory machinery that forms link 
between the cytoskeleton and the cell wall 
framework, and thereby will afford a promising 
approach to the central issue in answering 
questions within the field of plant cell wall 
physiology. 

 
2.6  Cell wall dynamics during cell division 

By using the synchronized culture of 

BY-2 cells, in which GFP-mouse talin (Kost et al. 
1998) or GFP-MAP4 fusion proteins (Granger 
and Cyr 2000, 2001) is expressed constantly, it is 
possible to visualize dynamic aspects of the 
cytoskeletal network occurring during the cell 
cycle. The GFP-fusion proteins are also powerful 
tools in visualizing cell-cycle dependent 
trafficking of cell wall proteins, which are 
secreted into the apoplast and involved in 
construction, maintenance and restructuring of the 
cell wall architecture. Site-directed delivery or 
spatially controlled secretion of individual cell 
wall proteins must be required not only for the 
accurate regulation of cell expansion and 
differentiation, but also for the cell division 
process. To gain an insight into the secretory 
pathways for cell wall proteins, Yokoyama and 
Nishitani (2001) used a member of the XTH 
proteins as representative, and traced its 
intracellular localization during a cell cycle in 
suspension cultured tobacco BY-2 cells by means 
of the signal peptide-GFP fusion gene procedure. 
The GFP-fused XTH signal peptide was 
extensively secreted into the apoplast via the 
endoplasmic reticulum-Golgi apparatus network 
during the interphase of the cell cycle. On the 
other hand, during the M phase, the fused protein 
was exclusively located in the phragmoplast and 
eventually transported to the cell plate during 
cytokinesis (Fig. 2). The results obtained by the 
GFP fusion gene procedure using living tobacco 
cells were consistent with those obtained by the 
indirect immunofluorescence procedure and the 
immunoelectron microscopy procedure (Fig. 3) 

XTH mediates either the 
hydrolysis or molecular grafting of 
xyloglucans, which function as load-bearing 
bridges among cellulose microfibrils, and 
thereby plays a crucial role in construction 
as well as the modification of the 
cellulose/xyloglucan framework. Extensive 
secretion of XTH into the cell wall space 
during interphase is consistent with the 
widely advocated role of XTH in the 
expanding or differentiating cell wall in 
which cell wall synthesis is always 
accompanied by restructuring of the 
pre-existing cell wall framework (Fry et al. 
1992; Nishitani and Tominaga 1992; 
Nishitani 2002).  
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On the other hand, the 
localization of the XTH in the cell plate 
during cytokinesis clearly indicates a role 
of the enzyme in the formation of a new cell 
plate, a role distinct from the modification 
of the pre-existing cell wall in the apoplast. 
Xyloglucan molecules are synthesized in 
the Golgi apparatus, and transported and 
accumulated in the cell plate (Moore and 
Staehelin 1988). Since cellulose microfibrils 
are not found in the nascent cell plate 
(Moore and Staehelin 1988; Kakimoto and 
Shibaoka 1992), xyloglucans present in the 
cell plate cannot be integrated into the 
cellulose/xyloglucan complex, but must 
remain as free polymers instead. This 
means that the XTH protein transported to 
the nascent cell plate will not be involved 
in the modification of the 
cellulose/xyloglucan framework and implies 
an alternative role for the enzyme in the 
cell plate. What is this enzyme for? Certain 
molecular grafting reactions between 
xyloglucan molecules can mediate the 
elongation of xyloglucan chains (Nishitani 
1998). Repetition of such reactions will lead 
to the generation of high molecular weight 
xyloglucans from moderately sized 
xyloglucans derived from the Golgi-vesicles 
(Nishitani and Tominaga 1992). 
Alternatively, the XTH-mediated molecular 
grafting between the mobile xyloglucan 
molecules in the cell plate might be 
involved in the regulation of rheological 
properties of the cell plate by modifying 
their molecular weight distribution profiles. 
Given a practical method to isolate the 
phragmoplast fraction from dividing cells 
by use of synchronized culture of tobacco 
BY-2 cells (Kakimoto and Shibaoka  1988, 
1992), an investigation into 
phragmoplast-localized xyloglucans might 
be a feasible approach that could lead to 
the elucidation of the new role of XTH in 
cytokinesis.  

The existence of two distinct types of 
secretory pathways for XTH proteins implies the 
presence of a switching system that can alternate 
the direction of the secretory pathway for cell 
wall proteins. Such a switching system seems to 

be essential, particularly for plant cells, in which 
two distinct modes of cell wall dynamics alternate 
during the cell cycle. For example, daughter cells 
need to complete cell wall construction in the cell 
plate promptly at the end of mitosis or cytokinesis, 
while continuous reconstruction or modification 
of the pre-existing cell wall is indispensable 
during interphase when cell extension and 
differentiation processes occur. Cell cycle 
dependent alteration of the membrane trafficking 
system carries an advantage over a constitutive 
secretory system, in which the apoplast-directed 
membrane trafficking continues even during cell 
plate formation. 

In plants, the cell expansion process is 
restricted to interphase and does not proceed 
during the M phase: In shoot and root apices, the 
cell elongation zone is spatially separated from 
the apical meristem, where cell divisions occur 
frequently (Ishikawa and Evans 1995; Jacobs 
1997). In tobacco BY-2 cells, the timing of cell 
division does not overlap with that of cell 
expansion during the cell cycle (Hasezawa and 
Syono 1983). Such a temporal segregation of the 
cell expansion and cell division during the cell 
cycle seems to be related directly to the switching 
of vesicle trafficking for materials required for the 
construction of the cell wall in both the cell plate 
and apoplast. 

 
Concluding remark 

Establishment of suspension-culture of 
tobacco BY-2 cells has opened up new 
approaches to cell wall dynamics at cellular and 
molecular levels, and has lead to significant 
progress. Whereas the BY-2 cells stand out 
among other cell lines and are suited for cell wall 
analysis, the cell wall is a sophisticated 
architecture with extraordinary complexity and its 
dynamic aspects have not been fully understood 
by conventional biochemistry. Recent progress in 
molecular biology and advanced microscope 
technology have made it possible to trace the 
behavior of a single protein or a certain cell wall 
component in living cells under a microscope. 
The accurate pinpoint approach to individual 
components of the cell wall, together with a 
formidable knowledge of cell wall biochemistry 
accumulated over the last several decades, will 
afford a remarkable development in the field of 
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cell wall dynamics at molecular levels. 
Furthermore, recent advances in genomic and 
proteomic technologies will apparently facilitate 
progress in the functional analyses of individual 
components of the cell wall. 
 
 
References 
An G (1985) High efficiency transformation of 

cultured tobacco cells. Plant Physiol. 79: 
568-570 

Campbell P and Braam J (1999) Xyloglucan 
endotransglycosylases: diversity of genes, 
enzymes and potential wall-modifying 
functions. Trends Plant Sci. 4: 361-382  

de Marco A, Roubelakis-Angelakis KA (1996a) 
The complexity of enzymic control of 
hydrogen peroxide may affect the 
regeneration potential of plant protoplasts. 
Plant Physiol. 110: 137-145 

de Marco A, Roubelakis-Angelakis KA (1996b) 
Hydrogen peroxide plays a bivalent role in 
the regeneration of protoplasts. J. Plant 
Physiol. 149: 109-114  

de Marco A, Guzzardi P, Jamet E (1999) Isolation 
of tobacco isoperoxidases accumulated in 
cell-suspension culture medium and 
characterization of activities related to cell 
wall metabolism. Plant Physiol. 120: 
371-381  

Fisher DD and Cyr RJ (1998) Extending the 
microtubule/microfibril paradigm. Cellulose 
synthesis is required for normal cortical 
microtubule alignment in elongating cells. 
Plant Physiol. 116: 1043-1051  

Fry SC, Smith RC, Renwick KF, Martin DJ, 
Hodge SK and Matthews KJ (1992) 
Xyloglucan endotransglycosylase, a new 
wall-loosening enzyme activity from plants. 
Biochem. J. 282: 821-828 

Giddings Jr TH and Staehelin LA (1988) Spatial 
relationship between microtubules and 
plasma-membrane rosettes during the 
deposition of primary wall microfibrils in 
Costerium sp. Planta, 173: 22-30 

Granger CL and Cyr RJ (2000) Microtubule 
reorganization in tobacco BY-2 cells stably 
expressing GFP-MBD. Planta  210: 502-509 

Granger CL and Cyr RJ (2001) Use of abnormal 
preprophase bands to decipher division plane 

determination. J. Cell Science 114: 599-607 
Hasezawa S and Syono K (1983) Hormonal 

control of elongation of tobacco cells derived 
from protoplasts. Plant Cell Physiol. 24: 
127-132 

Hasezawa S, Hogetsu T and Syono K (1988) 
Rearrangment of cortical microtubules in 
elongating cells derived from tobacco 
protoplasts: a time-course observation by 
immunofluorescence microscopy. J. Plant 
Physiol., 133: 46-51 

Hasezawa S and Nozaki H (1999) Role of cortical 
microtubules in the orientation of cellulose 
microfibril deposition in higher-plant cells. 
Protoplasma 209: 98-104 

Hogetsu T, Shibaoka H and Shimokoriyama M 
(1974). Involvement of cellulose synthesis in 
actions of gibberellin and kinetin on cell 
expansion. 2,6-dichlorobenzonitrile as a new 
cellulose-synthesis inhibitor. Plant Cell 
Physiol. 15: 389-393 

Hong Z, Delauney AJ and Verma DPS (2001) A 
cell plate-specific callose synthase and its 
interaction with phragmoplastin. Plant Cell 
13: 755-768 

Ishikawa H and Evans ML (1995) Specialized 
zones of development in root. Plant Physiol. 
109: 725-727 

Ito H and Nishitani K (1999) Visualization of 
EXGT-mediated molecular grafting activity 
by means of a fluorescent-labeled xyloglucan 
oligomer. Plant Cell Physiol. 40: 1172-1176 

Jacobs T (1997) Why do plant cells divide?  Plant 
Cell 9: 1021-1029 

Kakimoto T and  Shibaoka H (1988) Cytoskeletal 
ultrastructure of phragmoplast-nuclei 
complexes isolated from cultured tobacco 
cells. Protoplasma Suppl. 2: 95-103  

Kakimoto T and Shibaoka H (1992) Synthesis of 
polysaccharides in phragmoplasts isolated 
from tobacco BY-2 cells. Plant Cell Physiol. 
33: 353-361 

Kobayashi M, Ohno K and  Matoh T (1997) 
Boron nutrition of cultured tobacco BY-2 
cells. II. Characterization of the 
boron-polysaccharide complex.  Plant Cell 
Physiol. 38: 676-683 

Kost B, Spielhofer P and Chua NH. (1998) A 
GFP-mouse talin fusion protein labels plant 
actin filaments in vivo and visualizes the 



 8 

actin cytoskeleton in growing pollen tubes. 
Plant J. 16: 393-401 

Kumagai F, Yoneda A, Tomida T, Sano T, 
Nagata T, and Hasezawa S (2001) Fate of 
nascent microtubules organized at the M/G1 
interface, as visualized by synchronized 
tobacco BY-2 cells stably expressing 
GFP-tubulin: Time-sequence observations of 
the reorganization of cortical microtubules in 
living plant cells. Plant  Cell Physiol. 42: 
723-732 

Link BM and Cosgrove DJ (1998) Acid-growth 
response and alpha -expansins in suspension 
cultures of Bright Yellow 2 tobacco. Plant 
Physiol. 118: 907-916 

Marc J, Granger CL, Brincat J, Fisher DD, Kao T, 
McCubbin AG and Cyr RJ (1998) A 
GFP-MAP4 reporter gene for visualizing 
cortical microtubule rearrangements in living 
epidermal cells. Plant Cell 10: 1927-1940 

Mathur J and Koncz C (1998) In JM 
Martínez-Zapater, J Salinas, eds, Arabidopsis 
protocols, Methods in Molecular Biology, 
Vol. 82 Human Press, Totowa, NJ, pp 
267-276 

Matoh T, Ishigaki K, Mizutani M, Matsunaga W 
and Takabe K (1992) Boron nutrition of 
cultured tobacco BY-2 cells. I. Requirement 
for and intracellular localization of boron 
and selection of cells tolerate low levels of 
boron.  Plant Cell Physiol. 33: 1135-1141 

Matoh T, Takasaki M, Kobayashi M and Takabe 
K (2000) Boron nutrition of cultured tobacco 
BY-2 cells. III. Characterization of the 
boron-rhamnogalacturonan II complex in 
cells acclimated to low levels of boron.  
Plant Cell Physiol. 41: 363-366 

Matsuoka K and Nakamura K (1991) Propeptide 
of a precursor to a plant vacuolar protein 
required for vacuolar targeting. Proc. Natl. 
Acad. Sci. USA, 88: 834-838 

Moore PJ and Staehelin LA (1988) Immunogold 
localization of the cell wall-matrix 
polysaccharides rhamnogalacturonan I and 
xyloglucan during cell expansion and 
cytokinesis in Trifolium pratense L.; 
implication for secretory pathways. Planta 
178: 353-366 

Nagata T, Okada K, Kawada T and Takebe I 
(1981) Delivery of tobacco mosaic virus 

RNA into plant protoplast mediated by 
reverse-phase evaporation vesicles 
(liposomes). Mol. Gen. Genet. 184: 161-165 

Nagata T, Okada K and Takebe I (1982) Mitotic 
protoplasts and their infection with tobacco 
mosaic virus RNA encapsulated in liposomes. 
Plant Cell Rep. 1: 250-252 

Nagata T, Okada K, Kawada T and Takebe I 
(1987) Cauliflower mosaic virus 35S 
promoter directs S phase specific expression 
in plant cells. Mol. Gen. Genet. 207: 242-244 

Nagata T, Nemoto Y and Hasezawa S (1992) 
Tobacco BY-2 cell line as the “Hela” cell in 
the cell biology of higher plants. Int Rev 
Cytol. 132: 1-30 

Nakagawa N and Sakurai N (1998) Increase in the 
amount of celA1 protein in tobacco BY-2 
cells by a cellulose biosyntheis inhibitor, 
2,4-dichlorobenzonitrile. Plant Cell Physiol. 
39: 779-785 

Nebenfuhr A, Gallagher LA, Dunahay TG, 
Frohlick JA, Mazurkiewicz AM, Meehl JB 
and Staehelin, LA (1999). Stop-and-go 
movements of plant Golgi stacks are 
mediated by the acto-myosin system. Plant 
Physiol. 121: 1127-1141 

Nebenfuehr A, Frohlick JA and Staehelin LA 
(2000) Redistribution of Golgi stacks and 
other organelles during mitosis and 
cytokinesis in plant cells. Plant Physiol. 124: 
135-151 

Nishitani K (1997) The role of endoxyloglucan 
transferase in the organization of plant cell 
walls. Int. Rev. Cytol. 173: 157-206 

Nishitani K (1998) Construction and restructuring 
of the cellulose-xyloglucan framework in the 
apoplast as mediated by the 
xyloglucan-related family - a hypothetical 
scheme.  J. Plant Res. 111: 159-166 

Nishitani K （2002）Genome-based approach to 
study the mechanism by which cell-wall type 
is defined and constructed by means of 
collaborative actions of wall-related enzymes. 
J. Plant Res. 115: 303-307 

Nishitani K and Tominaga R (1992) 
Endo-xyloglucan transferase, a novel class of 
glycosyltransferase that catalyzes transfer of a 
segment of xyloglucan molecule to another 
xyloglucan molecule. J. Biol. Chem. 267: 
21058-21064 



 9 

Rempel HC and Nelson LM (1995) Analysis of 
conditions for Agrobacterium-mediated 
transformation of tobacco cells in suspension. 
Transgenic Res. 4: 199-207 

Sabba RP, Durso NA and Vaughn C. (1999) 
Structural and immunocytochemical 
characterization of the walls of 
dichlobenil-habituated BY-2 tobacco cells. 
Int. J. Plant Sci. 160: 275-290 

Shedletzky E, Shmuel M, Delmer DP, and 
Lamport DTA (1990) Adaptation and growth 
of tomato cells on the herbicide 
2,6-dichlorobenzonitrile leads to production 
of unique cell walls virtually lacking a 
cellulose-xyloglucan network. Plant Physiol. 
94: 980-987 

Shedletzky E,  Shmuel M,  Trainin T,  Kalman S 
and Delmer D (1992) Cell wall structure in 
cells adapted to growth on the 
cellulose-synthesis inhibitor 
2,6-dichlorobenzonitrile. Plant Physiol. 100: 

120-130 
Sun J,  Kawazu T,  Kimura T,  Karita S,  Sakka K 

and Ohmiya K (1997) High expression of the 
xylanase B gene from Clostridium 
sterorarium in tobacco cells. J. Fermentation 
and Bioengineering 84: 219-223 

Warington K (1923) The effect of boric acid and 
borax on the broad bean and certain other 
plants. Ann. Bot. 37: 629-672 

Williamson RE (1991) Orientation of cortical 
microtubules in interphase plant cells. Int. 
Rev. Cytol. 129: 135-206 

Yokoyama R and Nishitani K (2001) 
Endoxyloglucan transferase is localized both 
in the cell plate and in the secretory pathway 
destined for the apoplast in tobacco cells. 
Plant Cell Physiol. 42: 292-300 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 10 

 

 
 
 
 
Fig. 1   
Integration of fluorescent xyloglucan oligomer into tobacco BY-2 cell walls as viewed 
under a fluorescent microscope.  Tobacco BY-2 cells were incubated in 20 µl of  50 
mM potassium-phosphate buffer solution at pH 5.8 containing 50 nM fluoresceinyl 
xyloglucan heptasaccharide for 2 h at 27 C. After the incubation, the cells were fixed in 
80 % ethanol at 80 C for 10 min followed by extractions successively with  a 0.1 M 
solution of EDTA (pH 7.0) and a 0.6 M solution of potassium hydroxide at 25 C for 10 
h to obtain the cell wall framework that is chiefly composed of cellulose and xyloglucan.  
This preparation was observed under an epifluorescent microscope equipped with an 
excitation filter (450-490 nm) and an emission filter (515-560 nm).  Photograph was 
taken at a magnification of x 400 (Ito and Nishitani 1999). 
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Fig. 2    
Intracellular localization of AtXTH4-signal peptide-GFP fusion protein in transgenic 
tobacco BY-2 cells. The gene construct consisted of a putative signal peptide of the 
AtXTH4  (24 amino acid residues) and the 4 amino acid residues (IPPR) derived from 
restriction enzyme sites are fused to the plant -adapted GFP. This gene construct was 
placed under the control of the cauliflower mosaic virus 35S promoter with the 
terminator signal for nopaline synthase gene.   (a, b) Confocal laser scanning 
microscopic images of an interphase cell optically sectioned from the center (a) and an 
anaphase/telophase cell optically sectioned from the center perpendicular to the plane of 
cell plate (b). (c) An epifluorescent micrograph of sister cells connected in tandem at 
different stages of cell cycle.    
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Fig. 3   
Immunogold labelling of cell plate of a tobacco BY-2 cell by means of polyclonal 
antibody raised against a recombinant VaXTH1 protein, an azuki bean XTH encoded by 
VaXTH1.  Synchronized culture of tobacco BY-2 cells at cytokinesis was fixed and 
subjected to immunogold labelling procedures.   (a) Over view of a cell section. Bar, 2 
µm.  (b) Magnification of the boxed area in panel a. Bar, 200 nm  (c) Magnification of 
the boxed area in panel b. Arrows indicate immuno-gold-labeled with the anti-VaXTH1 
antibody. Bar, 30nm. 


