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PREFACE

Cellulose was first described by Anselme Payen in 1838 as a “resistant fibrous 
solid that remains behind after treatment of various plant tissues with acid and 
ammonia.” In its simplest form, cellulose is composed of β-1,4-linked glucan 
chains that can be arranged in different ways giving rise to different forms of cel-
lulose. In nature, cellulose is produced in a hierarchical manner with the glucan 
chains associating with each other to form crystalline and noncrystalline regions 
that are assembled into higher-order structures such as the microfibril. Depending 
on how the glucan chains associate, different crystalline forms of cellulose may 
be observed within the same microfibril. In nature, cellulose is generally obtained 
as the cellulose I crystalline form in which the glucan chains are aligned paral-
lel to each other. Two forms of the native crystalline polymer, cellulose, Iα, and 
Iβ, have been shown to be present in differing amounts obtained from different 
sources. Other crystalline and noncrystalline forms of cellulose have also been 
identified, and many of these forms can be converted from one form to the other 
form by chemical or physical treatments. Although much is known about the 
structure and properties of the different forms of cellulose and these studies are 
still continuing, only recently has it been possible to understand the molecular 
basis of cellulose biosynthesis.

The chapters in the present volume highlight the wide range of topics that deal 
with not only the structure and biosynthesis of cellulose, but also some of the 
more exciting and novel applications of cellulose. Since the first identification of 
genes for cellulose biosynthesis in the bacterium Acetobacter xylinum in 1990, 
significant progress has been made in identifying similar genes in a large group 
of organisms. Polymerization of glucose residues into the β-1,4-linked glucan 
chains is catalyzed by cellulose synthase, and genes encoding this protein have 
been identified not only in most of the cellulose-producing organisms, but also in 
a number of other organisms suggesting that cellulose biosynthesis may be much 
more widespread than previously thought. Analyses of the cellulose-synthesizing 
genes and specifically the cellulose synthase genes has led to interesting views on 
the evolution of cellulose biosynthesis and the cellulose synthase gene family, and 
this is discussed in the chapters by Nobles and Brown, Roberts and Roberts, and 
Youngs et al. In plants, a large number of genes encoding cellulose synthases have 

xiii



been identified by sequence and mutant analyses. Mutant, sequence, and expres-
sion analyses have provided information on the role of specific synthases during 
cellulose biosynthesis in the primary and the secondary cell wall in a number of 
plants. The significance of these studies is discussed in the chapters by Taylor and 
Turner (Arabidopsis), Barreiro and Dhugga (maize), and Blomqvist et al. (Popu-
lus). Whereas, the role of cellulose is well understood in plants, it is not as well 
understood in the other organisms where cellulose biosynthesis genes have been 
identified. In bacteria, cellulose is secreted as an extracellular polysaccharide, and 
in some cases it is shown to be associated with other components as part of bacte-
rial biofilms. The organization of genes and regulation of cellulose biosynthesis is 
well understood in bacteria belonging to the pathogenic Enterobacteriaceae, and 
this is summarized by Römling.

One of the major challenges in understanding cellulose biosynthesis in plants 
is the biochemical characterization of the cellulose synthase. Although some 
success has been achieved in synthesis and characterization of cellulose in vitro 
using membrane fractions from plants, purification and structural characteriza-
tion of the cellulose synthase from plants is still far from complete. In the present 
volume, Bulone discusses steps in the characterization of cellulose synthase and 
other glycosyltransferase activities. At the same time, a number of other proteins 
are involved in regulating cellulose synthesis in plants; Haigler covers the role of 
substrate supply during cellulose synthesis in the cotton fiber.

Among the more interesting aspects of  cellulose biosynthesis is the phenom-
enon of coupled polymerization-crystallization, and it is a matter of  faith in 
the field that the parallel arrangement of  glucan chains in crystalline cellulose 
I result because of  an organized arrangement of  cellulose-synthesizing sites in 
the membrane. Determining how these sites are organized is a major goal for 
a complete understanding of  cellulose biosynthesis. A perspective on how the 
cellulose-synthesizing complexes may be assembled in plants and the role that 
the membrane-bound endoglucanase (KORRIGAN) and microtubules may 
have in the assembly of  this complex and the cellulose microfibril is discussed 
by Saxena and Brown. Emons et al. review a few hypotheses and a theory to 
explain the assembly of  cellulose microfibrils and the architecture of  the cell 
wall in plants. While it is not clear as to how the cellulose-synthesizing sites 
are assembled, these complexes are being identified in many more organisms. 
Okuda and Sekida report on the identification of  cellulose-synthesizing com-
plexes in a dinoflagellate and some unique algae and discuss the diversity and 
evolution of  these complexes. Among animals, tunicates are unique in syn-
thesizing cellulose. Cellulose-synthesizing complexes have been observed in a 
number of  organisms within this group. The cellulose-synthesizing complexes 
and the function of  cellulose in tunicates is described by Kimura and Itoh. 
Although cellulose-synthesizing complexes could be identified in membranes 
by freeze-fracture analysis, it was not possible to identify the components of  
these complexes. The breakthrough that led to the localization of  cellulose syn-
thases to these complexes in plants and associated proteins in bacteria came 
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about with freeze-fracture labeling of  replicas using antibodies. This technique 
and its application with respect to understanding the composition of  the cel-
lulose-synthesizing complexes is discussed by Itoh et al.

The structure of cellulose is closely tied to its synthesis, and although many of 
the chapters discuss the synthesis of cellulose, the nature of the cellulose product 
is always kept in mind. A comprehensive account of the structure of cellulose 
and its polymorphism is provided by French and Johnson, and the structure and 
properties of a novel form of cellulose (nematic-ordered cellulose) is described 
by Kondo. Cellulose is the most abundant biomacromolecule in nature, and it is 
used in a variety of applications. In almost all cases, the applications of cellulose 
as an industrial material are dependent on its physical and chemical properties. 
Two chapters discuss novel applications of cellulose. Czaja et al. describe the use 
of  microbial cellulose for applications in wound care and Kim discusses 
the usefulness of cellulose as a smart material, specifically the production of 
cellulose-based electroactive paper.

The field of cellulose research spans the interests of molecular biologists to 
industrial chemists, and we are pleased to provide this collection of articles to 
a broad audience with a central interest in cellulose. Cellulose has always been 
an important product for human endeavors, and we predict that with novel 
approaches in molecular and structural biology, the uses of  this invaluable 
biomaterial will diversify and grow. 

Cellulose has been used for centuries as an industrial material, but for the first 
time, this product is being seriously considered as an alternative source of energy 
for biofuels. The use of  plants and other sources of  cellulose for producing 
ethanol will change not only our perspective of how we look at cellulose as a 
natural product but also how it can be used to satisfy humankind’s appetite for 
energy!

We are grateful to all the authors for their excellent contributions and their 
patience during the assembly of this volume.

R. Malcolm Brown, Jr. and Inder M. Saxena
August, 2006
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CHAPTER 1

MANY PATHS UP THE MOUNTAIN: TRACKING THE 
EVOLUTION OF CELLULOSE BIOSYNTHESIS*

DAVID R. NOBLES, JR. AND R. MALCOLM BROWN, JR.**

Section of Molecular Genetics and Microbiology, The University of Texas at Austin, Austin, 
TX 78712

Abstract
Available evidence supports a common ancestry for all cellulose synthases. These 
enzymes appear to have been a bacterial invention acquired by various eukaryotes via 
multiple lateral gene transfers. However, the proteins associated with regulation of 
cellulose biosynthesis and polymer crystallization seem to have evolved independently. 
Sequence divergence of eukaryotic cellulose synthases and the presence of multiple 
gene clusters associated with bacterial cellulose synthases are discussed in relation to 
the possible evolutionary pathways of cellulose biosynthesis.

Keywords
bacterial cellulose, cellulose biosynthesis, cellulose synthase, cyanobacteria, lateral 
gene transfer, synteny.

1 INTRODUCTION

Cellulose biosynthesis is a phenomenon observed in bacteria (proteobacteria, 
firmicutes, and cyanobacteria) (Mühlethaler 1949; Deinema and Zevenhuizen 
1971; Napoli et al. 1975; Brown, Jr. et al. 1976; Roberts 1991; Ross et al. 1991; 
Nobles et al. 2001; Zogaj et al. 2001, 2003; Spiers et al. 2002) and eukaryotes 
including plants (Glaucophyceae, Rhodophyceae, and Chlorophyceae) (Brown, 
Jr. 1985), animals (urochordates) (Kimura et al. 2001b), stramenopiles (Brown, Jr. 

R.M. Brown, Jr. and I.M. Saxena (eds.), Cellulose: Molecular and Structural Biology, 1–15.
© 2007 Springer.

1
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et al. 1969; Yamada and Miyazaki 1976) the myceteozoan Dictyostelium discoi-
deum (Blanton et al. 2000), and Acanthamoeba spp. (Linder et al. 2002). The 
economical, ecological, and biological significance of cellulose production, as well 
as its widespread bacterial and eukaryotic distribution, have inspired a great deal of 
research into mechanisms of regulation and synthesis. The subject of this chapter 
is a much less researched area of cellulose research: specifically, the origins and 
evolutionary pathways of cellulose biosynthesis. In order to address this issue, 
it is first necessary to consider whether the trait of cellulose production among 
the wide range of organisms in which the process has been observed is a result 
of homology (similarity due to common descent) or homoplasy (similarity due 
to convergent evolution from independent origins).

Biosynthesis of the most common crystalline allomorph, cellulose I, requires the 
distinct processes of polymerization and crystallization (Benziman et al. 1980; Brett 
2000; Saxena and Brown, Jr. 2005). These processes are coupled at highly ordered, 
membrane spanning, multienzyme terminal complexes (TCs) (Roelofsen 1958; 
Preston 1974). Such complexes have been observed in vascular plants  (Mueller 
and Brown, Jr. 1980), algae (Brown, Jr. and Montezinos 1976; Giddings et al. 
1980; Tsekos 1999; Schüaler et al. 2003; Okuda et al. 2004), Gluconacetobacter 
xylinum (synonym Acetobacter xylinum) (Zaar 1979; Kimura et al. 2001a), 
 urochordates (Kimura et al. 2001b), and Dictyostelium discoideum (Grimson 
et al. 1996). A highly organized complex is believed to be necessary to produce the 
metastable parallel glucan chain orientation of the crystalline cellulose I allomorph 
and to prevent the biosynthesis of noncrystalline material and/or the folding of 
the nascent glucan chains into cellulose II – the most thermodynamically stable 
allomorph of cellulose (Brown, Jr. 1996).

The comparative morphology of  TCs has been utilized as a tool for con-
structing an evolutionary history of  cellulose biosynthesis of  vascular plants 
and algae (Hotchkiss and Brown, Jr. 1988; Tsekos 1999). With regard to eukary-
otic terminal complexes in general, it is not possible to know the validity of  
such inferences since the structural components of  terminal complexes have 
not been identified. Although comparisons between such disparate groups as 
plants, stramenopiles, ascidians, and Dictyostelium discoideum are question-
able, this methodology may have some merit when considering the evolution 
of  eukaryotic TCs within related groups. The structural proteins compris-
ing  prokaryotic TCs are also unknown. However, the TC-associated proteins 
responsible for export and secretion of  cellulose in bacteria with gram negative 
cell envelope architecture almost certainly have no relationship to their func-
tional counterparts in eukaryotes. Therefore, the biosynthesis of  cellulose I in 
bacteria and eukaryotes is in all likelihood a result of  convergent evolution.

Polymerization of the β-1,4-glucan chain is catalyzed by cellulose synthase 
enzymes. All known cellulose synthases are family 2 processive glycosyltrans-
ferases, a ubiquitous family of enzymes which also includes chitin synthases, 
hyaluronan synthases, and NodC proteins (Saxena et al. 2001). Cellulose synthase 
sequences share a highly conserved catalytic region containing the D, D, D, 
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QXXRW (associated with regions U1, U2, U3, and U4, respectively), a motif  
characteristic of processive β glycosyltransferases (Saxena et al. 1995). Cellulose 
synthases undoubtedly share a common ancestry. Therefore, unlike the process 
of crystallization, synthesis of the β-1,4-glucan homopolymer in bacteria and 
eukaryota is a homologous process that forms an evolutionary link between all 
cellulose producing organisms.

2 SEQUENCE COMPARISONS

With the rapid growth of sequence databases, similarity searches such as BLAST 
have become integral tools for molecular biology and bioinformatics research. 
Although such searches are not suitable for inferring phylogenic relationships, 
they allow rapid identification of probable homologous sequences by utilizing 
pairwise alignments and give a statistical measurement of the significance of the 
similarity displayed by the two sequences. Pairwise alignments of cellulose syn-
thase amino acid sequences yield interesting results. Although strong sequence 
similarity is displayed within related phyla (e.g., proteobacterial sequences 
are similar to other proteobacterial sequences and vascular plant sequences are 
similar to those of other vascular plants), cellulose synthases demonstrate little 
similarity when comparisons are made between more distantly related organ-
isms (Blanton et al. 2000; Richmond 2000; Nobles et al. 2001). This is not neces-
sarily surprising, as one might expect homologous sequences from Arabidopsis 
 thaliana and Escherichia coli to display divergence. What is surprising, however, 
is that without exception, eukaryotic sequences display greater similarity to pro-
karyotic sequences than to their other eukaryotic counterparts (Table 1-1). 
Furthermore, in each case, the expectation values demonstrate that the similarity 
between eukaryotic and prokaryotic sequences is statistically significant. This is 
particularly noticeable in the results of  pairwise sequence alignments of the 

Table 1-1. Expectation values from pairwise BLAST alignments of eukaryotic and prokaryotic 
 cellulose synthases

 IRX3 Ddis Pram Cint Aory N7120  Styp Smel Gxyl Bthu

IRX3  8e-09 0.015 0.27 NSSF 2e-28 6e-06 0.27 0.35 0.006
Ddis 8e-09  4e-24 9e-24 2e-16 9e-42 2e-22 9e-19 3e-16 3e-23
Pram 0.015 4e-24  2e-13 3e-07 3e-28 3e-13 7e-10 3e-12 4e-14
Cint 0.27 9e-24 2e-13  7e-17 9e-33 8e-32 9e-38 3e-26 1e-36
Aory NSSF 2e-16 3e-07 7e-17  2e-17 1e-19 4e-24 4e-20 3e-19

Results of alignments between two eukaryotic sequences are shaded. Expectations values from 
alignments involving bacterial sequences are unshaded. The expectation values demonstrat-
ing greatest sequence similarity are shown in bold and italicized. IRX3 – Arabidopsis thaliana 
(NP_197244.1), Ddis – Dictyostelium discoideum (AAF00200.1), Cint – Ciona intestinalis 
(BAD10864.1), Aory – Aspergillis oryzae (BAE64416.1), N7120 – Nostoc sp. PCC 7120 (NP_487797.1), 
Styp – Salmonella typhimurium (CAC86199.1), Smel – Sinorhizobium meliloti (NP_436917.1), Axyl – 
Gluconacetobacter xylinus (CAA38487.1), Bacillus thuringiensis serovar israelensis (ZP_00741731.1).
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cellulose synthase from Nostoc sp. PCC 7120 with IRX3 (A. thaliana CesA) and 
the cellulose synthase from Dictyostelium discoideum (DcsA) in which expec-
tation values of 2.5 × 10−20 and 2.25 × 10−18 times lower than the most similar 
eukaryotic sequences are obtained. Although no definite conclusions can be 
drawn from this data alone, it suggests that a mechanism other than vertical 
evolution is at work in the eukaryotic acquisition of cellulose synthesis.

3 EUKARYOTIC CELLULOSE SYNTHASES

3.1 The case for a cyanobacterial origin of plant cellulose synthases

Cellulose synthase amino acid sequences from various members of the Nostocales 
show striking similarity to plant cellulose synthase (CesA) and cellulose syn-
thase-like protein (Csl) sequences (Nobles et al. 2001; Nobles and Brown, Jr. 
2004). When a CesA (IRX3) from A. thaliana is compared with sequences from 
Nostoc sp. PCC 7120 (CcsA1), DcsA (the most similar nonplant eukaryotic 
sequence) and Chloroflexus aurantiacus J-10-fl (the most similar prokaryotic 
noncyanobacterial sequence), expectation values of 2e-28, 8e-09 and 7e-12 
respectively, are generated. The significance of this similarity is augmented by 
multiple alignments of cellulose synthases which demonstrate sequence conser-
vation within catalytic domains U1, U2, U3, and U4, but also reveal a large 
insertion region (first identified as the plant conserved and specific region or CR-P 
(Delmer 1999) ) present in CesA, DcsA, and CcsA1 sequences that is absent in 
other prokaryotic sequences (Nobles et al. 2001; Roberts and Roberts 2004). 
Furthermore, protein trees generated by neighbor-joining, maximum likelihood, 
and maximum parsimony methods all demonstrate a sister grouping of cyano-
bacterial and vascular plant sequences similar to that observed with chloroplasts 
and cyanobacteria in 16s ribosomal trees (Olsen et al. 1994; Nobles et al. 2001; 
Nobles and Brown, Jr. 2004; Nakashima et al. 2004).

The primary endosymbiotic capture of an ancestral cyanobacterium, its sub-
sequent evolution into a plastid, and concomitant transfer of genes to the host 
nucleus provide the most parsimonious explanation for the observed results. Gene 
transfers from organelles occur frequently and have had a profound effect on host 
genomes (Archibald et al. 2003; Huang et al. 2003). Indeed, it has been estimated 
that approximately 18% of the protein coding genes in A. thaliana are of cyano-
bacterial origin (Martin et al. 2002). Although xenologous transfer (lateral transfer 
from a free living organism) cannot be dismissed, gene transfer from the ancestral 
plastid (synologous transfer) seems the most probable pathway for the integration 
of a cyanobacterial cellulose synthase into an ancestor of vascular plants.

3.2 Lateral transfer of cellulose synthase in the urochordates

The urochordates are unique in that they are the only animals known to produce 
cellulose. This ability is especially curious given their position as basal chordates. 
In order to explain this, one must make one of three assumptions: (1) An early 
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diverging ancestor of animals possessed the ability to produce cellulose which 
was subsequently lost by all animals except the urochordates; (2) Cellulose bio-
synthesis in urochordates is the result of  convergent evolution; or (3) The 
ability to produce cellulose was obtained via lateral gene transfer of  one or 
more of the components necessary for cellulose biosynthesis. The occurrence 
of the scenario described by the first assumption would be extraordinary indeed! 
So extraordinary in fact, that it can likely be dismissed as far too improbable to 
occur. Furthermore, the identification of  cellulose synthase sequences from 
Ciona intestinalis and Ciona savignyi as family 2 processive glycosyltransfer-
ases (Dehel et al. 2003) suggests that the process of synthesizing a β-1,4-glucan 
homopolymer by urochordates is homologous to that of other cellulose synthesiz-
ing organisms. Therefore, the second assumption is also rather unlikely. Further 
examination of Ciona cellulose synthase (Ci-CesA) sequences by BLAST align-
ment demonstrates that they have significantly greater similarity to cellulose syn-
thase sequences from firmicutes, cyanobacteria, and proteobacteria than to other 
eukaryotic cellulose synthases. Unfortunately, differences in the expectation values 
generated by comparisons of Ci-CesAs with sequences from these distinct bacte-
rial phyla are equivocal. Therefore, it is not possible to identify a likely a point of 
origin for Ci-CesA based on sequence similarities. To date, phylogenetic analyses 
have also been unable to demonstrate a clear relationship of Ci-CesAs to any 
group of bacterial cellulose synthases. Thus, based on analysis of the glycosyltrans-
ferase, the identity of the donor organism remains a mystery (Nobles and Brown, Jr. 
2004; Nakashima et al. 2004).

However, there is another piece to the Ci-CesA puzzle. Ci-CesA sequences 
have a unique feature: the C-terminus displays sequence similarity to bacterial 
family 6 glycosylhydrolases. The glycosylhydrolase regions of Ciona savignyi and 
Ciona intestinalis cellulose synthases are degenerate and therefore, probably retain 
no enzymatic activity (Matthysse et al. 2004). While the presence of this region 
strengthens the case for lateral gene transfer, it poses a problem for the identifica-
tion of the sequence donor(s). A gene fusion of this type is most likely to occur as 
a result of the simultaneous transfer of adjacent coding regions rather than from 
independent acquisition of sequences and subsequent fusion. Although some spe-
cies of Streptomyces (Actinobacteria) possess gene clusters containing putative 
cellulose synthases and family 6 glycosylhydrolases (Nakashima et al. 2004), these 
sequences show comparatively little similarity to the N and C termini of Ci-CesA, 
respectively. Therefore, even though all available evidence indicates that urochor-
dates acquired their cellulose synthase through lateral transfer(s) from bacteria, it 
is not possible to determine the phylum of origin at this time.

3.3 The cellulose synthase of Dictyostelium discoideum

The cellulose synthase sequence (DcsA) from D. discoideum is far more simi-
lar to cellulose synthase sequences from Nostoc spp. (CcsA1) than to any other 
sequences in the current databases. Additionally, DcsA branches as a sister clade 
to CcsA1 in protein trees (Nobles and Brown, Jr. 2004; Nakashima et al. 2004). 
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These observations suggest a lateral transfer of  cellulose synthase from cya-
nobacteria to D. discoideum. However, while the primary and secondary endo-
symbiotic events that led to the evolution of plastids in plants and algae provide a 
clear mechanism for the transfer of a cyanobacterial cellulose synthase to photo-
synthetic organisms, such a mechanism is lacking for D. discoideum. Cyanobacte-
rial genes are known to exist in eukaryotes which have secondarily lost plastids. 
However, there is no evidence for the existence of an endosymbiotic relationship 
between ancestors of D. discoideum and a cyanobacterium. Therefore, if a lateral 
transfer occurred, it was likely xenologous, possibly via a food ratchet mechanism 
(Doolittle 1998).

4 BACTERIAL GENE CLUSTERS

4.1 Introduction

A comprehensive phylogenetic analysis of bacterial cellulose synthases has not 
been performed to date. The few studies which include significant taxon sampling 
demonstrate that bacterial sequences included in cellulose synthase protein trees 
generally branch in a manner similar to that observed in species trees (Nobles and 
Brown, Jr. 2004; Nakashima et al. 2004). Unfortunately, phylogenetic studies have 
been unable to demonstrate the origin of cellulose synthase among the bacterial 
phyla (Nobles and Brown, Jr. 2004). However, the presence of cellulose synthases 
in firmicutes, actinobacteria, cyanobacteria, and proteobacteria indicates that the 
evolution of synthases cellulose  likely predates the divergence of these groups.

The proliferation of complete genome sequences in public databases provides 
an additional means to track the evolution of cellulose in bacteria. Conservation 
of operons and/or gene clusters (synteny) can be used to trace not only the history 
of cellulose synthase, but also its associated proteins. The existence of a few these 
gene clusters has been well documented. In the sections below, I would like to 
give a brief review of the known gene organizations and introduce two novel ones 
which may be linked to the eukaryotic acquisition of cellulose biosynthesis.

4.2 Characterized gene clusters

Gene clusters responsible for cellulose biosynthesis have only been extensively 
characterized in proteobacteria. Three archetypal gene organizations encoding 
proteins required for the synthesis of cellulose in the α, β, and γ subdivisions 
have been identified. It should be emphasized that variations of these archetypes 
exist and as such, the examples given here are meant to serve as paradigms to 
simplify the discussion of the general characteristics of gene clusters associated 
with  cellulose biosynthesis (for a comprehensive review of these gene organi-
zations, see Römling 2002). Based on sequence conservation, the three arche-
typal organizations can be divided into two groups (Figure 1-1): the Group I 
cluster found in the α, β, and γ subdivisions, encodes a cellulose synthase – A 
(bcsA/acsA), as well as the B (bcsB/acsB) and C (bcsC/acsC) proteins within an 
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operon (Saxena et al. 1994; Zogaj et al. 2001). Additionally, a family 8 glyco-
sylhydrolase, is encoded within or in close proximity to the cellulose synthase 
operon (Römling 2002). The Group II gene cluster is characteristically found in 
the α-Proteobacteria and has been most extensively studied in Agrobacterium 
tumefaciens. This organization consists of two adjacent directionally opposed 
operons. The first operon – celABC encodes homologs of the Group I bcsA/
acsA (celA), bcsB/acsB (celB), and family 8 glycosyl hydrolase (celC). The sec-
ond operon – celDE encodes proteins with no significant sequence similarity to 
the Group I proteins (Matthysse et al. 1995b). It should be noted however, that 
celD and bcsC/acsC share two conserved domains: COG3118 (thioredoxin 
 containing proteins responsible for posttranslational modifications and protein 
turnover) and COG4783 (putative Zn-dependent proteases containing TPR repeats) 
(Marchler-Bauer et al. 2005) suggesting the possibility of a similar function. 

Although all proteins encoded by Group I and II gene clusters are necessary for 
wild-type cellulose biosynthesis, only cellulose synthases have a known function.1 

Figure 1-1. Characterized cellulose biosynthesis gene clusters of Group I (Gluconacetobacter xylinum 
ATCC 23769, G. xylinum B42, and Salmonella spp.) and Group II (Agrobacterium tumefaciens A6). 
Identical shades and patterns represent homologous sequences. Open reading frames are not drawn to 
scale. Note that acsAB comprises a single open reading frame in G. xylinum ATCC 23769 (synonym 
AY201). Although not shown here, fusions of acsAB are also observed in the cellulose synthesis oper-
ons of G. xylinum ATCC 53582 (synonym NQ5) (Saxena et al. 1994) and Azotobacter vinelandii AvOP

1 Previous research suggested that AcsB/BcsB had the ability to bind c-di-GMP which led to a gen-
eral consensus that the B subunit had a regulatory function in cellulose biosynthesis (Amikam and 
Benziman 1989; Mayer et al. 1991). However, based on recent data, a regulatory role for AcsB/BcsB 
is questionable (Amikam and Galperin 2006).
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Organisms with the Group I gene organization are believed to carry out cellulose 
biosynthesis without the use of lipid-linked intermediates in a process which is 
upregulated by the allosteric activator cyclic diguanosine monophosphate (c-di-
GMP) (Aloni et al. 1982; Ross et al. 1986; Saxena et al. 1994; Römling 2002; García 
et al. 2004). In the case of bacteria with Group II gene organizations, the presence of 
lipid linked intermediates and regulation by c-di-GMP are matters of some debate 
(Amikam and Benziman 1989; Matthysse et al. 1995a; Ausmees et al. 2001). Despite 
clear differences between the gene clusters of Groups I and II, the universal pres-
ence of a family 8 glycosylhydrolase and the positioning of the acsB/bcsB/celB genes 
adjacent to cellulose synthases suggests a common ancestry for these gene clusters 
and important roles for these proteins that transcend possible differences in mecha-
nisms of synthesis.

5 NOVEL GENE CLUSTERS

5.1 Introduction

Although cellulose synthase sequences within closely related bacterial groups (e.g., 
within γ-proteobacteria or actinobacteria) generally display relatively high sequence 
conservation, they are often divergent when compared across phyla. Examination 
of sequenced genomes reveals the presence of alternative gene clusters that coin-
cide with the sequence divergence of various groups of cellulose synthases. Such 
novel gene organizations exist in cyanobacteria, actinobacteria, chloroflexales, as 
well as proteobacteria and, unlike the Group I and II gene clusters described above, 
gene organizations are conserved across phyla. The characterization of novel gene 
organizations has the potential to inform current knowledge of the components 
necessary for cellulose biosynthesis, broaden our definitions of what constitutes 
cellulose, and ultimately provide a map of routes taken by organisms to utilize the 
β-1,4-homopolymer.

5.2 Group III

The Group III gene cluster is found in orders chroococales and nostocales of  
cyanobacteria and in the α and β subdivisions of  proteobacteria. These clusters 
have not been experimentally shown to be responsible for cellulose biosynthesis 
and therefore, the designation of  these glycosyltransferases as cellulose syn-
thases is a putative one. Group III gene clusters encode a membrane fusion 
protein (MFP) of  the AcrA/EmrA/HylD family adjacent and upstream of the 
cellulose synthase (Figure 1-2). This organization suggests the possibility of  
a three component system consisting of  the cellulose synthase, a MFP, and an 
outer membrane protein OMP. In such a system, the cellulose synthase would 
be linked to an OMP pore by the membrane-bound periplasmic MFP and thus, 
form a continuous channel for export and secretion of  the glucan polymer. 
Alternatively, some Group III clusters contain genes encoding ATP binding 
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cassette (ABC) transporter domains. This type of  organization is characteristic 
of  the bacterial ABC capsular polysaccharide exporter family (CPSE) in which 
secretion of  polysaccharides is accomplished via the concerted actions of  an 
ABC transporter, a membrane periplasmic auxiliary protein (MPA2 – analogous 
to the MFP associated with Type I bacterial secretion), an outer membrane 
auxiliary protein (OMA), and an as yet unidentified, outer membrane protein 
(OMP) (Silver et al. 2001). It is important to note that although the arrangement 
of  bacterial genes in clusters is often indicative of  components of  a common 
pathway or mechanism (Korbel et al. 2004; Guerrero et al. 2005); this is by 
no means universally true. As such, in the absence of  experimental data, any 
functional designation based on sequence organization must be considered 
speculative.

Although the presence of this gene organization in cyanobacteria and proteo-
bacteria may indicate retention of key synthesis components from a common 
ancestor, lateral gene transfer cannot be ruled out. This is particularly true in the 
instances of Rhizobium etli CFN, Rhizobium sp. NGR234, and A. tumefaciens 
C58 where the Group III cluster is located on megaplasmids. Megaplasmids of 
the Rhizobiales have a significant propensity for recombination and transposi-
tion (Streit et al. 2004; Guerrero et al. 2005). Consequently, the sequences of 
these replicons are mosaic in nature – frequently shaped by lateral gene transfer 
(González et al. 2003).

In addition to the Group III gene cluster, the linear chromosome of  
A. tumefaciens C58 encodes a functional Group II gene cluster (Matthysse et al. 
2005). The pNGR234 megaplasmid of Rhizobium sp. NGR234 also encodes an 
additional cellulose synthase (Streit et al. 2004) with significant similarity to the 
Group II cellulose synthase of A. tumefaciens C58 but does not possess the other 
conserved regions of the Group II cluster. The lack of sequence similarity between 
Group II and III cellulose synthases indicates that they are unlikely to be the prod-
ucts of gene duplication within these organisms. Rather, significant similarity with 
Nostoc punctiforme ATCC 29133 and Synechococcus elongatus PCC 7942 Group 
III cellulose synthase sequences (expectation values of 2e-56 – 1e-89 lower respec-
tively, than observed when Group II and III sequences within the same organism 
are compared) indicates a possible lateral gene transfer.

5.3 Group IV

The Group IV gene cluster, found in nostocales, actinobacteria, and chloroflex-
ales, encodes a cellulose synthase, an antisigma factor antagonist, and an anti-
sigma factor. With the exception of those found in the chloroflexales, all Group 
IV clusters identified also contain an antisigma factor antagonist phophatase 
(Figure 1-3). The ancillary proteins surrounding the cellulose synthases in this 
group are homologous to SpoIIAA (antisigma factor antagonist), SpoIIAB 
(antisigma factor), and SpoIIE (antisigma factor antagonist phophatase) present 
in the regulatory clusters involved in the stage II sporulation of Bacillus subtilis. 
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This regulatory system acts to confine gene transcription to the prespore during 
asymmetric cell division (Stragier and Losick 1996; Yudkin and Clarkson 2005). 
The presence of these regulatory components in close association with cellulose 
synthases may indicate controlled expression of cellulose synthase biosynthesis in 
differentiated cells during asymmetric cell division in the actinobacteria (spores) 
and nostocales (heterocysts and/or akinetes). With regard to this possibility in 
the heterocysts of the nostocales, it is interesting to note the existence of alterna-
tive sigma factors which are expressed only under nitrogen limiting conditions 
(Brahamsha and Haselkorn 1992).

The presence of syntenic genes in cyanobacteria and actinobacteria is consis-
tent with phylogenetic trees demonstrating a close relationship of cyanobacteria 
and actinobacteria (Olsen et al. 1994; Yu et al. 2005). Interestingly, the organiza-
tion of the gene cluster of C. aurantiacus is a chimera which contains elements 
of the Group IV gene cluster combined with a BcsB homolog and a diguanylate 
cyclase. Since the chloroflexales are generally considered to have branched prior 
to the divergence of cyanobacteria, gram positive bacteria, and proteobacteria 
(Olsen et al. 1994), this organization could represent the prototypical organiza-
tion for Groups I, II, and IV. However, since C. aurantiacus exists primarily as a 
photoheterotroph living in close association with cyanobacteria, the possibility 
of lateral gene transfer from a cyanobacterium to members of the chloroflexales 
cannot be discounted.

Figure 1-3. Group IV gene clusters shared by Nostocales, Actinobacteria, and Chlorofl exales. A – Cellulose 
synthases or putative cellulose synthases, B – Antisigma factor antagonist, C – Sigma factor phos-
phatase, D – Antisigma factor regulation. Black arrows indicate putative diguanylate cyclases and 
gray arrow indicates bcsB homolog. The regions represented here are not drawn to scale
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The cellulose synthase sequences of Arthrobacter sp. FB24 and Corynebac-
terium efficiens YS-314 are divided into two open reading frames: the first con-
taining domain A (U1 and U2) and the second containing domain B (U3 and 
U4). There is no report of cellulose biosynthesis in these bacteria and therefore, 
it is unknown whether this split enzyme is functional. However, if  the products 
of these two ORFs can combine to create a functional cellulose synthase, they 
would be useful tools for experiments to determine substrate binding properties 
and catalytic function of the conserved domains.

6 CONCLUDING REMARKS

Current data suggest that cellulose biosynthesis is a bacterial invention and that 
eukaryotes acquired the process via multiple lateral gene transfers. Bacteria 
and eukaryota have independently evolved regulatory mechanisms and molec-
ular structures to utilize the β-1,4-homopolymer synthesized by the catalytic 
activity of homologous cellulose synthase enzymes. The differences in accessory 
enzymes probably reflect not only convergent evolution to produce a cellulose 
I crystalline allomorph, but also inventions of alternative products such as cel-
lulose II, noncrystalline cellulose, or nematic ordered cellulose.

As sequence databases continue to grow, it is certain that new cellulose syn-
thase sequences and gene clusters will be identified. To be sure, increasing the 
library of available sequences is essential to the development of our understand-
ing of the origin of cellulose biosynthesis and the evolutionary pathways utilized 
for its distribution. However, the primary challenges for researchers will be to 
elucidate the function of cellulose synthase associated enzymes and to charac-
terize the cellulosic products synthesized by organisms with disparate enzymes 
and gene organizations. Without a firm grasp of the relationship of synthesizing 
components to the characteristics of the cellulosic product, we cannot hope to 
understand the genesis of the varied mechanisms and product morphologies we 
discover nor the evolutionary context from which they arose.
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Abstract
The structure of cellulose microfibrils has been correlated with the organization of 
the arrays of integral plasma membrane protein particles that synthesize them. These 
“terminal complexes” (TCs) are composed in part of cellulose synthase catalytic sub-
units (CesAs), which not only catalyze the polymerization of glucan chains, but also 
play a role in TC assembly. The catalytic domains of CesA proteins from prokaryotes 
and eukaryotes are conserved. However, differences in CesA structure between plants 
and bacteria presumably contribute to variation in TC and microfibril structure be-
tween these organisms. The genetic basis for this variation may be revealed by examin-
ing the CesA genes of green algae, a group of related organisms that nonetheless have 
different types of TCs. Vascular plants and their closest green algal relatives share 
rosette TCs and highly similar CesAs. This demonstrates a congruence of TC and 
CesA structure over deep time and provides a basis for analyzing the CesA genes of 
green algae with different types of TCs.

In seed plants, the members of large CesA gene families are differentially expressed 
during primary and secondary cell wall deposition, particularly in vascular tissue. Phy-
logenetic analysis of the CesA gene families from vascular plants and the nonvascu-
lar plant Physcomitrella patens is consistent with independent CesA diversification in 
the moss and vascular plant lineages. Characterization of CesA genes from P. patens, 
which is uniquely suited for targeted mutagenesis and analysis of TC structure by 
freeze-fracture electron microscopy, also provides a convenient model to manipulate 
and test the functions of domains potentially involved in TC assembly.

R.M. Brown, Jr. and I.M. Saxena (eds.), Cellulose: Molecular and Structural Biology, 17–34.
© 2007 Springer.

17

* Author for correspondence: Department of Biological Sciences, University of Rhode Island, 
Kingston, RI 02881; Tel: (401) 874-4098; Fax: (401) 874-5974; e-mail: aroberts@uri.edu



18 Alison W. Roberts and Eric Roberts

Keywords
algae, bryophytes, cellulose, cellulose synthase (CesA), cellulose-synthase like (Csl), 
moss, fern, Mesotaenium caldariorum, microfibril, Physcomitrella patens, terminal 
complex, vascular evolution.

Abbreviations
fluorescence resonance energy transfer (FRET), terminal complex (TC).

1 OVERVIEW

Cellulose microfibrils are remarkable in their structure, their mechanical prop-
erties, and their mechanism of synthesis. Composed of bundles of β-1,4-glucan 
chains, microfibrils range in diameter from about 3 nm in the primary cell walls 
of seed plants to 25 nm in some algae (Brown, Jr. 1985; Delmer 1987; Giddings 
and Staehelin 1991). Hydrogen bonding between the glucan chains that compose 
cellulose microfibrils results in a density-specific tensile strength exceeding that 
of many natural and manmade fibers (Niklas 1992). Cellulose is synthesized by 
integral plasma membrane protein complexes so labile that the most successful 
methods for producing cellulose in vitro yield only small quantities of short fibrils 
and this only when isolated plasma membrane vesicles remain intact (Lai-Kee-Him 
et al. 2002). Based on their distinctive hexagonal arrangement as visualized by 
freeze fracture electron microscopy, the complexes from land plants and some algae 
are known as “rosettes.” However, the more general term for them is “terminal 
complex” (TC) reflecting their locations at the ends of microfibrils and the variety 
in their morphology among various cellulose-producing organisms (Figure 2-1).

Figure 2-1. Phylogeny of plants and algae (based on the Tree of Life website; http://phylogeny.
arizona.edu) showing representative terminal complex type (Tsekos 1999). Not all taxa or terminal 
complex types are shown. Branch lengths are arbitrary
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Terminal complexes function as “nanospinnerets,” moving in the plane of the 
plasma membrane as they extrude microfibrils across the cell surface (Montezinos 
1982). Terminal complexes are thought to facilitate two distinct stages of cellulose 
synthesis: (1) polymerization of glucan chains and (2) assembly of those chains 
into microfibrils (Haigler et al. 1980; Haigler 1991; Saxena and Brown, Jr. 2005). 
The microfibrillar structure of commercial cellulose, nearly all of which is 
derived from a few species of seed plants, is relatively uniform (Delmer 1999). 
Other organisms, notably algae, produce cellulose in a variety of forms including 
thick microfibrils up to 25 nm in diameter (Sugiyama et al. 1985), flat ribbons of 
various dimensions (Tsekos 1999), and nonmicrofibrillar rodlets (Roberts 1991). 
Correlation between microfibril cross-sectional dimensions and TC morphology 
support the hypothesis that the structure of a microfibril is determined by the 
organization of the TC that synthesizes it (Giddings et al. 1980; Herth 1983; Itoh 
et al. 1984; Brown, Jr. 1985; Delmer 1987; Hotchkiss 1989; Tsekos 1999). For 
example, rosette TCs produce 3 nm microfibrils composed of 36 glucan chains 
(Herth 1983). In contrast, the larger TCs of the green alga Valonia macrophysa 
(Itoh and Brown, Jr. 1984; Itoh 1990) produce 25 nm microfibrils composed of 
up to 1,400 glucan chains (Sugiyama et al. 1985) and the long, narrow TCs of the 
cellulose-producing bacterium Acetobacter xylinus synthesize flat ribbons of  
cellulose up to 100 nm wide (Brown, Jr. et al. 1976). Furthermore, mutations 
and specific chemical agents that disrupt terminal complexes block microfibril 
assembly, leading to accumulation of amorphous glucan (Arioli et al. 1998; Peng 
et al. 2001; Lai-Kee-Him et al. 2002; Kiedaisch et al. 2003). Although TC morphology 
is an important determinant of microfibril properties (Tsekos 1999), the mecha-
nisms underlying TC assembly and morphogenesis remain unknown.

Genes that encode the catalytic subunits of cellulose synthase (designated CesA, 
see Delmer 1999) carry the D,D,D,QXXRW signature motif, which is characteris-
tic of processive β-glycosyl transferases (Saxena et al. 1995). First discovered in 
A. xylinus (Saxena et al. 1990; Wong et al. 1990), CesAs were later identified in cot-
ton (Pear et al. 1996) and characterized functionally in Arabidopsis mutants (Arioli 
et al. 1998; Taylor et al. 1999; Taylor et al. 2000). The predicted products of plant 
and bacterial CesAs share a common structure (Figure 2-2) that includes N- and 
C-terminal transmembrane domains (TMD) and a cytoplasmic domain consist-
ing of four conserved regions (U1 through U4) surrounding the D and QXXRW 
residues predicted to be involved in substrate binding and catalysis  (Delmer 1999). 
These similarities have been interpreted as evidence that eukaryotic and prokary-
otic CesAs are homologous, having arisen ultimately from a common ancestral 
processive β-glycosyl transferase (Nobles and Brown, Jr. 2004). However, orthol-
ogy between specific eukaryotic CesAs and prokaryotic processive β- glycosyl 
transferases has not been proven.

CesA genes have been identified in hundreds of vascular plant species and 
extensively characterized in several including Arabidopsis, cotton, maize, rice, 
barley, and poplar (see http://cellwall.stanford.edu/). Seed plant CesAs differ 
from bacterial CesAs (Figure 2-2) by the presence of an N-terminal zinc-binding 
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domain (Zn), a conserved region (CR-P) between U1 and U2, and a more variable 
region (CSR) between U2 and U3 (Delmer 1999). Delmer (1999) proposed 
that plant CesAs evolved through the gradual acquisition of these domains. The 
CR-P appears to be the most ancient, having been identified in some cyanobacte-
rial CesAs (Nobles et al. 2001). Seed plant CesA families are large. In Arabidopsis, 
analysis of mutant phenotypes and gene expression have revealed that some of 
the 10 members of the CesA gene family serve distinct functions in primary and 
secondary cell wall synthesis (Taylor et al. 1999; Fagard et al. 2000; Holland et 
al. 2000; Scheible et al. 2001). However, some Arabidopsis CesAs are coexpressed 
and genetic complementation and coprecipitation experiments have shown that 
cellulose synthesis in at least some Arabidopsis cell types involves the cooperative 
function of  up to three distinct CesAs (Taylor et al. 2000; Scheible et al. 2001; 
Burn et al. 2002; Desprez et al. 2002; Taylor et al. 2003). It has also been pro-
posed that the “D” class of cellulose synthase-like (Csl  ) genes encode cellulose 
synthases involved in tip growth (Doblin et al. 2001). Thus, the diversification of 
the CesA gene family in seed plants has been accompanied by divergence in func-
tion as well as spatial and temporal expression patterns.

Several lines of evidence support a role for CesA gene products in controlling 
TC assembly and thus, microfibril structure. First, immunolabeling of freeze-
fracture replicas of TCs with antibodies raised against a CesA gene product 
demonstrated that CesA proteins reside within TCs (Kimura et al. 1999). Sec-
ond, specific association between CesA subunits from both Arabidopsis and 
cotton have been demonstrated in vitro (Taylor et al. 2000; Kurek et al. 2002; 
Gardiner et al. 2003; Taylor et al. 2003). Third, the Arabidopsis cesA1 (rsw1) 
mutation causes rosettes to disintegrate (Arioli et al. 1998). Fourth, deletion of 
any of the three CesAs required for secondary cell wall synthesis in Arabidopsis 
inhibits rosette assembly and secretion (Gardiner et al. 2003). Because the CesA 
proteins of Acetobacter (Figure 2-2), which form linear TCs, lack the zinc-binding 
domain, CR-P and CSR present in the CesA proteins of organisms with rosette 

Figure 2-2. Comparison of CesA gene structure and TC organization in organisms in which both 
have been characterized. See text for abbreviations. Diagram based on data from Delmer 1999; 
Blanton et al. 2000; Nobles et al. 2001; Roberts et al. 2002; Matthysse et al. 2004; and Nakashima 
et al. 2004
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TCs (Delmer 1999; Roberts et al. 2002), these domains are obvious candidates 
for playing a role in particle association in rosettes. This hypothesis is supported 
by the results of in vitro assays that directly implicate the zinc-binding domain 
in rosette assembly (Kurek et al. 2002). Terminal complex dissociation in response 
to cellulose synthesis inhibitors (Mizuta and Brown, Jr. 1992; Peng et al. 2001; 
Kiedaisch et al. 2003) suggest that the particles that compose linear and rosette 
TCs are held together in different ways. One of these inhibitors (AE F150944) is 
effective in organisms with rosettes, but not linear TCs (Kiedaisch et al. 2003), 
whereas another (dichlorobenzonitrile) disrupts the linear TCs of Vaucheria 
hamata (Mizuta and Brown, Jr. 1992).

Much remains unknown about the evolution of  CesA genes, including the 
identity of  the prokaryotic ancestor(s) of  eukaryotic CesAs, the relationship 
between CesA evolution and TC morphological variation, and the diversi-
fication and functional specialization of  CesA genes within the angiosperm 
lineage. This review considers how characterization of  the CesA genes and 
proteins of  green algae and seedless plants can help address these fundamental 
questions.

2 THE PROKARYOTIC ANCESTRY OF EUKARYOTIC CesAs

Cellulose producing eukaryotes occur throughout the tree of life (Figure 2-1). In 
addition to plants, cellulose is produced by certain slime molds, oomycetes, ascid-
ians, and diverse species of algae (Delmer 1999). The cellulose produced by these 
organisms is incorporated into a variety of cell coverings ranging from inter-
nal and external scales to thecae, sheaths, tunicas, and cell walls (Okuda 2002). 
Terminal complex organization varies among eukaryotes (Figure 2-1), but the 
particle arrangement is often conserved within evolutionary lineages (Brown, Jr. 
et al. 1983; Hotchkiss 1989; Tsekos 1999). Divergence in both TC organization 
and CesA domain structure among organisms in which both have been charac-
terized (Figure 2-2) is consistent with the hypothesis that CesA genes determine 
TC organization and thus microfibril dimensions. However, these organisms, 
which include seed plants (Delmer 1999), a green alga (Hotchkiss et al. 1989; 
Roberts et al. 2002), a slime mold (Grimson et al. 1996; Blanton et al. 2000), 
and ascidians (Kimura and Itoh 1996, 2004; Matthysse et al. 2004; Nakashima 
et al. 2004), represent separate eukaryotic lineages thought to have arisen 
through independent acquisition of  organelles by endosymbiosis  (Bhattacharya 
et al. 2004). Thus, interpretation of  the relationship between CesA and TC 
 evolution is complicated by the possibility that widely divergent eukaryotic 
taxa may have acquired CesA genes independently through lateral gene transfer 
(Tsekos 1999; Nobles et al. 2001; Nakashima et al. 2004; Niklas 2004; Nobles 
and Brown, Jr. 2004).

Given a role for lateral gene transfer in the evolution of cellulose synthe-
sis, four different scenarios could explain differences in TC structure in diver-
gent eukaryotic lineages. First, mutation of the CesA ortholog within one of 
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the divergent lineages could lead to an alteration in interparticle association, 
 followed by vertical transmission of the resulting change in TC structure within 
that  lineage. Models based on this scenario have proposed that single synthases 
became associated first into particles (analogous to a single particle of a rosette, 
which would synthesize 4–15 glucan chains) and then into particle aggregates 
(terminal complexes) whose geometrical organization determines the cross-
sectional dimensions of the microfibril (Brown, Jr. 1990; Tsekos 1999). Second, 
differences in TC organization could result from acquisition within divergent 
lineages of nonorthologous CesA subunits through lateral gene transfer from 
different prokaryotic donors. This is a likely explanation for the differences in 
TC organization in tunicates and land plants (Nakashima et al. 2004). Third, 
variation in the assembly of CesA subunits inherited from the same prokary-
otic donor could arise from differences in cellular context between the eukary-
otic hosts from divergent lineages. For example, linear and rosette TCs in green 
algae are assembled at different locations within the cell. Intact rosettes have 
been identified in Golgi vesicles, indicating that these TCs are secreted to the 
plasma membrane fully assembled (Giddings et al. 1980; Haigler and Brown, 
Jr. 1986). In contrast, at least some linear TCs assemble in the plasma mem-
brane (Mizuta 1985; Mizuta and Brown, Jr. 1992; Tsekos 1999), perhaps a 
necessity due to their large size. Fourth, divergent lineages could functionally 
incorporate different CesA paralogs from a single prokaryotic donor. This has 
been proposed as an explanation for rosette versus linear TCs in the major 
green algal lineages (Nobles and Brown, Jr. 2004). Further characterization of  
genes encoding processive β-glycosyl transferases from both prokaryotes and 
eukaryotes will be required to test these hypotheses.

Cellulose synthesis has been demonstrated in a variety of prokaryotes including 
A. xylinus, Agrobacterium tumefaciens, Rhizobium species (Ross et al. 1991), the 
enteric bacteria Escherichia coli and Salmonella typhimurium (Zogaj et al. 2001), 
Sarcina ventriculi (Roberts et al. 1989) and several genera of cyanobacteria 
(Nobles et al. 2001). Similarity searches have identified genes encoding puta-
tive processive β-glycosyl transferases in a number of prokaryotes (Nobles and 
Brown, Jr. 2004). A. xylinus is the only prokaryote in which the site of cellulose 
synthesis at the plasma membrane been characterized by freeze fracture (Brown, 
Jr. et al. 1976). However, the linear TC and the unusual ability to produce a 
large extracellular ribbon of nearly pure cellulose are probably derived char-
acters. Thus, it seems unlikely that the linear TCs of algae are homologous to 
those of Acetobacter. Evidence that the CesAs of green plants were acquired 
from cyanobacteria (Nobles et al. 2001) is provided by the observation that 
certain cyanobacterial CesAs contain an insertion (the CR-P region) that is also 
found in CesAs from seed plants and the charophycean green alga Mesotaenium 
caldariorum (Roberts et al. 2002), but not in bacterial CesAs. Conversely, the 
CesAs of ascidians (Matthysse et al. 2004; Nakashima et al. 2004), as well as Csls 
from the A and C families of seed plant (Richmond and Somerville 2000), more 
closely resemble bacterial CesAs (Nobles and Brown, Jr. 2004). Phylogenetic 
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analyses have been based on the hypothesis that processive β-glycosyl transfer-
ases evolved ultimately from a single common ancestral protein, but that ances-
tor has not been identified.

3 GREEN ALGAL CesAs AND THE EVOLUTION 
OF TERMINAL COMPLEXES

The genetic basis for variation in TC morphology is more likely to be revealed 
through examination of the CesA genes descended from the same prokaryotic 
ancestor. The glaucophytes, red algae, green algae, and land plants are thought 
to be descended from a common ancestor derived from endosymbiotic acquisi-
tion of a plastid of cyanobacterial origin (Bhattacharya et al. 2004). This group 
includes organisms with many different types of TCs (Figure 2-1) and wide vari-
ation of microfibril structure (Tsekos 1996, 1999). Erythrocladia, representing 
the red algal subclass Bangiophycidae, has linear TCs with 4 rows of particles 
and produces ribbon-like microfibrils, whereas Ceramium, representing the red 
algal subclass Floridiophycidae, has linear TCs with single rows of particles and 
produces very small microfibrils (Tsekos 1999). The green algae and land plants 
form a monophyletic group with two major branches: (1) the streptophytes, 
which include the land plants and charophyte green algae (Charales, Coleochae-
tales, Zygnematales, Klebsormidiales, and Chlorokybales) and (2) the chloro-
phytes, which include the remaining green algae (McCourt 1995). The TCs of 
the chlorophyte green algae that have been examined are linear with three rows 
of particles. The only known except for Halicystis, which produces the cellulose 
II crystalline allomorph that does not occur as extended microfibrils (Roberts 
1991). Membrane insertion of linear TCs in green algae also varies along taxo-
nomic lines (Hotchkiss 1989). For example, the TCs of Oocystis (Trebouxiophy-
ceae) appear to span only the outer leaflet of the plasma membrane, whereas 
the TCs of Valonia (Ulvophyceae) span the entire membrane. Rosette TCs have 
been found exclusively and almost universally in the streptophytes that have been 
examined (Brown, Jr. 1990; Tsekos 1999).

The CesA genes of M. caldariorum, a basal member of the charophycean 
green algae among which rosette TCs are thought to have arisen (Graham et al. 
2000), are up to 59% identical at the amino acid level with conserved domain and 
intron-exon structure (Roberts et al. 2002; Roberts and Roberts 2004), demon-
strating a congruence of CesA and TC structure. In an effort to identify CesA 
domains potentially involved in TC particle association, we have attempted to 
clone CesAs from the green algae Oocystis apiculata (Brown, Jr. and Montezinos 
1976) and Valonia ventricosa (Itoh and Brown, Jr. 1984), which have linear TCs. 
Although degenerate primers based on conserved regions of the deduced amino 
acid sequences of plant and prokaryote CesA genes amplified CesA gene frag-
ments from M. caldariorum (Roberts et al. 2002), this technique has not yet been 
successful with organisms that do not have rosette TCs, such as Oocystis and 
Valonia. The suggestion that the CesAs of chlorophyte green algae resemble the 
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B, E, and G families of Csls (Nobles and Brown, Jr. 2004) may provide a basis 
for designing more effective degenerate primers.

The limited extent of CesA divergence since plants colonized the land (Roberts 
et al. 2002) also provides a basis for interpreting the relationship between CesA 
sequence and TC organization among the charophyte green algae. Coleochaete 
scutata, a charophyte green alga thought to be among the closest algal relatives 
of land plant, has a unique 8-particle TC (Okuda and Brown, Jr. 1992) that dif-
fers from the hexagonal rosettes that occur in both charophyte algae and land 
plants. Since the CesAs of Coleochaete would be expected to be generally similar 
to those of M. caldariorum because of their close phylogenetic relationship, any 
difference in CesA structure is likely to be related to TC structure. Members 
of the two earliest divergent charophyte orders, Klebsormidiales and Chloroky-
bales, have not been examined by freeze fracture or at a genetic level, but could 
provide valuable information on the origin of the rosette. If  any members of 
these orders have nonrosette TCs, then differences in their CesA structure could 
also reveal domains involved in particle association. Another organism that will 
be useful to study is Mesostigma viride, a scaly unicellular flagellate that lacks a 
cell wall (Graham et al. 2000). Although its classification with the prasinophytes, 
which include the earliest divergent green algae, is supported by some analyses 
(Lemieux et al. 2000; Turmel et al. 2002), cytological characters along with 
extensive sequence comparisons place M. viride at the base of the charophyte 
lineage (Bhattacharya et al. 1998; Karol et al. 2001; Martin et al. 2002).

Rosettes that synthesize secondary cell wall microfibrils in Arabidopsis are 
composed of heterologous CesA triads (Taylor et al. 2000; Scheible et al. 2001; 
Gardiner et al. 2003; Taylor et al. 2003), and this may also be true for rosettes 
that synthesize primary cell wall microfibrils (Burn et al. 2002; Desprez et al. 
2002; Doblin et al. 2002; Robert et al. 2004). Doblin et al. (2002) have proposed 
a modification of a previous model (Scheible et al. 2001) that explains the geom-
etry of rosette TCs as a function of the inter- and intra-particle interaction 
between three distinct CesA subunits that associate with each other through dis-
tinct binding sites. Extending this model, a linear TC could assemble from one or 
perhaps two types of subunits. This is consistent with the observation that CesA 
genes occur singly and in pairs, respectively, in Dictyostelium discoideum  (Blanton 
et al. 2000) and A. xylinus (Saxena and Brown, Jr. 1995; Umeda et al. 1999), 
both of which have linear TCs (Brown, Jr. et al. 1976; Grimson et al. 1996). 
However, consideration of the structure and mechanism of action of processive 
β-glycosyl transferases, has raised the possibility that two CesA subunits cooper-
ate to synthesize a single glucan chain (Carpita and Vergara 1998; Saxena et al. 
2001). Thus, distinct CesA subunits working in concert may be required so that 
each monomer added to the elongating glucan chain is rotated 180° compared 
to its neighbor (Perrin 2001; Vergara and Carpita 2001) or different subunits 
may be required to catalyze chain initiation and elongation (Peng et al. 2002; 
Read and Bacic 2002), in which case the rosette TC structure may be a byprod-
uct of the cooperation of three different CesAs in the synthesis of a microfibril. 
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M. caldariorum may have just two CesA genes and to date it is unclear whether 
they interact within rosettes (Roberts and Roberts 2004). Further examination 
of CesA genes from M. caldariorum and nonvascular plants (see below) may 
clarify the relationship between CesA diversification and evolution and assembly 
of the rosette.

4 CesA DIVERSIFICATION AND THE EVOLUTION 
OF LAND PLANTS

4.1 Evolution of tracheary elements

The origin of tracheary elements with thick secondary cell walls was a key event 
in land plant evolution and a defining feature of  the vascular plant lineage 
(Graham et al. 2000). However, much remains unknown about the evolution of 
tracheary elements and the process of secondary cell wall deposition. Although 
conducting cells known as hydroids occur in sporophytes and gametophytes of  
many species of mosses and liverworts, these tissues are structurally diverse and 
provide little insight into the origin of tracheary elements (Hebant 1977). For 
example, moss hydroids are elongated and empty at maturity, but their cell walls 
are thin and lack lignin (Hebant 1977). Some liverworts have water-conducting 
cells with patterned cell walls that are similar in appearance to those of tracheary 
elements. However, these patterns form by removal of wall material associated 
with plasmodesmata rather than by patterned secondary cell wall deposition 
(Ligrone et al. 2000). These observations, along with recent studies of cell wall 
composition in bryophytes, are consistent with multiple evolutionary origins of 
cells specialized for water conduction (Hebant 1977; Ligrone et al. 2000; Ligrone 
et al. 2002). In contrast, a recent report cites the role of auxin in the develop-
ment of conducting tissues in moss sporophytes as support for homology with 
vascular tissue (Cooke et al. 2002).

Ultrastructural and developmental studies of tracheary elements from fos-
sils and early divergent extant vascular plants have been undertaken in efforts 
to understand the evolution of secondary cell wall deposition. Whereas seed 
plant tracheary elements have homogeneous secondary cell walls, those of basal 
extant (Friedman and Cook 2000) and some fossil vascular plants (Kenrick and 
Crane 1991) have two distinct layers, an outer patterned electron-opaque “tem-
plate layer” that becomes partially lignified and an inner, more heavily lignified, 
resistant layer that resembles the secondary cell wall of seed plant tracheary 
elements. Based on analysis of fossils, the tracheary elements of the earliest vas-
cular plants had a single patterned secondary cell wall layer that is reminiscent 
of the template layer found in extant basal vascular plants (Kenrick and Crane 
1991; Friedman and Cook 2000). This indicates that localized secondary cell 
wall deposition arose early in tracheary element evolution with the extent of 
lignification increasing over time (Friedman and Cook 2000). Tracheary element 
morphology varies greatly both within and among species of vascular plants, 
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but evolutionary trends are unclear. The origin of vessel elements, which are 
characterized by perforation plates formed by the digestion of the primary cell 
wall between adjacent cells, was once thought to coincide with the divergence 
of gymnosperms and angiosperms. However, vessel elements are now known to 
occur in most vascular plant lineages (Carlquist and Schneider 2001).

4.2 Functional specialization of CesA proteins

The observation that certain CesA proteins are expressed during primary cell wall 
synthesis, while others are expressed during secondary cell wall synthesis  (Taylor 
et al. 1999; Fagard et al. 2000; Holland et al. 2000; Taylor et al. 2000; Burn et al. 
2002; Taylor et al. 2003) suggests a relationship between CesA diversification 
and the evolution of tracheary elements. As reviewed previously, distinct triads 
of CesAs are thought to compose the rosettes responsible for secondary cell 
wall deposition in tracheary elements (AtCesA4,7,8) and in expanding tissues 
 (AtCesA1,3,6) (Doblin et al. 2002). Primary and secondary cell walls differ in 
the orientation and spatial localization of cellulose microfibrils (Hepler 1981), 
apparent microfibril dimensions (Ha et al. 1998), and the amount of cellulose 
relative to other cell wall polymers (Ingold et al. 1988). These differences may 
arise from changes in the interaction of  TC particles with each other and with 
the  cytoskeleton. For example, rosettes are confined to developing secondary cell 
wall thickenings during tracheary element development (Herth 1985; Haigler and 
Brown, Jr. 1986; Schneider and Herth 1986), a pattern that is mirrored by the 
distribution of microtubules. In the zygnematalean alga Micrasterias denticulata, 
the secondary cell wall fibrils are composed of individual microfibrils assembled 
by rosettes aggregated into rows or large hexagonal arrays (Giddings et al. 1980). 
During secondary cell wall deposition in tracheary elements, rosettes associate in 
rows (Herth 1985). In some algae, the linear TCs become longer during secondary 
cell wall synthesis (Itoh 1990). Thus, an important property of CesAs specialized 
for secondary cell wall deposition may be their interactions within and between 
TCs or with the cellular structures that control TC localization or movement.

4.3 Tip growth and the function of Cellulose synthase-like type D (CslD) genes

The CesA gene superfamily also includes CesA-like (Csl) genes containing the 
D,D,D,QXXRW motif  characteristic of  processive glycosyl transferases 
(Richmond and Somerville 2001). The Csls have been proposed to function in 
cell wall  synthesis (Richmond and Somerville 2001), but only the CslA class has 
been  characterized functionally (Dhugga et al. 2004; Liepman et al. 2005). The 
class of Csls with highest sequence similarity to CesAs, the CslDs, are expressed in 
tip growing cells such as pollen tubes (Doblin et al. 2001) and root hairs (Favery 
et al. 2001; Wang et al. 2001). A mutation in one of the five CslDs in Arabidopsis 
 (AtCslD3) causes root hairs to become distorted and rupture at the tips (Favery 
et al. 2001; Wang et al. 2001). Based on localization to the endomembrane sys-
tem, it has been proposed that AtCslDs synthesize noncellulosic polysaccharides 
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(Favery et al. 2001). However, tobacco pollen tubes express CslDs but not CesAs 
during deposition of the cellulosic cell wall indicating that some CslDs may syn-
thesize cellulose (Doblin et al. 2001; Doblin et al. 2003). Unlike the other classes of 
Csls, CslDs have a Zn-binding domain near the N-terminus (Doblin et al. 2001). 
Given that the Zn-binding domains of CesAs have been proposed to function in
CesA-CesA binding (Kurek et al. 2002), it is an interesting question whether CslDs 
assemble as TCs. The CslD family is thought to have had an ancient origin (Doblin 
et al. 2001; Richmond and Somerville 2001), which is consistent with the occur-
rence of tip-growing cells in many algae, as well a fungi. Although CslDs were not 
identified in a screen M. caldariorum CesA genes, we have recently identified a 
CslD gene in the green alga C. scutata (Neill 2005). One salient difference between 
C. scutata and M. caldariorum is that C. scutata produces hairlike projections 
called chaetae, which can reasonably be expected to elongate by tip growth.

4.4 CesA and CslD genes of the moss Physcomitrella patens

Characterization of CesA gene superfamilies in nonvascular plants is one 
approach to revealing the relationship between CesA diversification and origin of  
vascular tissue. These studies are greatly facilitated by the development of 
genomic resources for model organisms (Pryer et al. 2002). The moss P. patens 
is a useful model for investigating plant gene function due to its unusually high 
rate of homologous recombination, which enables targeted mutagenesis (Schaefer 
2002; Hohe et al. 2004; Schaefer and Zryd 2004; Cove 2005). Physcomitrella 
patens is also similar to vascular plants in having a large CesA gene superfam-
ily. Through degenerate primer PCR and genomic library screening, we identified 
four CesA genes, one CslD gene and one CesA pseudogene from P. patens 
(Roberts and Roberts 2004). Searching of P. patens EST databases from the 
PEP project at Washington University/University of Leeds (http://genomeold.
wustl.edu/est/index.php?moss=1), Physcobase at the National Institute for 
Basic Biology, Okazaki, Japan (http://moss.nibb.ac.jp/), and the University of 
Freiburg (http://www.cosmoss.org/) yielded a total of 65 cDNA clones repre-
senting 8 CesAs and 8 CslDs (Roberts et al. 2004).

Phylogenetic analysis of the CesA and CslD genes from P. patens supports the 
hypothesis that diversification within both gene families occurred independently 
in the moss and seed plants lineages. Initial phylogenetic analysis indicated that 
individual Arabidopsis CesAs and CslDs do not have orthologs in the P. patens 
genome (Roberts and Roberts 2004). This hypothesis was strengthened by recent 
analyses including additional full-length P. patens CesA and CslD genes (Roberts 
et al. 2004). The absence the orthologs of vascular plant CesAs and CslDs in 
P. patens has important implications for our understanding of the evolution of 
rosette TCs and tracheary elements. Phylogenetic analysis has provided strong 
evidence that the secondary cell wall CesA triad characterized in Arabidopsis 
(Gardiner et al. 2003) was present in the common ancestor of monocots and 
dicots (Tanaka et al. 2003; Appenzeller et al. 2004; Burton et al. 2004; Djerbi 
et al. 2004; Liang and Joshi 2004). This lead to speculation that all rosettes are 
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heterotrimers (Doblin et al. 2002). The apparent absence of  orthologs of  
AtCesA4, 7 and 8 in P. patens indicates that the evolution of  the triad is more 
recent. A further implication is that secondary cell wall deposition in tracheary 
elements is a highly specialized process, involving functionally specialized CesA 
proteins. To date, it is not clear whether the diversification of  the CesA gene 
family in land plants was a precondition for, or a consequence of, the evolution 
of tracheary elements with secondary cell walls. Analysis of CesA gene families 
in seedless vascular plants such as the fern Ceratopteris richardii may help answer 
this question.

Analysis of P. patens EST databases also indicates that CslD genes play a 
larger role in the development of moss gametophytes compared to seed plant 
sporophytes. In P. patens, 46% of all CesA superfamily ESTs are CslDs (Roberts 
et al. 2004). In contrast, CesAs are much more highly expressed than CslDs in 
Arabidopsis (Hamann et al. 2004). The question remains whether CslDs syn-
thesize cellulose (Doblin et al. 2001; Doblin et al. 2003) or another cell wall 
polysaccharide (Favery et al. 2001). In the protonema of Funaria  hygrometrica, 
a close relative of  P. patens, rosette TCs are numerous in regions undergoing 
active tip growth (Reiss et al. 1984). This raises the possibility that CslDs, like 
CesAs, assemble into rosettes. Since tip-growing cells may be exceptions to the 
microtubule-microfibril paradigm for microfibril orientation (Emons et al. 
1992), CslDs may differ from CesAs in their interactions with the cytoskeleton. 
It will be interesting to see if  sequence analysis reveals a potential basis for such 
interactions.

5 ANALYSIS OF CesA FUNCTION BY TARGETED 
TRANFORMATION IN P. patens

The combined attributes of high rates of homologous recombination, hap-
loid state of the protonema and leafy gametophyte, suitability for microscopic 
examination, a body complexity intermediate between that of algae and vascular 
plants, and the high similarity of  many genes to those in higher plants make 
P. patens a useful and informative model for the investigation of cellulose synthesis. 
Homologous recombination in P. patens will make it possible to (1) knock out 
specific CesA and Csl genes, (2) replace CesAs with homologs lacking specific 
domains or chimeric genes assembled from domains present in the CesAs of 
different organisms, and (3) tag proteins to facilitate studies of gene expression, 
CesA turnover, intracellular dynamics, and interactions between CesAs and 
other proteins that compose TCs.
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Abstract
The completion of  the Arabidopsis thaliana genome revealed ten cellulose synthase 
or AtCESA genes. Mutations in seven of  the ten AtCESA genes have been studied. 
Studies indicate a requirement for three genes, AtCESA1, AtCESA3, and AtC-
ESA6, in primary wall formation; whereas AtCESA4, AtCESA7, and AtCESA8 
may be involved in secondary cell wall formation. Genes with significant similar-
ity to cellulose synthase-like (CSL) genes have been classified into eight distinct 
families. Thirty such genes have been identified in Arabidopsis. Members of  the 
superfamily differ in their size, topology, and predicted physical properties.

Keywords
Arabidopsis, cellulose synthase (CESA), cellulose synthase-like (CSL), gene expression, 
predicted proteins.

Abbreviations
Arabidopsis thaliana (At), cellulose synthase (CES), constitutive expression of  VSP1 
(cev), cellulose synthase-like (CSL), ectopic lignin (eli), Fourier transform infrared (FTIR), 
Gossypium hirsutum (Gh), glycosyl transferase family II (GT-2), β-glucuronidase (GUS), 
kojak, a root hairless mutant (kjk), irregular xylem (irx), Medicago trunculata 
(Mt), Nicotiana alata (Na), isoelectric point (pI), procuste (rc), Populus tremuloides (Pt), 
resistance to Agrobacterium tumefaciens transformation (rat), radially swollen (rsw), the 
Arabidopsis information resource (TAIR), transmembrane domain (TMD), zinc binding 
domain (ZnBD).

1 INTRODUCTION

Cellulose is a simple polymer of unbranched β-1,4-linked glucan chains, which 
coalesce to form microfibrils. Extensive hydrogen bonding, between the glucan chains 
of the microfibrils and amongst the microfibrils themselves, yields a range of 
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cellulose confomers that can form loose noncrystalline networks or robust crys-
talline structures. These provide a structural framework to the wall, which is 
crosslinked by hemicellulosic polymers and infiltrated with a dense pectic gel 
(Bacic et al. 1988; Carpita and McCann 2000). Noncellulosic polymers have rela-
tively simple backbone structures that may be adorned with a varying complexity 
of carbohydrate branches (Table 3-1). It is likely that the polymers with β-linked 
homopolysaccharide backbones, such as that of xyloglucan, are synthesized 
by processive enzymes, whereas, the sugars comprising the branches are added 
to the backbone by nonprocessive enzymes, either following completion of the 
backbone chain or in concert with its biosynthesis (Henrissat et al. 2001; Perrin 
2001). Polymers with α-1,4-linked backbone sugars, or heteropolysaccharide and 
mixed linkage backbones, such as the pectins (Table 3-3), are most likely synthe-
sized by a different class of enzymes (Scheller et al. 1999).

Table 3-1. Basic structural composition of various cell wall polymersa

Polymera Backbone Sidechains

Cellulose and Hemicelluloses
Cellulose β-1,4-glucan None
Xylan β-1,4-xylan α-1,2-arabinose
  α-1,2-(4-O-methyl)-
   glucuronic acid
Xyloglucan β-1,4-xylan α-1,6-xylose
  α-1,2-fucosyl-β1,2-galactoysl-α1,6-xylose
  α-1,2-arabinosyl-α1,6-xylose
Mannan β-1,4-mannan α-1,6-galactose
Glucuronomannan β-1,4-mannosyl-β-1, β-1,6-galactose
  2-glucuronan α-1,3-arabinose
Glucomannan β-1,4-glucosyl- α-1,6-galactose
  (β-1,4-mannose)2

Mixed-linked Glucan β-1,3-glucosyl- None
  (β-1,4-glucose)2

Arabinogalactan II β-1,3-galactan and β-1, β-1,3-arabinose
  6-galactan
Pectins
Galactan β-1,4-galactan None
Arabinogalactan I β-1,4-galactan (α-1,5-arabinosyl)2-α-1,3-arabinose
Arabinan α-1,5-arabinan α-1,2-arabinose
  α-1,3-arabinose
Homogalacturonan α-1,4-galacturonan None
Xylogalacturonan α-1,4-galacturonan α-1,3-xylose
Rhamnogalacturonan I  α-1,2-rhamnosyl-α-1, α-1,5-arabinan
 (RGI)  4-galacturonan β-1,4-galactan
   arabinogalactan I
Rhamnogalacturonan II  α-1,4-galacturonan Various
 (RGII)

aBrett and Waldron (1990); Carpita and McCann (2000).
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2 IDENTIFICATION OF CELLULOSE SYNTHASE

Although cell-free synthesis of cellulose was claimed as early as 1964 (Karr 1976 
and references therein), it was not possible to isolate the enzymes responsible 
for cellulose biosynthesis in plants by conventional biochemical techniques. 
A breakthrough in the identification of the enzymes came with the successful 
cloning of the cellulose synthesis operon of the bacterium Acetobacter xylinum 
(Saxena and Brown, Jr. 1990; Wong et al. 1990). Amino acid sequence analysis 
showed that cellulose synthase is a member of the glycosyl transferase family II 
(GT-2), which includes inverting processive nucleotide diphosphosugar glycosyl 
tranferases (Campbell et al. 1997; Saxena et al. 1995). Several conserved hydro-
philic domains, including the proposed catalytic QXXRW motif  (Table 3-2), were 
identified in the bacterial system. These conserved sequences were termed “U 
domains” to indicate “ubiquitous” presence in CESA proteins. Plant  homologs 
of the bacterial cellulose synthase catalytic proteins were subsequently identified 
in an expressed sequence tag library from cotton (Pear et al. 1996).

The enzymes have several putative transmembrane domains (TMD). This is 
consistent with previous microscopic and biochemical data indicating that cel-
lulose synthase is an integral membrane protein and that cellulose biosynthesis 
occurs at the plasma membrane (Mueller and Brown, Jr. 1980; Ross et al. 1991; 
Brown, Jr. et al. 1996; Delmer 1999). Visible by electron microscopy, the enzymes 
form large linear terminal complexes in the plasma membrane of bacteria and 
many algae whereas they form hexagonal rosette structures in higher plants and 
some algae (Mueller and Brown, Jr. 1980; Ross et al. 1991; Kimura et al. 1999). 
Delmer (1999) has speculated that the transmembrane domains may create a 

Table 3-2. Protein model and conserved motifs for the rosette-forming eukaryotic cellulose synthase 
(CESA)
Protein Modela

 ZnBD U1 U2 U3 U4

Motif b Amino Acid Sequencec

ZnBD CQICGDDVGLAETGDVFVACNECAFPVCRPCYEYERKDGTQCCPQC
U1 DYPVDKVACYVSDDGSA
U2 TNGAYLLNVDCDHYFNNS
U3 SVTEDILTGFKMHARGWISIY
U4 RLNQVLRWALGSIEIL

aModel of  the Arabidopsis thaliana CESA1 predicted protein. Black boxes represent putative 
transmembrane domains.
bConserved ‘U’ motifs originally identified in bacterial cellulose synthases were used to identify the 
higher plant enzymes, which also contain a conserved zinc-binding domain (ZnBD) specific to the 
eukaryotic enzymes (Saxena et al. 1995).
cSequences are for the Arabidopsis CESA1 protein. Proposed critical residues are underlined.
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pore through which the glucan chain is extruded into the extracellular space. 
Each hexagonal plant cell rosette structure is thought to comprise six complexes 
of five or six enzymes, and synthesize microfibrils containing 30–36 glucan 
chains. In addition to the U domains, the plant enzymes contain a conserved N-
terminal Zn-binding domain indicating a possible mechanism for association of the 
catalytic subunits (Table 3-1) (Kurek et al. 2001).

3 TOWARD A FUNCTIONAL ANALYSIS OF CELLULOSE SYNTHASE

Homology-based genomic identification of  the CESA genes opened the door 
for meaningful genetic and biochemical studies and has been conclusively sup-
ported by both. CESA genes have been identified in numerous plant species. The 
completion of  the Arabidopsis thaliana genome revealed ten cellulose synthase 
or AtCESA genes (Richmond 2000). Mutations in seven of  the ten AtCESA 
genes have been studied (Table 3-3). The rsw1-1 mutant, which was originally 
isolated on the basis of  a temperature-sensitive root-swelling phenotype 
(Baskin et al. 1992), was found to carry an A549V mutation in the AtCESA1 
gene (Arioli et al. 1998). At the nonpermissive temperature, mutant plants pro-
duce less cellulose and more soluble β-1,4-glucan than wild-type plants. The muta-
tion was proposed to interfere with assembly to the rosette synthase complex and 
aggregation of the β-1,4-glucan into microfibrils at the nonpermissive temperature 
(Arioli et al. 1988). Several additional alleles of AtCESA1, which have markedly 
reduced cellulose, have been reported (Williamson et al. 2001; Beeckman et al. 

Table 3-3. The cellulose synthase (CESA)proteins of Arabidopsis

   Protein  Predicted  Predicted  Arabidopsis
Protein Gene Locus Allelesa Length pIc TMDb ESTsd

CESA1 At4g32410 rsw1 1081 6.7 8 90
CESA2 At4g39350  1084 7.5 8 9
CESA3 At5g05170 ixr1, eli1, cev1 1065 7.6 8 49
CESA4 At5g44030 irx5 1049 8.0 8 10
CESA5 At5g09870  1069 7.3 8 10
CESA6 At5g64740 prc1, ixr2 1084 7.4 8 36
CESA7 At5g17420 irx3 1026 6.7 8 14
CESA8 At4g18780 irx1 985 7.1 8 12
CESA9 At2g21770  1088 6.9 8 1
CESA10 At2g25540  1065 6.5 8 8

arsw = radially swollen (Arioli et al. 1998); ixr = isoxaben resistant (Scheible et al. 2001); eli = ectopic 
lignin (Cano-Delgado et al. 2000); cev = constitutive expression of VSP1 (Ellis et al. 2002); irx = irregular 
xylem (Turner and Somerville 1997); prc = procuste (Fagard et al. 2000).
bBased on intron/exon and transmembrane modeling (Richmond and Somerville 2000) using 
HmmTop v2.0 (Tusnády and Simon 2001).
cIsoelectric point predicted by ProtParam (http://us.expasy.org/tools/protparam.html).
dExpressed sequence tags reported by TAIR (http://www.Arabidopsis.org/ ).
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2002; Gillmor et al. 2002). The embryos of nonconditional AtCESA1 mutants 
are radially swollen in appearance, indicating decreased elongation even at early 
stages. Although the pattern of cell division appears relatively normal, incom-
pletely formed cell walls are observed frequently (Beeckman et al. 2002). The 
epidermis of the mutants is markedly affected with an apparent complete loss of 
guard cells and pavement cell crenulation (Beeckman et al. 2002).

The radially swollen phenotype also occurs when wild-type plants are grown 
in the presence of the cellulose biosynthesis inhibitor, isoxaben. Mutations in 
AtCESA3 and AtCESA6 confer resistance to isoxaben (Scheible et al. 2001; 
Desprez et al. 2002). This is consistent with evidence that multiple AtCESA 
enzymes participate in the rosette structure (Taylor et al. 2003). Antisense stud-
ies also indicate a requirement for all three genes, AtCESA1, AtCESA3 and 
AtCESA6, in primary wall formation (Burn et al. 2002). This finding is further 
supported by strong expression of AtCESA1, AtCESA3 and AtCESA6 in young 
expanding leaves (Hamann et al. 2004) and evidence from GUS:promoter fusion 
studies which indicates the genes are expressed in the same cells simultaneously 
(Scheible et al. 2001).

The different structures (e.g., degree of polymerization and crystallization) of 
cellulose in primary and secondary cell walls prompted the hypothesis that a sep-
arate complex of enzymes was specifically devoted to secondary wall biosynthesis 
(Karr 1976). This idea was supported by the isolation of the irregular xylem (irx) 
mutants with defects in the AtCESA4, AtCESA7 and AtCESA8 genes (Turner 
and Somerville 1997; Taylor et al. 1999, 2000, 2003). Stems of these mutants con-
tained 30–50% less cellulose than wild-type plants (Turner and Somerville 1997; 
Taylor et al. 2003). Recent studies reveal that these three genes are coexpressed 
temporally and spatially in Arabidopsis stems and the proteins can be copurified 
(Hamann et al. 2004; Taylor et al. 2003). AtCESA7 and AtCESA9 gene expres-
sion apparently increase with leaf age (Hamann et al. 2004), providing additional 
evidence for the involvement of these genes in secondary wall formation. Together 
these data strongly support the involvement of three separate, coregulated, cellulose 
synthase proteins in secondary cellulose deposition.

Very little is known about the regulatory mechanisms underlying cell wall bio-
genesis. Preliminary evidence suggests that the CESA genes are regulated by circa-
dian rhythm, hormones such as ethylene and cytokinin, salt stress and other factors 
(Hamann et al. 2004). There is also a proposed link between organization of the 
cortical microtubule cytoskeleton and cellulose deposition (Ledbetter and Porter 
1963). Evidence from a variety of studies indicates that cortical microtubules 
are, in some way, involved in organizing cellulose deposition and microfibril 
orientation (Emons et al. 1992; Fowler and Quatrano 1997). Microscopic analysis 
of rsw1 plants supports this proposed connection and suggests the relationship is 
bidirectional; decreased rates of cellulose synthesis apparently cause destabilization 
of cortical microtubule organization (Sugimoto et al. 2001). Interaction between 
cellulose biosynthesis and biotic stress-responsive pathways is indicated by analysis 
of a leaky AtCESA3 mutant allele, cev1 (Ellis et al. 2002). The cev1 allele apparently 
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causes constitutive activation of both the jasmonate and ethylene signal pathways 
important in plant cell defense (Ellis and Turner 2001). cev1 plants also apparently 
contain increased levels of pectin (Ellis and Turner 2001). Other instances of appar-
ently compensatory increases in pectin have been documented in cellulose deficient 
mutant plants (Gillmor et al. 2002) and in cell cultures adapted to growth on an 
inhibitor of cellulose synthesis (Shedletzky et al. 1992). Another leaky AtCESA3 
allele, eli1, was isolated based on its production of ectopic lignin, presumably 
in response to cellulose deficiency (Cano-Delgado et al. 2000). These examples 
suggest the existence of complex regulatory processes that sense the functional 
properties of the cell wall and regulate complementary pathways to achieve cell 
walls with appropriate aggregate functionality.

There are now over 200 cellulose synthase sequences from at least 50 
 organisms in the public sequence databases. With the exception of  the CESA 
genes of  Acetobacter and those specifically expressed during fiber development 
in cotton (GhCESA1, GhCESA2) and during xylem development in poplar 
(PtCESA2, PtCESA3), few CESA genes from other organisms have been stud-
ied in detail (Holland et al. 2000). Not surprisingly, homologs of  CESA genes 
are evident in the genomes of  cyanobacteria and algae (Nobles et al. 2001; 
Roberts et al. 2002). The early divergence of  CESA N-terminal sequences, the 
putative Zn-binding domain in particular, in the green algae appears to cor-
relate with rosette versus linear terminal cellulose synthase complex formation 
(Roberts et al. 2002). The presence of  several CESA sequences in the rosette 
forming green alga Mesotaenium caldariorum has interesting implications regard-
ing temporal and/or spatial specificity of individual CESA proteins and may pro-
vide important clues to the composition of  the early-evolving rosette complex.

4 IDENTIFICATION OF THE CELLULOSE SYNTHASE-LIKE GENES

In addition to the 10 AtCESA genes, 30 genes with significant similarity to cellu-
lose synthase were identified in Arabidopsis (Table 3-4) (Richmond 2000). These 
cellulose synthase-like (CSL) genes have been classified into eight distinct fam-
ilies according to sequence divergence and intron/exon structures (Richmond 
2000; Hazen et al. 2002). Together the CESA and CSL genes form the cellulose 
synthase superfamily. Interestingly, a CSL gene has also been identified in the 
cellulose-producing cyanobacterium, Nostoc punctiforme (Nobles et al. 2001), 
indicating an ancient lineage for these gene families.

The CSL proteins contain the GT-2 family signature as well as the conserved U 
domains containing catalytic aspartic acid residues and QXXRW motif (Table 3-2). 
Members of the superfamily differ in their size, topology, and predicted physical 
properties. A major difference between the proteins of the CSL and CESA families 
is the lack of the zinc-binding domain in most CSL family members (Richmond 
and Somerville 2000). This may indicate that CSL proteins do not participate in 
forming complexes to the same degree as the CESA proteins and supports a pos-
sible function of these enzymes in making single polymer chains rather than mul-
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Table 3.4. The cellulose synthase-like (CSL) proteins of Arabidopsis

  Predicted Protein  Protein  Predicted 
Name Gene Locus Modela,b Lengtha pIc TMDb ESTsd

CSLA1 At4g16590  554 9.2 7 9
CSLA2 At5g22740  534 9.4 6 to 7 15
CSLA3 At1g23480  556 8.5 6 to 7 7
CSLA7e At2g35650  484 9 5 to 7 4
CSLA9  At5g03760  533 9.2 6 to 7 9
 (rat4)f

CSLA10 At1g24070  585 8.8 7 2
CSLA11 At5g16190  504 9.3 6 to 7 3
CSLA14 At3g56000  535 6.5 5 to 6 2
CSLA15 At4g13410  500 8.8 4 to 6 0
CSLB1 At2g32610  757 7.3 8 5
CSLB2 At2g32620  757 7.2 8 0
CSLB3 At2g32530  755 7.3 8 0
CSLB4 At2g32540  755 7.4 8 0
CSLB5 At4g15290  757 7.2 8 2
CSLB6 At4g15320  759 8.4 8 0
CSLC4 At3g28180  673 8.6 7 20
CSLC5 At4g31590  692 8.7 9 14
CSLC6 At3g07330  682 9.0 9 24
CSLC8 At2g24630  690 8.3 9 4
CSLC12 At4g07960  694 9.2 7 to 9 3
CSLD1 At2g33100  1036 7.9 8 1
CSLD2 At5g16910  1145 7.6 8 12
CSLD3  At3g03050  1145 7.8 8 17
 (kjk)g

CSLD4 At4g3810  1111 6.6 8 2
CSLD5 At1g02730  1181 7.8 6 to 8 8
CSLD6 At1g32180  1181 7.8 8 0
CSLE At1g55850  729 6.2 8 7
CSLG1 At4g24010  760 8.3 8 3
CSLG2 At4g24000  722 6.5 6 to 8 4
CSLG3 At4g23990  732 7.3 8 3

aProtein sequence based on intron/exon modeling performed by Todd Richmond (http://cellwall.
stanford.edu/php/structure.php). Black boxes = putative transmembrane domains; White boxes = 
conserved ‘U’ domains; Grey boxes = hydrophobic regions manually.
bTransmembrane domains predicted with HmmTop v2.0 (Tusnády and Simon 2001).
cIsoelectric point predicted by ProtParam (http://us.expasy.org/tools/protparam.html).
dExpressed sequence tags reported by TAIR on July 1, 2003 (http://www.Arabidopsis.org/).
eAn embryo lethal mutation (Goubet et al. 2003).
frat refers to a mutant displaying resistance to Agrobacterium tumefaciens. (Zhu et al. 2003).
gkjk refers to kojak, a root-hairless mutant (Favery et al. 2001).
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tichain fibrils. Biochemical evidence indicates that these polymers are mostly likely 
synthesized in the Golgi apparatus and exported into the extracellular space (Karr 
1976; Carpita and McCann 2000). Thus, the localization of the CSL proteins to 
the Golgi has been proposed (Richmond and Somerville 2000).

Arabidopsis and rice appear to share only four of the gene families: CSLA, 
CSLC, CSLD, and CSLE. Rice appears to lack the CSLG and CSLB families 
and possess two additional families: CSLF and CSLH. Monocots and dicots do 
possess different cell wall architectures (Carpita and McCann 2000). Whether 
this classification of the CSLs truly represents a division between the monocots 
and dicots requires further study since biochemical functions have not yet been 
ascribed to the CSL proteins. Interestingly, the CSLs form two separate clades 
when compared with the CESA genes from plants and other organisms. The 
CSLD, CSLG, CSLE and CSLB families cluster with the plant CESA genes, 
whereas the CSLA family clusters with nonplant CESA genes (Richmond 2000). 
Although the CSLC family was not included in this analysis, its similarity to the 
CSLC family in Arabidopsis suggests that its members will also cluster with the 
nonplant CESA genes. This divergence at the gene level is further supported by 
analysis of the predicted protein structures. Analysis of the protein sequences 
(Table 3-4) supports the family assignments based on gene sequences and intron/
exon structures.

Of all the CSL families, the CSLD family is most homologous to CESA, both 
at the gene and protein level (Richmond and Somerville 2000). At 1000 to 1200 
amino acids, the CSLD proteins in Arabidopsis and rice are similar in size or 
larger than the CESA proteins and considerably larger than the other CSL gene 
products. The predicted isoelectric point (pI ∼ 7) and relative positions of the 
eight transmembrane domains are similar to those of the CESAs (Tables 3-1 and 
3-4). Members of the CSLD family in both Arabidopsis and rice contain very few 
introns. These factors all suggest the possibility that CSLD family members rep-
resent genetic ancestors of the CESA family and may also produce β-1,4-linked 
glucan (Richmond and Somerville 2000). Expression of the CSLD family members 
in Arabidopsis is quite varied. AtCSLD2 is also expressed in older, expanded 
leaves, whereas AtCSLD5 is expressed in flowers and young, expanding leaves 
(Hamann et al. 2004). AtCSLD2 and AtCSLD3 are strongly expressed in roots 
and negatively regulated by salt stress (Hamann et al. 2004). Additionally, 
AtCSLD3 is negatively regulated by light and is apparently the only CSL 
 negatively regulated by cytokinin (Hamann et al. 2004).

Expression of a tobacco CSLD (NaCSLD1) has been observed in growing 
pollen tubes (Doblin et al. 2001). The enzyme was proposed to function as a 
tip-growth specific cellulose synthase; however, root hairs, another tip-growing 
system, were not analyzed and no biochemical evidence for such a functional 
assignment was reported. NaCSLD1is an apparent ortholog of  AtCSLD4 
(Doblin et al. 2001). Unfortunately, because of the incomplete information 
available for the tobacco genome, it is not currently possible to assess this assign-
ment. The only mutant allele of a CSLD family member so far reported is kojak 
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(kjk), an allele of AtCSLD3 exhibiting a defect in root hair formation (Favery 
et al. 2001). Northern and DNA chip analyses indicate that expression of the 
Arabidopsis CSLD3 gene is not restricted to tip-growing cells (Favery et al. 2001; 
Hamann et al. 2004).

Of all the CESA/CSL superfamily members, the CSLA and CSLC genes are 
the most divergent from the CESA genes (Richmond and Somerville 2000). 
The predicted protein sequences of CSLA and CSLC family members in Arabi-
dopsis exhibit some interesting features. Whereas, the CESA proteins and most 
other members of the other CSL families possess eight putative transmembrane 
domains, two in the N-terminus and six clustered in the C-terminus, most of 
the AtCSLA and AtCSLC proteins exhibit only four to five C-terminal trans-
membrane domains, respectively (Table 3-4). In addition, many of the AtCSLC 
predicted protein sequences contain hydrophobic regions around 50 amino 
acids C-terminal of the second putative transmembrane domain, which may 
represent two additional transmembrane domains. An additional hydrophobic 
region, located between the conserved U2 and U3 domains of the catalytic loop 
is apparent in the protein sequences of CSLA2 and CSLA9 (Table 3-4). The very 
interesting topologies of members of these two CSL families could have impor-
tant functional consequences and merit further examination. For example, if  
the hydrophobic regions represent transmembrane domains which participate in 
forming a pore through which product is extruded, is the pore structure altered 
in these two families compared to the CESA and other CSL proteins and how 
does it affect catalysis, substrate specificity, product export, and regulation by 
binding partners? If  these additional hydrophobic regions are not transmem-
brane domains, do they participate in protein–protein interactions thus spec-
ifying binding partners or are they simply involved in maintaining structural 
stability of the catalytic loops?

The CSLA and CSLC proteins exhibit basic pI values ranging from 8.3 to 
9.2 for the CSLCs and 6.5 to 9.4 for the CSLAs (Table 3-4). There is a stretch 
rich in basic amino acids between the third and fourth C-terminal transmem-
brane domains. The other CSL family members contain a short acidic loop 
and putative transmembrane domain in this region. If  the topology of  the 
enzyme is such that the catalytic loop is in the cytosol (Delmer 1999), this basic 
loop is predicted to be extracellular. Its proximity to the proposed pore formed 
by the transmembrane domains is particularly intriguing. One possible role for 
this loop is in the formation of  salt bridges with other protein partners, such 
as nonprocessive glycosyl transferases that may be involved in adding sugar 
branches. Alternatively, this loop may interact with the emerging carbohydrate 
chain, perhaps to facilitate chain extension. Hemicelluloses are mostly insoluble 
at neutral pH. A locally alkaline pH could conceivably facilitate production of  
these polymers.

Two mutations in the Arabidopsis CSLA family have been reported. A muta-
tion of CSLA9 (rat4) was isolated based on its ability to confer resistance to 
transformation by Agrobacterium tumefaciens (Zhu et al. 2003). A mutation 
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in the AtCSLA7 gene results in an embryo lethal phenotype, severely affect-
ing the pattern of cell division in the early globular stage and disrupting 
cellularization of the endosperm (Goubet et al. 2003). Pollen tube growth is also 
impaired in the mutant. AtCSLA7 is expressed strongly in flowers, in accor-
dance with a role in embryogenesis (Hamann et al. 2004). These results suggest 
that the AtCSLA7 has a nonredundant, widespread function in  Arabidopsis and 
may be particularly critical to establishing new wall placement and/or cell wall 
extension. Biochemical analysis of the walls of these mutants has not yet been 
reported.

Expression of the AtCSLA and AtCSLC genes also may indicate related func-
tionality of the enzymes in these families (Hamann et al. 2004). Both  AtCSLA9 
and AtCSLC4 are expressed throughout the plant but show especially strong 
expression in stems (Hamann et al. 2004), consistent with a role for these enzymes 
in secondary wall formation. This, in turn, might suggest a role in hemicellulose 
production.

The CSLG family represents the only proposed dicot-specific family. There are 
three CSLG genes in the Arabidopsis genome arranged in tandem on chromo-
some four. The family may be larger in other dicots. For example, Medicago trun-
culata exhibits expressed sequence tags for six CSLG family members (Richmond 
and Somerville 2001). In Arabidopsis expression of the CSLG family members 
is relatively low, with CSLG2 and CSLG3 expressed in flowers and CSLG1 and 
CSLG3 expressed in leaves. Predicted protein sequences of the AtCSLG family 
members exhibit the closest similarity with those of the CSLE family member in 
Arabidopsis and rice. Like the CESA and CSLD proteins, members of the CSLG 
family from Arabidopsis and Medicago have eight putative transmembrane 
domains (Table 3-4). The Arabidopsis proteins in TAIR are annotated  to contain 
a putative actinin-type actin binding motif  (PROSITE PS00019 signature) in the 
C-terminal region of the protein between the fourth and fifth transmembrane 
domains. Although provocative, this assignment is dubious for two reasons. 
First, analysis of the CSLG family members of Medicago indicates some loss 
of  this consensus sequence. Second, there is a second signature motif  in the 
actinin-type proteins that appears to be essential for actin binding (PROSITE 
PS00020) which is absent in the CSLG predicted proteins.

In Arabidopsis, the CSLB family represents a tightly clustered group of six 
genes. The family is apparently absent from rice although the proposed cereal 
specific CSLH family appears related (Hazen et al. 2002). Predicted proteins 
of the CSLB family show structures very similar to the CSLD proteins, with 
eight putative transmembrane domains and neutral predicted pI values. There 
are few expressed sequence tags for this family in the Arabidopsis database, 
perhaps indicating a specialized function. The family exhibits very low levels of 
expression compared to the other CSL families (Hamann et al. 2004). AtCSLB4 
appears to be preferentially expressed in seedlings, whereas AtCSLB5 is appar-
ently preferentially expressed roots (Hamann et al. 2004). Several other family 
members, AtCSLB1, AtCSLB2 and AtCSLB6, are negatively regulated by ethylene, 
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possibly indicating a role in cell expansion (Hamann et al. 2004). This is also 
supported by expression of  AtCSLB1, AtCSLB2 and AtCSLB5 which appear 
to be preferentially expressed in young, expanding leaves compared to older 
leaves (Hamann et al. 2004).

There is only one CSLE gene in Arabidopsis (Richmond and Somerville 2000). 
The rice genome apparently encodes two CSLE genes. The OsCSLE2 predicted 
protein contains an altered QXXRW domain with the sequence QILVLYKRW 
(Hazen et al. 2002). It will be interesting to see whether this protein is catalyti-
cally active. The sequences of the CSLE gene and encoded protein are sufficiently 
different from the other CESA/CSL superfamily members that the presence of 
only one copy of the gene in Arabidopsis is rather interesting. Expression of the 
CSLE gene is widespread with highest expression levels in seedlings, roots and 
older leaves (Hamann et al. 2004). The AtCSLE protein has the lowest predicted 
pI of the CSLs at 6.2. The overall topology is similar to that of the CSLB pro-
teins except for a small hydrophobic region just N-terminal of the U1 domain.

Two apparent “cereal-specific” CSL families, CSLF and CSLH have been pro-
posed. The rice CSLF family is highly related to both the CESAs and CSLDs 
(Hazen et al. 2002). Cereals produce a unique mixed-linkage glucan, which con-
tains an alternating β-1,4-glucosyl-β-1,3-glucan backbone. It is therefore tempting 
to assign the CSLF proteins to production of this polymer, although this new family 
has not yet been the subject of biochemical analyses. The CSLH family is related 
to the CSLB family. Whether the CSLF and CSLH families are truly specific to 
monocots, cereals or the rice genome, or whether they are actually members of the 
CSLD and CSLB families will become evident as more full-length sequences in 
these families become available.

A role for the CESA enzymes in cellulose biosynthesis is well established. 
However, the biochemical function of  the related CSL proteins is less certain. 
The phenotypes of  the available mutations in CSL genes are consistent with 
the hypothesis that the CSL genes have roles in cell wall synthesis. Although 
mutations in many of  the CSL genes show significant changes in the FTIR 
spectra of  cell walls (Raab, Youngs, Milne and Somerville, unpublished), it has 
not yet been possible to identify reproducible differences in the amounts of  
cell wall polysaccharides. We believe that this reflects limitations in the analyti-
cal  methods  currently available for analysis of  cell wall polysaccharide com-
position. In  addition, we consider it possible that some changes in cell wall 
 composition resulting from mutations in CSL genes may result in compensa-
tory changes in other polysaccharides that tend to obscure the direct effects of  
the mutations. 
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Abstract
The identification of genes responsible for cellulose synthesis has led to a significant 
advance in our understanding of the production of this important polymer. The iden-
tification of these genes has been possible due to the isolation of cellulose deficient 
mutants. The irregular xylem (irx) mutants of Arabidopsis are caused by a severe 
reduction in cellulose synthesis in the secondary cell wall. Three irx mutants deficient 
in secondary cell wall cellulose are the result of mutations in three different mem-
bers of the cellulose synthase catalytic subunit (CesA) gene family. The three proteins 
encoded by these genes all associate within the same membrane bound complex, and 
the presence of all three, but not their activity, is required for correct assembly and 
targeting of this complex to the plasma membrane. In wild-type plants CesA proteins 
colocalize with microtubules, however, microtubule assembly and stability appears to 
be independent of CesA protein localization. A GFP-tagged version of IRX3 has 
revealed a novel pattern of fluorescence suggesting that CesA protein localization may 
be a dynamic process in which it may be frequently removed and or/recycled from the 
plasma membrane. Another irx mutant was found to be the result of a mutation in 
the KORRIGAN gene, previously shown to be involved in primary cell wall cellulose 
synthesis. This protein does not appear to be an integral part of the cellulose synthase 
complex, and possibly acts late on in the process of cellulose synthesis.
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1 INTRODUCTION

Cellulose is an essential component of the plant primary cell wall, where it is 
considered a vital component of the load bearing network and an important 
determinant of the orientation of cell expansion. After a period of expansion 
some cell types lay down a thick secondary cell wall inside the primary wall. 
Cellulose is often the most abundant component of these plant secondary cell 
walls and can make up a large proportion of the dry weight of these walls.

Despite the importance and abundance of cellulose however, identification of 
the components of the cellulose synthesizing machinery has, until recently, been 
slow. Initial attempts to isolate components of the cellulose synthase complex 
(CSC) centered upon purifying cellulose synthase activity. However, this proved 
very difficult. This may be due to a number of factors such as the large size 
of the complex and/or the presence of labile cofactors. In addition, there are 
problems associated with assaying activity, which have resulted in only low levels 
of cellulose synthase activity in preparations that also contain very high levels of 
callose synthase activity (Kudlicka et al. 1995; Kudlicka and Brown, Jr. 1997). 
A recent study has reported high levels of cellulose synthesis in vitro from a 
solubilized microsome preparation from blackberry cell lines. While this method 
has been important in demonstrating cellulose synthase activity under relatively 
simple conditions, it is reported that these conditions are not suitable for assay-
ing  cellulose synthesis in Arabidopsis (Lai-Kee-Him et al. 2002) and does not 
involve purification of the complex.

Alternative approaches searching for genes demonstrating sequence similarity 
to genes involved in bacterial cellulose synthesis initially proved equally slow. It 
was not until 1996 that the first gene showing limited homology to these genes 
was identified from cotton (Pear et al. 1996).

Subsequent genetic approaches using the model plant Arabidopsis thaliana 
has led to the identification of several genes essential for cellulose synthesis.

2 irx MUTANT ISOLATION AND CHARACTERIZATION

A series of mutants were isolated from a screen involving the microscopic examina-
tion of cross sections of stems from a chemically mutagenized population. These 
mutations, termed irregular xylem (irx1 to irx5), caused a collapse of mature xylem 
cells in the inflorescence stems of Arabidopsis (Turner and Somerville 1997; Taylor 
et al. 2003) (Figure 4-1). This collapse of the xylem vessels is thought to be due to 
a weakness in the secondary cell wall of the xylem cells which results in them being 
unable to withstand the negative pressure generated during water transport up the 
stem. Consequently, such mutants should identify components that are essential 
for maintaining the physical properties of the xylem secondary cell wall. Although 
most frequently and conveniently studied in stems, the collapsed xylem phenotype 
was also seen in mature hypocotyls and in the primary root and petioles. In general 
the irx mutants otherwise appear little different to wild-type, though they may 
appear slightly smaller, darker green and with narrower leaves than the wild-type. 
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One of the irx mutants (irx4) is attributed to a defect in the lignin biosynthesis 
gene cinnamoyl CoA reductase (Jones et al. 2001).

Analysis of the cell wall composition of the other 4 mutants (irx1,2,3 and 5) 
revealed that the only significant difference was a severe reduction in the amount 
of cellulose in the stems. Each mutant contains approximately a third the amount of 
cellulose of wild-type (Turner and Somerville 1997; Taylor et al. 2003). There are 
little if  any changes in other components of the wall such as non-cellulose poly-
saccharides and phenolics (Turner and Somerville 1997). Furthermore, there was 
little, if  any, change in cellulose content of the leaves. Together this data  suggests 
that the mutants were caused by a specific reduction in cellulose synthesis in the 
secondary cell walls.

3 THREE CesAs ARE REQUIRED FOR SECONDARY CELL WALL 
CELLULOSE SYNTHESIS

Cloning the genes affected in irx1, irx3 and irx5 revealed all three mutations 
to be in different members of the cellulose synthase (CesA) gene family,  showing 
high levels of homology to the previously identified cotton gene (Taylor et al. 1999; 

Figure 4-1. Irregular xylem phenotype. Toluidine blue stained sections of Arabidopsis vascular 
 bundles from wild-type (a) and irx1-1 (b)
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Taylor et al. 2000; Taylor et al. 2003). There are 10 members of the CesA gene 
family in Arabidopsis. Using the now accepted nomenclature for these genes, 
IRX1 corresponds to AtCesA8, IRX3 corresponds to AtCesA7 and IRX5 cor-
responds to AtCesA4. It is clear from microscopic studies that the phenotype 
of the xylem vessels in these three mutants is indistinguishable (Turner and 
 Somerville 1997; Taylor et al. 2000; Taylor et al. 2003). This, along with the 
fact that all three mutants have approximately a third of the cellulose of wild-
type, indicates that these three genes are not redundant, and that they are active 
in the same cells. Tissue printing with antibodies specific to each of the three 
proteins revealed the presence of all three within the same cells (Turner and 
Somerville 1997; Taylor et al. 2003). Since all three proteins appeared to be 
required in the same cells, it was important to determine whether they interacted 
directly in the same protein complex. An epitope tag, consisting of the recognition 
sequence for a highly specific monoclonal antibody (RGSHHHH) and a hexa-
histidine sequence, was inserted at the amino terminus of the IRX3 gene. This 
epitope tagged IRX3 was then transformed into irx3-1 plants, which lack IRX3 
protein, and found to complement the mutation, confirming that the epitope tag 
had no effect on the function of the enzyme (Taylor et al. 2000).

In order to determine whether these three proteins were associated, detergent 
solubilized extracts from tagged IRX3 plants were bound to nickel resin to purify 
the tagged IRX3. A large proportion of the IRX3 bound to the resin, and was 
specifically eluted by increasing the imidazole concentration, consistent with the 
binding being due to the hexahistidine sequence. IRX1 and IRX5 were found to 
follow almost identical patterns of binding. Binding of these proteins was abso-
lutely dependent on the presence of the histidine tagged IRX3, and other plasma 
membrane proteins did not bind to the resin demonstrating specific interactions 
between IRX3, IRX1 and IRX5 (Taylor et al. 2003).

4 FUNCTION OF MULTIPLE CesA PROTEINS 
DURING  CELLULOSE SYNTHESIS

Three possibilities would explain the requirement for multiple CesA proteins: 
different CesA proteins assemble into separate complexes containing only a 
single type of CesA protein; different CesA proteins are randomly assembled 
dependent upon what subunits are available; or that the presence of three dis-
tinct CesA proteins is required for ordered assembly of the cellulose synthase 
complex. The first explanation does not fit the data described. Detailed analysis 
of irx3-1 plants suggest that they have no cellulose in the secondary cell wall. 
If  IRX1 and IRX5 were able to function independently from IRX3, they would 
still be able to synthesize at least some cellulose. Furthermore, the coprecipitation 
experiment described above suggest that IRX1, 3 and 5 all associate as part of 
the same complex which is clearly inconsistent with this idea. In order to distin-
guish the last two possibilities experiments were carried out using alleles in which 
one of the CesA proteins is missing. The idea is illustrated  diagrammatically in 
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Figure 4-2a. In an irx5-1 mutant the IRX5 protein is undetectable (Taylor et al. 
2003). If  the proteins randomly associate then IRX1 and IRX3 should still be 
able to form a complex (Figure 4-2a top). Immunoprecipitation using antibod-
ies specific to each protein was used to investigate the interaction between these 
subunits in different mutant backgrounds. In wild-type, each of the antibodies is 
capable of precipitating all three proteins, consistent with them interacting in the 
same protein complex. In irx5-1 plants, however, where there is no IRX5 protein, 
the IRX1 antibody no longer precipitated IRX3, and the IRX3 antibody no 
longer precipitated IRX1. This suggests that the presence of all three proteins 

Figure 4-2. Organization of CesA proteins in the cellulose synthase complex. Diagram to illustrate 
the effect of different mutations on a model of the cellulose synthase complex. The wild-type com-
plex is arbitrarily drawn as a hexameric structure with each lobe containing 6 CesA polypeptides, 
IRX1, IRX3 and IRX5 subunits are represented by black, grey, and white fi ll respectively. (a) The 
two possibilities represent IRX1, IRX3, and IRX5 assembled in either a random (top) or ordered 
(bottom) manner. If  the assembly was random in an irx5-1 mutant IRX1 and IRX3 would still as-
sociate into a functional complex (top) whereas the experimental data supports the ordered assembly 
(bottom), since in the absence of IRX5, IRX1, and IRX3 no longer associate. (b) In irx1-1 mutants 
IRX1 subunits are represented by hashed shading to indicate the fact that the subunit is present, but 
 considered not to function
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is required for the correct assembly of the cellulose synthase complex. In the 
absence of any of the three CesA proteins the remaining subunits are no longer 
able to associate (Figure 4-2a bottom).

While the above experiments suggest that all three proteins are required for 
assembly of the complex they do not address whether the activity of all three 
proteins is required. The irx1-1 allele is caused by a point mutation that alters a 
highly conserved aspartate residue believed to be absolutely essential to  catalysis. 
The resulting protein is presumed to have no catalytic activity (Taylor et al. 
2000), though there are comparable amounts of the mutant protein present com-
pared to wild-type. Co-immunoprecipitation experiments from irx1-1 extracts 
showed that antibodies specifically recognizing IRX3 and IRX5 are capable of 
preci pitating IRX1 in a manner identical to that in wild-type (Taylor et al. 2003). 
Thus it appears that the presence, but not the activity, of all three proteins is 
essential for their correct assembly into a complex (Figure 4-2b).

Compared to irx3-1 or irx5-1, irx1-1 plants contain a smaller reduction in 
the amounts of cellulose in the secondary cell wall, despite the fact that IRX1 
subunits are unlikely to be active. One possible explanation for this observation 
is that IRX3 and IRX5 are able to make some cellulose even in the absence of 
an active IRX1 subunit. If  this idea is correct and IRX1, IRX3 and IRX5 all 
carry out a similar function within the cellulose synthase complex the prediction 
is that irx1-1 plants will make abnormal cellulose with each cellulose synthase 
complex making fewer β(1-4)-glucose chains than in the wild-type.

5 LOCALIZATION OF CesA PROTEINS

In developing xylem vessels bands of microtubules mark the sites of  secondary 
cell wall deposition. The Arabidopsis root is a convenient system for  studying 
vessel development since protoxylem initiates in a predictable manner just 
behind the root apical meristem. In the youngest vessels in which IRX3 staining 
is detectable the protein appears dispersed within the cell and the micro tubules 
exhibit no easily discernable pattern. As the vessels mature, microtubules become 
localized in bands at the plasma membrane, and some IRX3 staining becomes 
associated with these bands. At late stages of  xylem development most of  the 
IRX3 staining colocalizes with the microtubule bands and little is present in the 
cell (Figure 4-3). IRX1 and IRX5 also show this pattern of  localization in 
developing xylem vessels (Gardiner et al. 2003).

In irx3-1 or irx5-1 plants that lack one of the CesA subunits the remaining 
two subunits do not localize to the plasma membrane. The remaining subunits 
appear to be retained within the cell, possibly within the endoplasmic reticulum. 
In plants containing an inactive form of one of the enzymes however (irx1-1), all 
three subunits are localized to the plasma membrane, indicating that the presence, 
but not the activity, of all three proteins is required for correct targeting to the 
plasma membrane (Gardiner et al. 2003) supporting the  immunoprecipitation 
experiments outlined above.
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These experiments demonstrate that in developing xylem microtubules and 
microfibrils appear to localize independently. For example, in irx3-1 or irx5-1 
plants one of the subunits is missing and the two remaining subunits no longer 
localize to the plasma membrane. The pattern of microtubule banding, however, 
appears unaltered. This is in contrast to the result of (Fisher and Cyr 1998) who 
worked with cellulose synthesis inhibitors and suggested that cellulose synthesis 
was a requirement for normal microtubule organization.

Insertion of GFP close the amino terminus of IRX3 does not appear to alter 
the function of the protein since it is still able to complement the irx3-1 muta-
tion. Furthermore, localization of the IRX3:GFP as well as IRX1 and IRX5 
all appears to be normal in these complemented plants (Gardiner et al. 2003). 
Analysis of GFP fluorescence with time revealed a very dynamic pattern of dis-
tribution. Generally, levels of GFP fluorescence are low and in a banded pat-
tern, apart from localized regions of bright fluorescence. These region of bright 
fluorescence appear to correspond to a transient increase in fluorescence of the 
IRX3:GFP that is presumed to result from an alteration in the local environment 
of the fusion protein. One possible explanation is that the CesA proteins are con-
stantly being removed and reinserted into the plasma membrane by a specialized 
organelle. Whether this proves to be the case awaits further analysis.

Figure 4-3. Colocalization of IRX3 with microtubules. Projection of a series of images obtained 
from confocal microscopy from immunolabeling on developing xylem. The orange colour represents 
the colocalization of IRX3 (red) with the cortical microtubules (green) (See Color Plate of this fi gure 
beginning on page 355)
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6 CONSERVATION OF CesA PROTEIN FUNCTION 
IN OTHER SPECIES

In order for information gained from studying Arabidopsis to be of use to industry 
it is important to establish that mechanisms of cellulose synthesis are  conserved 
between Arabidopsis and commercially important species such as crop plants and 
trees. Studies on CesA genes in rice represent a powerful example of how well 
the mechanism of cellulose synthesis is conserved between diverse species. Three 
 brittle-culm mutants of rice are the result of mutations in the rice orthologues of 
AtCesA4, 7 and 8 (Tanaka et al. 2003). This result suggests that in secondary cell 
walls a very similar mechanism of both cellulose synthesis and rosette  organization 
is conserved between rice and Arabidopsis.

A series of studies on both poplar and pine suggest that multiple CesA pro-
teins are required in the secondary cell wall during wood formation (Kalluri and 
Joshi 2003; Djerbi et al. 2004; Kalluri and Joshi 2004; Liang and Joshi 2004; 
Nairn and Haselkorn 2005). Further information on this topic may be found 
elsewhere in this issue.

7 OTHER irx GENES REQUIRED FOR SECONDARY 
CELL WALL FORMATION

The kor mutation was originally isolated on the basis of its elongation defect and 
subsequently was described as a cell-plate specific endoglucanase (Nicol et al. 
1998; Zuo et al. 2000). The demonstration, however, that the cellulose  deficient 
mutants acw1 and rsw2 are also alleles of kor suggest a role for this gene in cel-
lulose biosynthesis. Map-based cloning of the mutation in irx2 revealed that 
this too was an allele of korrigan (Szyjanowicz et al. 2004). In contrast to the 
kor alleles described above, however, both irx2 alleles grow relatively normally. 
They do not appear to exhibit any of the elongation, radial swelling, or cell plate 
phenotype that have previously been described for other alleles of kor.

In addition to the fact that irx2 alleles demonstrate no obvious visible pri-
mary cell wall phenotype, FTIR analysis also suggests that the primary cell 
walls of  irx2 plants contain normal amounts of  cellulose. It is currently unclear 
why the two irx2 alleles are specific to the secondary cell wall. Both mutations 
occur in highly conserved proline residues that are conserved in all 25 Arabi-
dopsis endoglucanases as well as endoglucanases from a variety of  fungi and 
bacteria. One possibility is that these mutations are very weak, and that the 
reduced activity of  the mutated protein is sufficient to cope with the demands 
of  primary cell wall cellulose synthesis, but is not sufficient for the rapid syn-
thesis of  cellulose in the secondary cell wall. An alternative explanation for 
why irx2-1 and irx2-2 only affects the secondary cell wall arises if  KOR is 
part of  a large protein complex. The single amino changes found in kor alleles 
such as rsw2-1, rsw2-4 and rsw2-2/acw1 are predicted to occur on the surface 
of  the protein (Molhoj et al. 2002) and may well affect the ability of  KOR to 
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form a complex. It is possible that plants may be more sensitive to mutations 
that affect the assembly of  a protein complex than they are to mutations that 
reduce the catalytic activity of  KOR. Whether this hypothesis is correct should 
be resolved once the protein complex containing KOR has been purified and 
characterized.

The function of KOR remains unclear. One suggestion is that it cleaves off  
glucose residues from a lipid-linked intermediate at the plasma membrane (Peng 
et al. 2002). Both coprecipitation experiments and localization studies suggest 
that KOR does not associate with the cellulose synthase complex at the plasma 
membrane. Using the histidine-tagged IRX3 described above and under condi-
tions in which IRX1 is coprecipitated, KOR/IRX2 does not coprecipitate. Fur-
thermore, in reciprocal experiments using a histidine tagged IRX2 no IRX3 is 
coprecipitated (Szyjanowicz et al. 2004). IRX2 localizes to the plasma mem-
brane in developing xylem but the colocalization with microtubules is relatively 
poor compared to that of IRX3 (Szyjanowicz et al. 2004). The fact that KOR 
and IRX3 do not appear to associate, and the lack of colocalization between the 
two proteins, is hard to reconcile with the model proposed by (Peng et al. 2002) 
in which the cellulose synthase complex would incorporate the sugars released 
by KOR into the growing cellulose chains. In irx2-1 plants the cells in the inter-
fascicular region contain cell wall thickenings in the corners of the cells (Turner 
and Somerville 1997), the earliest sites of cell wall deposition (Altamura et al. 
2001). This suggests that IRX2/KOR may be involved in a later stage of cellulose 
synthesis.

8 IDENTIFYING NOVEL GENES REQUIRED FOR SECONDARY 
CELL WALL FORMATION USING EXPRESSION PROFILING

Several excellent studies have demonstrated the power of  using microarrays to 
study gene expression during secondary cell wall formation. Two recent  studies 
have demonstrated the utility of  exploiting the near genome wide  Arabidopsis 
microarray that is currently available to identify genes expressed during 
 secondary cell wall formation. Brown et al. (2005) used both custom and pub-
licly  available microarray data to identify genes co-expressed with IRX3, while 
Persson et al. (2005) used publicly available data to examine the expression of  
both the primary wall CesA genes (CesA1,3 and 6) and the secondary cell wall 
CesA genes (IRX1,3 and 5). While at least 7 novel irx mutations were identi-
fied only one appeared to result in a dramatic reduction in cellulose synthesis 
(Brown et al. 2005). This mutation was identified as a result of  a mutation in 
the COBRA-LIKE4 (CBL4) gene. Interestingly the orthologue of  this gene had 
been previously identified in rice as being required for cellulose synthesis in 
the secondary cell wall (Tanaka et al. 2003). The function of  the COBRA gene 
is the subject of  an interesting debate. In the primary cell wall is suggested to 
be required for organization of  cellulose microfibril orientation (Roudier et al. 
2005). The argument is a classic “chicken and the egg”: does an alteration in 
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cellulose microfibril orientation lead to a decrease in cellulose or do decreases 
in cellulose synthesis caused by CBL defects result in altered cellulose 
 microfibril deposition. In the secondary cell wall, however, it is clear that 
defects in CBL4 results in severe reductions in cellulose synthesis (Brown et 
al. 2005). Such a large defect is hard to explain by alterations in cellulose 
 orientation alone.

9 ALTERNATIVE APPROACHES TO STUDYING CELLULOSE 
 SYNTHESIS IN THE SECONDARY CELL WALL

Studies on mutants affecting cellulose synthesis in the primary cell wall have also 
led to the idea that three catalytic subunits are required for cellulose synthesis in 
these cell types. These genes are different from those required in the secondary 
cell wall (Arioli et al. 1998; Fagard et al. 2000; Scheible et al. 2001). Work on the 
rsw1 mutant of Arabidopsis demonstrates that in addition to their catalytic func-
tion, CesA proteins are also essential for determining rosette structure. rsw1-1 
is caused by a comparatively small amino acid change (Ala to Val) in AtCesA1, 
yet at the restrictive temperature the hexameric rosettes are replaced by smaller 
structures (Arioli et al. 1998).

While it is clear that CesA proteins are integral parts of  the CSC, the function 
of  other genes isolated on the basis of  their cellulose deficient phenotype is 
less clear. The cellulose deficient mutants acw1, rsw2 and irx2 are all alleles of  
korrigan. This mutant was originally isolated on the basis of  its elongation 
defect, and is affected in the gene encoding a membrane bound endo-β(1-4)-
glucanase. There is, however, no direct evidence that this protein is part of  
the cellulose synthase complex. Mutation of  a gene encoding a novel plasma 
membrane protein of  unknown function (Pagant et al. 2002), also causes a 
cellulose deficient phenotype, but its function remains unclear. The problems 
in identifying genes involved directly in cellulose synthesis are highlighted by 
work on cyt1, rsw3 and knf mutants (Lukowitz et al. 2001; Burn et al. 2002; 
Gillmor et al. 2002). All mutants exhibit a severe phenotype consistent with 
a dramatic reduction in cellulose content. The defects are caused by muta-
tions in genes exhibiting homology to mannose-1-phosphate guanyltransfer-
ase, glycosidase I and glycosidase II respectively. These enzymes are part of  
an essential pathway that processes carbohydrates during the assembly and 
folding of  membrane proteins in the endoplasmic reticulum. So although 
a genetic approach has been successful in identifying candidates genes that 
may be involved in cellulose synthesis, it has become increasingly hard to 
distinguish those core components that are absolutely required for cellulose 
synthesis by the cellulose synthase complex from other components that are 
required for protein complex assembly or other general housekeeping func-
tions within the cell. In order to distinguish those proteins directly involved in 
cellulose synthesis it will be necessary to purify the intact cellulose  synthase 
complex.
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Despite the problems associated with purifying the cellulose synthase complex 
and retaining high activity the isolation of several integral components of the com-
plex has provided a number of tools to effect this purification. Epitope tagging is a 
method that is now widely used to facilitate the purification of protein complexes. 
The success of the is approach has been demonstrated by studies demonstrating the 
purification of several hundred protein complexes from yeast following the addition 
of FLAG (Ho et al. 2002) or TAP (Gavin et al. 2002) tag. Importantly, the method 
is applicable to both soluble and membrane bound complexes (Gavin et al. 2002). 
A functional epitope tagged version of IRX3 has been made and progress has been 
made in its use to purify the cellulose synthase complex (Taylor et al. 2004).

10 CONCLUSIONS

The isolation of mutants deficient in secondary cell wall cellulose synthesis has 
led to the identification of a number of genes essential for cellulose production. 
The identification of these genes and the discovery that three CesA proteins 
are involved in the same protein complex has answered some of the questions 
regarding the complexity of the cellulose synthase complex. That fact that all 
three proteins are required for the correct assembly and targeting of the com-
plex to the plasma membrane will allow us to further dissect the roles of these 
and other proteins in cellulose synthesis. In addition, the identification of a pro-
tein that is involved in both primary and secondary cell wall cellulose synthesis 
may allow us to identify other common components between the primary and 
secondary cell wall cellulose synthesizing machinery.
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CHAPTER 5

FROM CELLULOSE TO MECHANICAL STRENGTH: 
CARBON FLUX AND RELATIONSHIP OF THE 
 CELLULOSE SYNTHASE GENES TO DRY 
MATTER ACCUMULATION IN MAIZE

ROBERTO BARREIRO AND KANWARPAL S. DHUGGA*

Crop Genetics Research and Development
Pioneer Hi-Bred International, Inc., a DuPont Company, 7300 NW 62nd Avenue, P.O. Box 1004, 
Johnston, IA 50131

Abstract
Stalk strength in maize is primarily determined by the amount of cellulose in a unit 
length of the internode. An increase in cellulose concentration of the cell wall, aside 
from allowing simultaneous improvements in stalk strength and harvest index, will in-
crease the value of stover as a feedstock for ethanol production. Sucrose synthase makes 
UDP-glucose, substrate for cellulose formation, from uridine diphosphate (UDP) and 
sucrose whereby it conserves the energy of the glycosidic bond. The alternative route 
of UDP-glucose formation through UDP-glucose pyrophosphorylase, in contrast, con-
sumes two equivalents of uridine triphosphate (UTP), making it an energy-intensive 
process. In vivo, the reaction catalyzed by sucrose synthase operates in the direction of  
UDP-glucose formation because of  deviation of  the relationship between mass 
action ratio (in vivo ratio of products to substrates) and Keq from unity. A reduction in 
the amount of enzyme could be compensated by this mechanism without affecting the 
magnitude of net flux. Since cellulose is crystallized into microfibrils immediately after 
synthesis, the reaction of cellulose synthase is considered to be far from equilibrium. 
Cellulose synthase may thus exert considerable control on carbon flux into cellulose. 
We isolated 12 members of the CesA gene family from maize. Upon phylogenetic analy-
sis, three of the maize CesA genes, ZmCesA10-12, clustered with the Arabidopsis CesA 
sequences that had previously been shown to be involved in secondary wall formation. 
These three genes were coordinately expressed across multiple tissues, suggesting that 
they might interact with each other to form a functional cellulose synthase complex. 
Isolation of the expressed CesA genes from maize and their association with primary or 
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secondary wall formation has made it possible to test their respective roles in cellulose 
synthesis in different cell types through association genetics, mutational genetics, or a 
transgenic approach. This information would be useful in improving stalk strength in 
cereals.

Keywords
cellulose synthase, cell wall, CesA, flexural strength, flux control analysis, gene expres-
sion profiling, MPSS, phylogeny, secondary wall, stalk lodging, vascular bundles.

Abbreviations
cellulose synthase (CesA), expressed sequence tag (EST), irregular xylem(Irx), 
 massively parallel signature sequencing (MPSS), weight (wt.).

1 INTRODUCTION

Cellulose is the major wall constituent in the supporting tissues of mature plant 
cells. The paracrystalline structure of cellulose, that results from energy mini-
mization by the formation of inter- and intrachain hydrogen bonds, makes it 
mechanically the strongest known organic molecule on density basis (Niklas 
1992). It is natural then that cellulose is the primary determinant of strength in 
structural tissues.

Stalk lodging, which results from mechanical failure of the stalk tissue anywhere 
below the ear node before harvest, results in significant yield losses in maize (Duvick 
and Cassman 1999). Lodging, also a problem in other cereal crops, is influenced by 
morphological traits as well as environmental conditions. An indicator of dry matter 
partitioning efficiency is harvest index, the ratio of the grain to the total aboveg-
round biomass. Introduction of dwarfing genes into small grain cereals allowed for 
substantial increases in their harvest indices (Sinclair 1998). Dwarfing also made 
them less likely to lodge mainly by reducing torque on the top-heavy straw. This 
architectural alteration allowed for higher fertilizer inputs, resulting in increased bio-
mass and thus grain production. In contrast, harvest index in maize has remained 
essentially unchanged at ~ 50% in the modern hybrids when compared with the older 
varieties (Russell 1985; Tollenaar and Wu 1999). Yield improvements in maize have 
thus been realized primarily from the increases in total biomass per unit land area. 
Most of the biomass increase has resulted from increased planting density although 
some can also be attributed to an increase in plant height. With increasing planting 
density, maize stalks become mechanically weaker and thus susceptible to lodging 
because of the resulting reduction in individual plant mass.

Identification of chemical constituents that contribute to mechanical strength 
and the corresponding molecular mechanisms responsible for their formation 
are prerequisite steps toward using the tools of genetic engineering to reduce 
the incidence of lodging in cereal crops. The biochemical approach was only 
partially successful in the isolation of polysaccharide synthases (Dhugga and 
Ray 1994, Dhugga 2005). In comparison, genomic technologies made it easier 
to  isolate the gene families that affect cell wall formation and to associate their 
 expression patterns with different tissues in the plant (Delmer 1999; Holland 
et al. 2000; Dhugga 2001; Richmond and Somerville 2001). This review will cover 
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the role of cellulose in stalk strength, flux of carbon into cellulose through cel-
lulose synthases (CesA), alteration of cellulose formation in plants, and the roles 
different members of the CesA gene family from maize play in cellulose synthesis 
in different cell types as inferred from expression profiling.

2 ROLE OF CELLULOSE IN STALK STRENGTH

Dry matter in a unit length of the maize stalk explained approximately half  of 
the variation in mechanical strength (Appenzeller et al. 2004). Structural dry 
matter, which was derived by removing the soluble contents from the total dry matter, 
accounted for approximately 80% of the mechanical strength and was thus a 
superior indicator of strength than total dry matter. A still greater proportion of 
the internodal flexural strength (85%) was explained when only cellulose content 
in a unit length of the stalk was considered. This finding is consistent with cellu-
lose being the most abundant and strongest constituent of the cell wall, making 
up ~ 50% of the total dry matter in a mature corn stalk.

These results suggest that one of the avenues to improve mechanical strength 
of the maize stalk is to increase cellulose concentration in existing dry matter. 
Conversion of other polysaccharides and free sugars into cellulose is bioenerget-
ically neutral so is not expected to adversely affect plant performance  (Sinclair 
and de Wit 1975). CesA genes offer a suitable target for a biotechnological 
approach to accomplish this objective.

3 CARBON FLUX THROUGH CELLULOSE SYNTHASE

Kinetic information on cellulose synthesis is scarce in the literature. The in vitro 
studies reported are limited almost exclusively to experimental systems, such as 
bacteria and elongating cotton and flax fibers (Aloni et al. 1982; Delmer et al. 
1993; Li et al. 1993). Li et al. (1993), analyzing cellulose synthase activity in cot-
ton fibers, reported the Km and Vmax for UDP-glucose to be respectively 0.4 mM 
and 2.8 nmol • min−1 • mg protein−1. If  cellulose synthase exhibits similar proper-
ties in vivo then it must operate under substrate-saturated conditions since the 
concentration of UDP-glucose in the cytosol is 1–3 mM (Dancer et al. 1990; 
Krause and Stitt 1992; Winter et al. 1993, 1994).

True estimates of Vmax for cellulose synthase, however, are still problematic. 
Delmer (1993, personal communications), for example, has noted that the rates 
for cellulose synthesis in vitro reported by Li et al. (1993) were no more than 5% 
of those occurring in vivo during primary wall synthesis.

An estimate of the carbon flux into cellulose could also be drawn based on 
an average value of net primary productivity (NPP) for crops, which can also be 
expressed on a leaf area basis. According to Leopold and Kriedemann (1975), 
a reasonable growth rate for sunflower leaves could be ~85 g dry wt•m−2•week−1. 
For maize, an average NPP value calculated from results published by Uhart 
and Andrade (1995) resulted in ~56 g dry wt•m−2•week−1. Averaging these two 
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figures and converting the units, the rate of dry matter deposition would amount  
to approximately 698 ng dry wt•cm−2•min−1. Considering that cellulose consti-
tutes one third of the primary cell wall, approximately 30% of the increase in 
dry weight during growth would result from carbon allocation into the cellulose 
fraction of cell walls. This increase in dry mass can be expressed on a fresh weight 
basis by using an average value for specific leaf weight for maize of 0.009 g fresh 
wt•cm−2 (Barreiro 1999). Therefore, the rate of cellulose deposition in maize 
leaves expressed on a fresh weight basis would be approximately 160 nmoles 
of  glucosyl units•g fresh wt−1•min−1. Flux through cellulose synthase measured 
in vivo in our lab using maize coleoptiles fed with radiolabeled sucrose at 30°C 
was 118 ± 37 nmoles of glucose•g−1 fresh wt•min−1 (N = 21) (Barreiro, unpub-
lished). These results should be interpreted with caution since the accuracy of 
fluxes measured in vivo using radiolabeled substrates is limited by the estimation 
of the specific radioactivity within the enzyme microenvironment. However, these 
rates, estimated from NPP values or measured in vivo, were also consistent with 
fluxes ranging from 51 to 213 nmoles of glucose equivalents incorporated•g−1 
fresh wt•min−1 obtained with simulations using a formal model incorporating 
complex kinetic equations and metabolic parameters determined experimentally 
(Barreiro 1999).

Sensitivity analyses run with a mathematical model in which simulated carbon 
fluxes through cellulose synthase are contrasted to changes in Vf (limiting  velocity 
in the direction of cellulose synthesis), indicate that fluxes are linear with respect 
to Vf as expected for a condition in which the median substrate  concentration 
is saturating (Barreiro 1999). According to these simulations, increases in the 
expression of  cellulose synthases should correlate linearly with increases in 
cellulose production, providing that the substrate pool remains saturating at 
the steady state. Moreover, in reactions where the mass action ratio is far from 
the ratio of products to substrates in equilibrium, i.e., when the change in actual 
free energy of the reaction is different from zero, the flux is affected primarily 
by the enzymatic rate and not by the concentration of metabolites. Cellulose 
synthase is a multi-protein complex, however, and simultaneous up-regulation 
of genes encoding non-CesA complex members may be required for improved 
flux of carbon into cellulose.

4 ALTERATION OF CELLULOSE FORMATION IN PLANTS

In addition to its role as the primary determinant of  tissue strength, a trait 
that is of  significant interest in agriculture, cellulose constitutes the most 
abundant renewable energy resource on Earth. More than 200 million metric 
tons of  stover is produced just from maize in the USA every year. About one-
third of  this could potentially be utilized for ethanol production (Kadam and 
McMillan 2003). The worldwide production of  lignocellulosic wastes from 
cereal stover and straw is estimated to be ~3 billion tons per year (Kuhad 
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and Singh 1993). An increase in cellulose and reduction in lignin contents in the 
stover material is considered to be beneficial for ethanol production in bio-
refineries. Lignin is also a target for reduction because it is an undesirable 
constituent for silage digestibility and the paper industry (Hu et al. 1999; 
Li et al. 2003a).

Availability of the first plant CesA gene, which was isolated by sequencing 
only a few hundreds of the expressed sequence tags (EST) from developing cot-
ton fibers at a stage when secondary wall was being deposited at a rapid rate 
(Pear et al. 1996), facilitated the isolation of similar sequences from other spe-
cies based on homology, including a weakly related set of genes that was termed 
cellulose synthase-like (Csl) (Holland et al. 2000; Richmond and Somerville 
2000; Wu et al. 2000; Hazen et al. 2002). Multiple copies of CesA have been 
identified in every plant species investigated. The CesA genes are believed to 
encode the catalytic subunits of the rosette, also referred to as terminal complex 
that is located in the plasma membrane (Kimura et al. 1999).

Characterization of several cellulose-deficient mutants of Arabidopsis allowed 
the isolation of a number of genes that affect cellulose synthesis. Some of these 
genes turned out to be members of the CesA gene family (Turner and Somerville 
1997; Arioli et al. 1998; Taylor et al. 1999, 2000; Fagard et al. 2000; Desprez 
et al. 2002; Ellis et al. 2002; Cano-Delgado et al. 2003). Others encoded proteins 
for N-glycan synthesis and processing (Boisson et al. 2001; Lukowitz et al. 2001; 
Burn et al. 2002; Gillmor et al. 2002), a membrane-anchored β-1,4-endoglucanase, 
Korrigan (Nicol et al. 1998), a membrane-anchored protein of  unknown 
function that might be a part of the cellulose synthase complex, Kobito (Pagant 
et al. 2002), and Cobra, a putative GPI-anchored protein, which upon being 
inactivated, dramatically reduced culm strength in rice (Li et al. 2003b). These 
genes encode proteins with diverse functions that influence cellulose synthesis 
either directly or indirectly. Precise functions of these proteins remain unknown, 
however.

Mutations in some of  the CesA genes involved in primary wall formation 
caused severely altered phenotypes, which was expected given the role of  pri-
mary walls in cell expansion starting early in development (Arioli et al. 1998; 
Fagard et al. 2000; Beeckman et al. 2002; Ellis et al. 2002). The mutant CesA 
genes involved in secondary wall formation affected the visual phenotype only 
slightly but caused a reduction in cellulose concentration in xylem cells, which 
was reflected in the diminished mechanical strength of  the stem tissue (Turner 
and Somerville 1997; Taylor et al. 1999, 2000, 2003; Tanaka et al. 2003; Zhong 
et al. 2003).

Korrigan was originally identified as an extremely dwarf mutant with a lesion 
in a plasma membrane-associated β-1,4-endoglucanase (Nicol et al. 1998). The 
Korrigan protein is believed to be involved in the cellulose synthase complex that 
functions during primary or secondary wall formation (Nicol et al. 1998; Molhoj 
et al. 2002; Szyjanowicz et al. 2004). Its exact function remains to be determined 
although given its relationship to the cellulase type of hydrolases, it has been 
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postulated to play a role in terminating or editing the glucan chains emerging 
from the cellulose synthase complex before their crystallization into a cellulose 
microfibril (Matthysse et al. 1995; Nicol et al. 1998; Delmer 1999). Alternatively, 
it could cleave sterol from the sterol-glucoside primer that has been reported 
to initiate glucan chain formation for subsequent extension by the plant CesA 
complex (Molhoj et al. 2002; Peng et al. 2002). However, recent evidence does 
not support this role (Scheible and Pauly 2004).

Alteration of  cellulose production in economically important plants using 
a transgenic approach has been the subject of  only a few studies (Hu et al. 
1999; Tang and Sturm 1999; Levy et al. 2002; Li et al. 2003a). An antisense 
approach used to reduce lignin content was reported to increase the propor-
tion of   cellulose in aspen stem wood (Hu et al. 1999; Li et al. 2003a). Aside 
from the fact that some of  the apparent increase in cellulose level could be 
explained by the compensatory effects of  nonlignin wall constituents, the esti-
mate for cellulose concentration was derived from sugar composition and not 
from direct measurements of  its crystalline form, making it difficult to discern 
the compounding effect of  glucose present in other forms, such as free sugars. 
An interaction between cellulose and lignin deposition has also been recog-
nized in Arabidopsis and rice. The eli1-1 and eli1-2 mutants, defective in the 
AtCesA3 gene, had reduced levels of  cellulose and showed aberrant deposition 
of  lignin in cells that do not normally become lignified (Cano-Delgado et al. 
2000, 2003). Ectopic lignification was also observed in other mutants such as 
the AtCesA1 mutant rsw1-1 and lion’s-tail (Hauser et al. 1995), or defective in 
Korrigan (Cano-Delgado et al. 2000).

5 MASS ACTION AND METABOLIC CONTROL

Sucrose synthase (SuSy) provides another potential pathway for controlling 
cellulose production. SuSy cleaves sucrose in the presence of uridine diphosphate 
(UDP) into UDP-glucose and fructose, thereby conserving the energy of  
the glycosidic bond:

UDP - glucose + Fructose ←→
v+1 Sucrose + UDP

Considering the free energy of hydrolysis of sucrose as −6.6 Kcal•mol−1 and the 
energy of the α-D-glycosyl phosphate bond in UDP-glucose as −7.6 Kcal•mol−1, 
the estimated change in free energy for the reaction in vitro results in −1 Kcal•mol−1 
in favor of sucrose synthesis (Cardini et al. 1955). The apparent equilibrium con-
stant (Keq) can be calculated from its relationship to the standard free energy 
(∆G0) by the following equation:

∆G0 = –2.303 RT log  10Keq

Where R equals 1.987 × 10−3  Kcal•mol−1•°K −1 and T equals 25°C (298°K), then
  –1 Kcal/mol

Keq = 10–1.36 Kcal/mol  = 5.44

v–1
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This parameter falls within the range of values from 1.4 to 8 determined experi-
mentally based on substrate concentrations at equilibrium (Cardini et al. 1955; 
Neufeld and Hassid 1963; Avigad 1964; Kruger 1997). Since this reaction is 
thermodynamically close to equilibrium, the net flux (v = v+1 − v−1) will repre-
sent only a fraction of the unidirectional flux the enzyme could catalyze in the 
absence of products. In vivo, the net carbon flux through this enzyme will be a 
function of the relative size of substrate and product pools at the steady state 
according to the mass action ratio (Hess 1963; Bücher and Russman 1964). For 
the reaction catalyzed by SuSy:

Γ =
[Sucrose][UDP]

[UDP – glucose][Fructose]

The net flux in vivo through SuSy can be altered by a relatively small shift in the 
mass action ratio away from its equilibrium position (Keq). To obtain net flux in 
favor of UDP-glucose formation, the reaction must be displaced from equilibrium

such that Γ is higher than Keq. The disequilibrium 
⎛
⎝

Γ ⎞
⎠Keq

 ratio can be related to 

the change in free energy using the following equation (Rolleston 1972; Stitt 1989):

∆G = 2.303 RT log10

⎛
⎝

Γ ⎞
⎠Keq

Thus, an increase in the divergence of mass action ratio in vivo will increase the 
change in free energy through the reaction. This disequilibrium ratio can also be 
linked to flux by the ratio of the forward and reverse reaction velocities according 
to the equation derived by Hess and Brand (1965) from a rate equation based on 
Michaelis-Menten kinetics:

n –1

=
Γ

Keqn +1

Figure 5-1 shows the sensitivity analysis for changes in sucrose concentration 
and the ratio of reverse and forward reaction velocities. The parameters for Fig-
ure 5-1 were calculated using the ranges of substrate and product concentrations 
found in the literature. UDP-glucose was reported to vary between 1.4 to 3.2  mM 
(Dancer et al. 1990; Krause and Stitt 1992; Barreiro 1999). Reported fructose 
levels range from 0.1 to 1.5  mM (Winter et al. 1994; Krapp and Stitt 1995), 
however, the concentration of cytoplasmic fructose assumed in the calculations 
could be higher than the concentration found in vivo because of the existence of 
high fructokinase activity in the cytoplasm (Gardner et al. 1992; Renz and Stitt 
1993; Renz et al. 1993). Cytosolic UDP concentrations vary from 0.35 to 1.3  mM 
(Isherwood and Selvendran 1970; Stitt 1989; Dancer et al. 1990; Barreiro 1999) 
and those for sucrose from 13 to 103  mM (Winter et al. 1993, 1994; Pilon-Smits 
1995; Krapp and Stitt 1995; Barreiro 1999).

The cytoplasmic concentrations chosen for each metabolite are not only associ-
ated with the range found in the literature but also close to the ranges of apparent 
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Km values for SuSy cited therein (Stitt and Steup 1985; Buczynski et al. 1993; Quick 
and Schaffer 1996; Barreiro 1999). We followed this approach since the optimal 
physiological concentration for substrates of a reaction displaced from equilib-
rium is at its Km (Rolleston 1972). For the sensitivity analysis the concentration of 
sucrose was varied, while the rest of the metabolites were clamped at the following 
concentrations: UDP-glucose 3  mM, fructose 0.1  mM, and UDP 0.4 mM.

The concentration gradient between metabolic pools on each side of the reac-
tion could overcome the chemical bond energetic gradient, in favor of the mass 
action gradient, favoring sucrose hydrolysis in sink tissues. The threshold of 
sucrose concentration beyond which the net flux reverses is difficult to assess in 
a system with a dynamic equilibrium.

Under physiological conditions (assuming that the metabolite concentrations 
chosen for the calculations are similar at the steady state in planta), sucrose con-
centrations higher than ~4 mM could reverse the net flux of carbon through 
SuSy in favor of UDP-glucose synthesis due to mass action (Figure 5-1). If  
we assume that the physiological sucrose concentration within the cytoplasm 
remains near 50 mM (Barreiro 1999; Rohwer and Botha 2001) then the net flux 
of carbon through SuSy in sink tissues operates in the direction of UDP-glucose 
formation. This is consistent with experimental results using radioactive tracers 
(DeFekete and Cardini 1964; Milner and Avigad 1964; DeFekete 1969; Pavlinova 
1971; Huber et al. 1996; Viola 1996; Geigenberger et al. 1997) and with simula-
tions from a mathematical model built with a framework to simulate general 
pathways (Mendes 1993) and fitted with parameters determined experimentally 

Figure 5-1. Sensitivity analysis of v − 1/v + 1 and change in free energy as a function of sucrose 
 concentration. Negative values for the change in free energy indicate that the net fl ux of the reaction 
proceeds in the direction of sucrose synthesis
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(Barreiro 1999). However, the reaction becomes readily reversible when the 
concentrations of sucrose within the enzyme microenvironment drop to values 
lower than ~4  mM (Figure 5-1).

Because of its proximity to equilibrium, the forward and reverse reactions 
catalyzed by SuSy will be affected in the same magnitude whenever the enzyme 
concentration is changed. As a consequence, the net direction of carbon flux 
through the enzyme will not be affected; therefore, increasing the expression of 
this enzyme per se may not increase the flux of carbon into the cellulose pool. 
On the other hand, decreasing the expression of SuSy, could cause a reduction 
of the UDP-glucose pool to the extent of limiting the cellulose synthetic rate. 
When this occurs in vivo, the UDP-glucose pool needs to be maintained by an 
alternative metabolic route that requires more energy to operate (Dhugga et al. 
2002). Under stressful conditions, where SuSy expression may be severely atten-
uated, overexpression of the enzyme may help augment against yield losses.

An alternative metabolic route for UDP-glucose synthesis could be catalyzed 
by UDP-glucose pyrophosphorylase (UGPase). Both SuSy and UGPase are 
cytosolic enzymes and thus could contribute to the UDP-glucose pool in this 
compartment (Entwistle and ApRees 1988).

The metabolic path for UDP-glucose synthesis through UGPase, when con-
sidering sucrose as a precursor, has more intermediate steps than the route 
through SuSy. Whereas the formation of UDP-glucose through SuSy has only 
one step against a thermodynamic gradient, the route through UGPase has two: 
the phosphorylation of glucose, with a change in free energy of ~4.7  Kcal•mol−1, 
and the conversion of glucose 6-P through glucose-1-P into UDP-glucose with a 
change in free energy of ~2.9  Kcal•mol−1.

The available evidence, although scarce, suggests that the alternative route for 
the cytoplasmic UDP-glucose pool plays a relatively smaller role in comparison 
to SuSy. Carrot plants with an antisense version of the main form of SuSy had 
reduced SuSy activity in roots. Aside from having lower levels of UDP-glucose, 
these transgenic plants also had reduced levels of cellulose, starch, and total dry 
matter (Tang and Sturm 1999). Similarly, antisense downregulation of SuSy in 
potato tubers led to a reduction in cellulose formation (Haigler et al. 2001).

Figure 5-1 shows that the disequilibrium ratio (i.e., v − 1/v + 1) for the reaction 
catalyzed by SuSy can be influenced by a relative small shift in free energy away 
from equilibrium. Under normal growing conditions, manipulation of SuSy 
substrate levels to influence the magnitude of the net flux may therefore be a 
more effective way of controlling the quantity of cellulose deposited in the cell 
walls rather than altering its expression level.

6 THE CELLULOSE SYNTHASE GENE FAMILY

The CesA and Csl genes are generally expressed at a low level as judged from 
their occurrence in EST databases and from gene expression studies (Dhugga 
2001). Yet, their transcripts can occur at higher frequencies in specific tissues, 
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for example, GhCesA1 and 2 were identified amongst late-stage cotton fiber 
ESTs (Pear et al. 1996) and the mannan synthase gene was isolated from guar 
endosperm (Dhugga et al. 2004). In each case, the tissue where the ultimate 
product of  the gene was being actively deposited was utilized to construct an 
EST database.

Genes involved in secondary wall formation are usually underrepresented in 
EST databases because many of the source cDNA libraries are derived from 
immature tissues. From a cDNA library from the transition zone of an elongat-
ing maize internode, a region in the stalk where the rate of secondary wall for-
mation is higher than in the elongation zone, three additional full-length CesA 
genes ZmCesA10, ZmCesA11, and ZmCesA12 were isolated (Appenzeller et al. 
2004). These genes mapped to chromosomes 1, 3 and 7, respectively. Another 
gene, ZmCesA7, which was not previously assigned to any chromosome, mapped 
to chromosome 7 (Holland et al. 2000).

The deduced amino acid sequences of the three additional maize CesA genes 
were phylogenetically closer to the sequences from Arabidopsis that had pre-
viously been shown to be involved in secondary wall formation (Appenzeller 
et al. 2004). ZmCesA10, ZmCesA11, and ZmCesA12 grouped with AtCesA4 
(Irx5), AtCesA8 (Irx1), and AtCesA7 (IrxX3), respectively, and are the probable 
 orthologs of these genes (Figure 5-2). Likewise, OsCesA7, OsCesA4, and OsCesA9 
are the orthologous sequences in rice (Tanaka et al. 2003), as are respectively 
the barley HvCesA4, HvCesA5/7 and HvCesA8 sequences (Burton et al. 2003). 
This suggests that the different subclasses of the CesA genes were formed early in 
higher plant evolution, before the divergence of monocots and dicots (Holland 
et al. 2000). Phylogenetic clustering of ZmCesA10-12 with the Irx sequences from 
Arabidopsis and their highest expression in the transition zone of the internode 
suggest that these genes are involved in secondary wall formation. Gene expres-
sion profiling studies described in the following section lend further  support to 
this suggestion.

In comparison to ZmCesA10-12, the nine other maize sequences clustered 
in three groups: ZmCesA1, 2 and 3 form one group, ZmCesA4, 5 and 9 form 
another, and ZmCesA6, 7 and 8 form the third group (Figure 5-2). The first set 
of sequences lie in the same clade as AtCesA1 and 10, the second set clusters 
with AtCesA3 and the third set cluster with AtCesA2, 5, 6 and 9. Mutational 
analyses of  AtCesA1 (Arioli et al. 1998), AtCesA3 (Scheible et al. 2001; Ellis 
et al. 2002; Cano-Delgado et al. 2003) and AtCesA6 (Fagard et al. 2000; Desprez 
et al. 2002) have shown that these genes play a role in primary wall cellulose 
synthesis. Based on phylogenetic relationship, the maize CesA1-9 sequences may 
therefore be involved in primary cell wall formation; however, they are more 
divergent from their Arabidopsis relatives compared to ZmCesA10-12 (Appen-
zeller et al. 2004). Further, the maize sequences that cluster with AtCesA1, 3 
and 10 appear to have duplicated at a higher rate than those that cluster with the 
other Arabidopsis sequences.
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7 EXPRESSION ANALYSIS OF THE ZmCesA GENE FAMILY

Expression profiling of multiple tissues from a maize inbred line, B73, was carried 
out using massively parallel signature sequencing (MPSS) technology (Brenner 
et al. 2000; Brenner et al. 2000; Hoth et al. 2002; Meyers et al. 2002; Appenzeller et al. 
2004). This technique entails cloning cDNAs onto synthetic beads such that each 
bead contains multiple copies of only one species of cDNA. Sequence tags 17–20 
nucleotides long are then obtained from more than a million beads in parallel. 
Theoretically, the whole expressed genome is analyzed by the MPSS technology 
each time a library is screened for unique tags (Brenner et al. 2000a,b). Quan-
titative measures of the expression levels of different gene tags in the MPSS, as 
opposed to the ratios across paired tissues or treatments in the microarray-based 
platforms, combined with the depth of signature sequencing for each of the 
libraries make it possible to compare gene expression patterns across multiple, 
independent experiments. The technique is designed to select the 3′-most tag 

Figure 5-2. Unrooted single most parsimonious tree of the CesA proteins from maize and Arabi-
dopsis determined by the Branch and Bound algorithm of PAUP (Swofford 1998). Branch lengths 
are proportional to the inferred number of amino acid substitutions, which are shown in bold font. 
Bootstrap values from 500 replicates (Felsenstein 1985) are represented as a percentage and are 
shown in parentheses. Reproduced with kind permission of Springer Science and Business Media 
from Appenzeller et al., 2004, Cellulose 11: 287–299, Fig. 2. © 2004 Kluwer Academic Publishers.
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from the cDNA. The abundance of each tag is a measure of the expression level 
of an individual CesA mRNA in the tissue the library is derived from.

ZmCesA1-8, with the exception of ZmCesA2, were expressed at different levels 
in the majority of the tissues (Appenzeller et al. 2004). In contrast, ZmCesA10, 11 
and 12 were selectively expressed in the stalk, a tissue rich in secondary wall. All 
three genes were the most highly expressed of the CesA genes in the stalk tissue. 
Secondary wall-rich cells account for ~80% of the dry matter in the maize stalk 
(K.S. Dhugga, unpublished). The expression pattern of ZmCesA10-12 was there-
fore consistent with these genes being involved in cellulose synthesis for second-
ary wall formation. The observation that there are two groups of CesA sequences 
expressed mainly in primary or secondary wall forming cells has also been reported 
in barley (Burton et al. 2003) as well as Arabidopsis (reviewed in Doblin et al. 2002) 
and is likely to be a general phenomenon among plant  species.

None of the CesA genes was detected in mature pollen grains (Dhugga 2001; 
Appenzeller et al. 2004). Doblin et al. (2001) also did not detect the expression of 
the CesA genes in Nicotiana alata pollen tubes. A Csl gene, NaCslD1, was the most 
highly expressed Csl gene in pollen tubes of N. alata and was specifically expressed 
in this tissue (Doblin et al. 2001). Based on this, it was suggested that, in addition 
to the CesA genes, CslD genes were possible candidates for making cellulose.

The pattern of expression of ZmCesA10, 11 and 12 was very similar across 
all the libraries studied. The expression pattern of all three genes paralleled the 
cellulose content in the three different tissues from an elongating internode, i.e., 
elongation zone, transition zone, and isolated vascular bundles (Appenzeller et al. 
2004). Gene expression was lowest in the elongation zone, the tissue with the least 
amount of cellulose, followed by the transition zone with increased expression 
and cellulose content, with the vascular bundles having the highest expression and 
cellulose levels. ZmCesA1 and 6–8 may be mainly responsible for making cellulose 
in the nonvascular, ground tissue cells in the maize stalk. These genes were also 
expressed in the vascular bundles where they may be involved in the formation 
of the walls of phloem elements as well as of fiber cells before the onset of sec-
ondary wall deposition (Appenzeller et al. 2004). Whereas ZmCesA1, 7, and 8 
were expressed at a higher level in the elongation zone, ZmCesA3, 5, and 6 were 
expressed at a higher level in the transition zone.

ZmCesA6 showed maximal expression in leaves and was the most highly 
expressed CesA gene in this tissue (Appenzeller et al. 2004). Unopened leaves 
derived from a young plant at 4-leaf stage were dissected from the base and 
delineated as follows: cell division zone, elongation zone, and transition zone. 
Again, the expression of ZmCesA6 was the highest of all the CesA genes in the 
leaf (Appenzeller et al. 2004). The expression of ZmCesA6 was lowest in the cell 
division zone, increased in the expansion zone, and increased dramatically in the 
transition zone. ZmCesA1, 4, 6–8, and 10–12 had a similar type of expression 
pattern, with the levels of highest expression seen in the transition zone of the 
leaf. It is likely that ZmCesA1 and 6–8 were responsible for  making cellulose in 
leaf cells where primary wall synthesis was taking place such as mesophyll cells, 
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phloem elements, and fiber cells in vascular bundles before the onset of sec-
ondary wall formation. ZmCesA10-12 seemed responsible for making  cellulose 
in cells undergoing secondary wall synthesis in the vascular bundles. In con-
trast, ZmCesA3 and 5, the two other CesA genes expressed in the leaf, were 
expressed at their highest level in the cell division zone and were the most abun-
dantly expressed of the CesA genes in this region of the leaf. Transcript levels 
declined in the expansion zone and were at their lowest level in the transition 
zone. This type of expression profile was suggestive of these genes participating 
in the  synthesis of cellulose at the phragmoplast and possibly in the early stages 
of primary wall synthesis in elongating cells.

ZmCesA5 is also the highest expressed CesA gene in the developing endo-
sperm (Appenzeller et al. 2004). It was previously proposed to be involved in 
mixed-linked glucan (MLG) formation in corn endosperm, where it is most 
highly expressed (Dhugga 2001). Unlike its role in cell elongation where MLG 
transiently accumulates in the wall, this polysaccharide is terminally deposited 
in the endosperm walls in cereal grains to varying degrees (Carpita 1996). This 
could be a remnant of MLG being the main source of carbohydrate storage 
in ancestral species before starch assumed this role (Dhugga et al. 2004). The 
expression of only six of the twelve CesA genes was detected in the endosperm, 
as observed in the earlier analysis. ZmCesA5 was the most highly expressed of the 
CesA genes throughout the first 45 days of endosperm development, peaking at 
12–20 days after pollination (Appenzeller et al. 2004). The pattern of ZmCesA5 
expression further supports a role for this gene in mixed-linked glucan  synthesis. 
However, additional evidence is needed to substantiate this role. In addition, its 
role in cellulose formation cannot be ruled out.

Only three of the twelve maize CesA genes, ZmCesA10, 11, and 12, appeared 
to be truly coordinately expressed. The expression of the remaining genes, where 
it occurred, was more overlapping in nature than coordinate (Appenzeller et al. 
2004). The level of overlapped varied, however. The expression of ZmCesA1, 
ZmCesA7 and ZmCesA8 overlapped quite significantly. In contrast, the expression 
of ZmCesA2 and ZmCesA6 was independent of any of the other CesA genes. 
Whereas ZmCesA2 was expressed in only 3 of the 76 libraries at a level exceeding 
10 ppm, ZmCesA6 was expressed in nearly all the libraries. ZmCesA3 and  ZmCesA5 
had similar expression patterns only with respect to one another and no other CesA 
gene. A lack of correlation of ZmCesA2 and ZmCesA6 with any of the CesA genes 
and moderate correlation among the other genes discussed above suggests that the 
relatively high correlation coefficients observed among some of the gene pairs may 
have biological relevance. Except ZmCesA10-12 genes, which are expressed in the 
secondary wall forming cells, all the remaining genes appear to be largely expressed 
in the primary wall forming cells. Whether the clustering of the putatively primary 
wall forming genes based on their overlapping expression patterns into different 
groups has any functional relevance remains to be determined.

Dimerization of the CesA proteins has been proposed for the formation of a 
functional cellulose synthase complex (Scheible et al. 2001; Kurek et al. 2002). 
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All three of the Arabidopsis secondary wall forming CesA sequences (AtCesA8/
Irx1, AtCesA7/Irx3 and AtCesA4/Irx5) have been reported to be involved in the 
formation of a functional cellulose synthase complex (Gardiner et al. 2003; Taylor 
et al. 2003). We propose that ZmCesA11, ZmCesA12 and ZmCesA10 have similar 
functional roles to these Arabidopsis proteins, respectively. Theoretically, only 
two subunits are necessary to provide juxtaposed catalytic sites for the forma-
tion of a β-glycosidic bond without having to rotate the chain after each bond 
is formed (Dhugga 2001). This could be accomplished either by a homo- or a 
heterodimer. That the combinations of CesA proteins in rosettes may be differ-
ent between cell types of the same tissue and also amongst cells of the same type 
has also been proposed (Doblin et al. 2002). The significance of the presence of 
more than two CesA polypeptides in the same rosette still remains unclear.

8 RATIONALE FOR FUTURE TRANSGENIC WORK 

According to the summation theorem of Metabolic Control Analysis (MCA) 
(Kacser and Burns 1973; Heinrich and Rapoport 1974; Kell and Westerhoff 
1986; Cornish-Bowden et al. 1995; Fell 1996; Heinrich and Schuster 1996), 
changes in the concentrations of individual enzymes within a metabolic pathway 
tend to have little effect on metabolic fluxes and on the phenotype under most 
conditions (Thatcher et al. 1998). However, changes in individual enzyme con-
centrations could affect the size of metabolite pools even when the alterations 
in flux are minimal. Because of mass action effects, the change in a metabolic 
pool could lead to a shift of other coupled metabolites and change the flux at the 
nonequilibrium reactions in the pathway.

Metabolic simulations using a kinetic model suggest that the magnitude and 
net direction of carbon fluxes in the far-from-equilibrium reactions are influ-
enced by changes in mass action relationships and total activity rather than by 
alteration in substrate affinity (Barreiro 1999). Since cellulose synthase is at the 
end of a metabolic route, and there is no other known branching path to bypass 
the synthesis of cellulose through this enzyme, it is likely to have a high flux 
control coefficient (the scaled partial derivative of a system variable such as flux) 
with respect to enzyme activities. If  this is true in vivo, an increase in abundance 
of this enzyme should correlate with an increase in cellulose production, pro-
viding that the overexpressed enzyme is targeted in the proper amount to the 
appropriate subcellular location.

Overexpression of a cellulose-binding domain (CBD) has been reported to 
result in increased cellulose production in poplar (Levy et al. 2002). It was pro-
posed that the CBD increased the rate of cellulose production by slowing down 
the rate of crystallization of the glucan chains into microfibrils, which is believed 
to limit the rate of cellulose synthesis in intact cells. This idea is based on the 
earlier finding that calcofluor white, a fluorescent dye commonly used to detect 
cellulose, interfered with the crystallization of the glucan chains into microfibrils 
(Haigler et al. 1980).
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Atkinson (1977) pointed out that a limiting factor in cell structure is its solva-
tion capacity. This limitation does not allow for each metabolite to fill the water 
volume of a cell to reach its operating concentration. According to Srere (1987), 
about 80% of the metabolic intermediates have just one use in the cell and this is 
possibly an evolutionary strategy to overcome the solvation capacity of the cell. 
An important consequence of this strategy is the metabolic organization through 
the formation of sequential multienzyme complexes with the concomitant chan-
neling capabilities (Srere 1987). This view of cellular metabolism conceptualizes 
that, in order to be effective in metabolic control, an enzyme has to be expressed 
in the proper amount and that does not always correlate with the amount of 
transcript present (Siedow and Stitt 1998). Moreover, to participate in metabolic 
control, the participating enzymes need to be positioned in the adequate location 
to support the channel structure.

Since the control capacity at a particular steady state is distributed among the 
intervening enzymes, any attempt to engineer a change in the flux towards cellu-
lose will need a careful study of the system and will probably involve the manip-
ulation of more than one parameter (enzymes amount, kinetic constants, and 
metabolite pools). According to kinetic simulations, near-equilibrium  reactions 
are more easily affected by mass action effects while enzymes catalyzing  reactions 
that are far from equilibrium can alter the flux through modifications in their 
Vf (Barreiro 1999). However, there are no fixed rules to alter metabolic systems 
at will but it is possible to engineer them by understanding the control coeffi-
cients involved and the local properties of the reactions involved. This will most 
likely involve altering the metabolic mass action ratios, modifying the activities 
of key enzymes, and stimulating the synthesis of end-products such as cellulose, 
to drive fluxes out of the intermediary metabolism.

9 SUMMARY

Cellulose in a unit length of the stalk below the ear node in maize is the main 
determinant of mechanical strength, a trait of considerable importance in agri-
culture. The majority of cellulose in the stalk is in the vascular bundles, which 
occur throughout the cross-section of the stalk but are densely packed among the 
peripheral sclerenchymatous cell layers collectively referred to as rind. Three of 
the twelve maize CesA genes, ZmCesA10-12, appear to be involved in secondary 
wall formation and the remaining nine in primary wall formation. The putatively 
primary wall forming genes can be grouped into different clusters based on their 
expression patterns, however, the functional significance of these groupings is 
not clear at this point. Availability of the secondary wall forming CesA genes has 
made it possible to isolate their promoter elements. These promoters will allow 
the expression of the CesA and other genes in specific cell types where cellulose 
could be increased at the expense of hemicellulose, soluble sugars and poten-
tially lignin with the goal of  improving stalk strength. Another opportunity 
would be to increase cellulose formation in the parenchymatous cells. In either 
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case, the harvest index must not be adversely impacted in order to maintain or 
increase grain yield while altering the composition of the existing biomass.
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Abstract
Wood formation is a fundamental biological process of significant economic and 
commercial interest. During wood formation, most glucose from the carbohydrate 
metabolism is channeled to cellulose in the secondary cell walls. The cellulose microfi-
brils associate with hemicellulose, proteins, and lignin to form the strong and flexible 
biocomposite known as wood. As the main wood component, cellulose is essential for 
the survival of trees and for their exploitation by man.

In spite of this, the molecular details of cellulose biosynthesis have remained ob-
scure in all plants. In particular, the toughness of wood cells makes it hard to isolate 
active enzymes and study cellulose synthesis in trees. Functional genomics provides 
powerful new tools to study complex metabolic processes. In this way, 18 CesA genes 
have been recently identified in the genome sequence of Populus trichocarpa.

Expression profiling during wood formation has shown that four of these genes 
are specifically upregulated during xylogenesis and/or tension wood formation. Other 
genes that follow the same expression pattern as the wood-related CesA genes encode 
the putative Korrigan ortholog PttCel9A and a novel microtubule associated protein 
PttMAP20. Cell suspension cultures of hybrid aspen with elevated expression of the 
secondary cell wall specific PttCesA genes have been used for efficient in vitro synthesis 
of cellulose, which will facilitate future studies of this challenging process in trees.

Keywords
cellulose synthesis, CesA, hybrid aspen, expression profiling, plant cell wall, wood 
formation.
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1 THE PROPERTIES OF WOOD

Trees are nature’s largest and longest living organisms and, like all plants, can-
not escape any environmental challenges. They have therefore evolved a survival 
strategy based on metabolic flexibility, sturdy cells and efficient transportation 
of metabolites between roots and leaves, which can be over 100 meters apart. 
The canopy of a tree carries the leaves, which are its carbohydrate factory, while 
the long trunk serves to hold the leaves above other plants to win the competi-
tion for light for efficient photosynthesis. In order to produce such a gigantic and 
long-lasting stem, trees synthesize wood. Wood is resistant to most environmen-
tal challenges, including microbial attack, which leads to its extreme durability. 
Wood is also cheap to maintain since most of the cells in a tree trunk are dead: 
as little as 1% of a tree consists of living cells (Mirov and Hasbrouck 1976). Two 
major classes of trees have evolved independently, the gymnosperms (i.e., coni-
fers such as pine, spruce and fir) and the angiosperms (i.e., broad-leaf trees). The 
angiosperms are further subdivided into monocotyledons (palm trees, bamboo, 
etc.) and dicotyledons (birch, oak, maple, etc.).

1.1 Formation of wood cells

Wood has a structure that ideally combines strength with flexibility. This is 
achieved by the production of complex multilayered cell walls composed of cel-
lulose microfibrils embedded in a matrix of hemicellulose and lignin. In a tree, 
over 90% of the wood cells are arranged along the axis of the trunk or branches 
to transport water from the roots to the leaves. All the different cell types in a tree 
originate from a single layer of multipotent dividing cells termed the vascular 
cambium. There are two types of cambial cells – the long narrow fusiform initial 
cells, which develop into the axial cells; and the ray initials, which form the radial 
cells. Some of these cells continue to divide whereas others differentiate either 
inwards into the xylem cells, or outwards into the phloem cells. The xylem has 
two main functions. One is to transport water, nutrients, and hormones whereas 
the other is to provide mechanical support to the plant. The phloem provides 
paths for the distribution of the photosynthetic product, sucrose, involved in 
plant growth and development. Gymnosperms produce soft wood, which has 
a relatively simple structure consisting of three axial and three radial cell types 
(Figure 6-1). In contrast, the hard wood produced by the angiosperms is usually 
built of 5–6 different axial and 4 different radial cell types with more advanced 
cell morphology (Fujita and Harada 2001). The gymnosperms and angiosperms 
also differ in the type of reaction wood (compression wood versus tension wood) 
and leaf structure (needles versus leaves) that they produce.

The rigidity of the plant cell wall serves as a protection against weather and 
microorganisms, but it also limits the growth of the plant and complicates the 
transportation of metabolites. To circumvent the negative effects of such a rigid 
structure, the plant cell wall is built in multiple layers containing different 
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constituents, which allows for greater flexibility during cell development (Fujita 
and Harada 2001; Mellerowicz et al. 2001). During xylogenesis (wood formation), 
three different cell wall layers are produced, the middle lamella, the primary cell 
wall and the secondary cell wall (Figure 6-2).

The middle lamella consists mainly of pectin and some lignin. The primary 
cell wall is elastic and contains a mesh of cellulose microfibrils associated with 
hemicellulose, pectin and proteins. Proteins in the primary wall can perturb the 
interactions between the cellulose microfibrils and hemicellulose, allowing the 

Figure 6-1. Transverse sections of woody tissues in softwood (pine, A) and hardwood (birch, B). The 
majority of softwood tracheids occur in organized rows (A) while hardwood contains rows of fi bers 
interrupted by large vessels (B). Seasonal variation of the cell wall thickness in the softwood tra-
cheids is clearly visible in (A). Courtesy of Geoff Daniel, Swedish University of Agriculture  Sciences. 
With permission (See Color Plate of this fi gure beginning on page 355)

Cell division and synthesis 
of the middle lamella

Primary cell vall 
synthesis

Expansion
Secondary cell 
wall synthesis

Lignification
and cell
death

Figure 6-2. A schematic representation of cell wall synthesis during plant cell development (See 
Color Plate of this fi gure beginning on page 355)
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cell to grow and expand into its characteristic shape (Cosgrove 1999; Kohorn 
2001). It is only after the cells have reached their final size that the synthesis of 
the thick secondary cell walls begins. In secondary walls, cellulose microfibrils 
are laid down in highly ordered, parallel arrangements in three different layers 
(S1, S2, S3). The angle of the deposition of cellulose microfibrils differs between the 
different S-layers, and it is this that confers the strong and durable characteristic 
to wood (Chaffey et al. 1999; Funada 2000; Plomion et al. 2001). The microfibril 
angle also varies depending on the age and type of wood. For instance, increased 
microfibril angle in juvenile and compression wood results in a higher degree of 
flexibility (Emons and Mulder 2000; Plomion et al. 2001). The molecular mecha-
nisms responsible for the patterned orientation of microfibrils have not been 
fully resolved, although it is obvious that the cortical microtubules are some-
how involved in this process. Ledbetter and Porter (1963) reported that cortical 
microtubules lie in parallel with the microfibrils. Later, it was shown that cells 
treated with colchicine to disrupt microtubules, suffer from disturbed  patterns of 
secondary thickenings (Torrey et al. 1971; Baskin 2001). Following these early 
findings, many different investigations have addressed the role of microtubules 
in controlling the microfibril orientation, but a mechanistic explanation has not 
yet been achieved (recently reviewed by Oda and Hasezawa 2006).

Secondary cell wall formation is finalized by lignification and followed by pro-
grammed cell death, during which the plasma membrane collapses and the cell 
dies. Lignification proceeds from the middle lamella through the primary cell 
wall and inwards over the secondary cell wall. In the final stages of xylogenesis, 
the deposition of chemical components known as extractives, result in the for-
mation of heartwood, which is the least permeable and most durable form of 
wood (Plomion et al. 2001).

1.2 Reaction wood

Wood structure within a given tree species is not uniform but varies depending 
on the conditions under which the tree is growing. For example, trees compen-
sate for exposure to wind or other types of bending pressure by the production 
of reaction wood. In softwood, the formation of reaction wood is induced on the 
compressed side of a bending trunk (compression wood), whereas in hardwood, 
reaction wood is formed on the elongated side of the trunk (tension wood). 
Reaction wood cells are morphologically similar to normal wood cells but differ 
in their cell wall structure and chemical composition.

Compression wood has high lignin content while tension wood cells produce 
an extra cell wall layer, the gelatinous layer (G-layer) (Figure 6-3). The G-layer 
is composed of almost pure crystalline cellulose and it is deficient in lignin 
and hemicelluloses. Owing to the high cellulose content of tension wood, gene 
expression profiling followed by functional studies can be used as a valuable tool 
for identifying genes and proteins specifically involved in cellulose biosynthesis 
(Andersson-Gunneras et al. 2006).
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2 CELLULOSE SYNTHESIS

Cellulose is the most abundant polysaccharide in nature with approximately 180 
billion tons produced and broken down every year (Engelhardt 1995). Cellulose, 
which occurs as microfibrils, is the component responsible for the excellent load 
bearing properties of plant cell walls (for a summary for the cellulose content of 
the different cell wall layers, see Table 6-1). The cellulose microfibrils in wood 
fibers are important raw material for the pulp and paper industries, and those in 
cotton and hemp for the textile industries. Moreover, the renewable plant fibers 
have substantial potential to replace man-made fibers in fiber-reinforced thermosets 
and thermoplastics to produce environmentally friendly materials (Mohanty et al. 

Figure 6-3. A gelatinous layer (G-layer) is formed on the inside of the S2 layer in tension wood fi bers 
from Populus tremuloides. Courtesy of Geoff Daniel, Swedish University of Agriculture  Sciences. 
With permission

Table 6-1. The amount of cellulose (%) compared to the total amount of polysaccharides within the 
different cell layers of wood

Wood species ML + P S1 S2 (outer) S2 (inner) + S3

Pine 33.4 55.2 64.3 63.6
Spruce 35.5 61.5 66.5 47.5
Birch 41.4 49.8 48.0 60.0

(After Meier 1964 and Daniel 2003). ML, middle lamella; P, primary cell wall; S1, S2, S3, different 
layers of the secondary cell walls.
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2001; Klemm et al. 2005). However, despite the potential for broad commercial 
use, the detailed structure of  plant fibers and the underlying mechanisms of  
cellulose biosynthesis remain poorly understood.

2.1 Rosettes: the machinery of cellulose synthesis

Cellulose is a linear polymer of glucose residues connected by (1→4)-β-linkages to 
a high degree of polymerization (DP). In some species of algae, cellulose chains 
of up to 20,000 glucose units have been observed, while somewhat lower DP 
is observed in cellulose chains produced by higher plants, including trees. Cellu-
lose is synthesized by large protein complexes associated with the plasma mem-
brane (reviewed by Doblin et al. 2002). The first cellulose-synthesizing complex 
was identified by electron microscopy of freeze-fractured plasma membranes 
in the algae Oocystis apiculata (Brown, Jr. and Montezinos 1976). The com-
plexes appeared at the tip of  the cellulose microfibrils and were therefore named 
 terminal  complexes (TC). The TC of  O. apiculata are organized in transverse 
rows but early experiments with vascular plants revealed hexagonal structures 
termed rosettes (Mueller and Brown, Jr. 1980; Brown, Jr. 1996). Even though 
the rosettes seem to be highly conserved in vascular plants, none have so far been 
identified in woody plants. In part, this is certainly a result of the experimental 
difficulties of studying the hard woody tissues. However, it is also possible that 
the synthesis and assembly of the thick, multilayered secondary cell walls of 
wood require unusual arrangements of the cellulose synthesizing complexes.

2.2 CesA and Csl

Cellulose synthesis, i.e., the polymerization of glucose from the substrate UDP-
glucose, is catalyzed by the enzyme cellulose synthase (UDP-glucose-(1,4)-β-glu-
can glucosyl transferase, EC 2.4.1.12). Genes encoding cellulose synthases (CesA) 
were first identified in the cellulose-synthesizing bacterium Acetobacter xylinum 
(Saxena et al. 1990; Wong et al. 1990), followed by the identification of two puta-
tive CesA genes in cotton (Pear et al. 1996). Immunolocalization studies of plant 
plasma membranes indicate that the CesA proteins are indeed part of the rosette 
complex (Kimura et al. 1999). Today, a large number of CesA, as well as CesA-like 
(Csl) genes, forming a large super family, have been identified and sequenced from 
many plants (see Burton et al. 2005), including trees such as poplar (Sterky et al. 
1998; Wu et al. 2000; Samuga and Joshi 2002; Joshi 2003; Kalluri and Joshi 2003; 
Djerbi et al. 2004; Samuga and Joshi 2004; Djerbi et al. 2005), pine (Allona et al. 
1998; Nairn and Haselkorn 2005) and Eucalyptus (Ranik and Myburg 2006).

Sequence analyses revealed that the proteins encoded by the CesA genes belong 
to family 2 glycosyl transferases, which characteristically display a two-domain 
structure (Saxena et al. 1995; Saxena and Brown, Jr. 1997; Henrissat et al. 2001). 
The N-terminal A-domain contains the D…D(x)D motif  common to all family
2 members. The C-terminal B-domain carries the QxxRW motif characteristic 
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of polymerizing transferases, which include chitin synthases and hyaluronan 
synthases (Saxena et al. 1995; Saxena and Brown, Jr. 1997; Campbell et al. 1998; 
Coutinho et al. 2003). Structural evidence of family 2 and other glycosyl trans-
ferases suggests that the A-domain binds the nucleotide sugar, and the B-domain 
the acceptor substrate, which together form the functional active site (Charnock 
and Davies 1999; Charnock et al. 2001).

The role of the CesA proteins on cellulose biosynthesis has so far been mainly 
addressed at the genetic level by studying cell wall mutants of Arabidopsis thaliana 
(reviewed by Williamson et al. 2002). At least 10 different CesA genes have been 
identified in the Arabidopsis genome, indicating a functional redundancy or 
tissue-specific function of this class of proteins. Through analysis of mutant 
phenotypes, several of the CesA genes have been linked to cellulose synthesis 
either in primary or secondary cell walls. At least five genes, AtCesA1, 2, 3, 5 
and 6, are expressed during primary cell wall synthesis (Arioli et al. 1998; Fagard 
et al. 2000; Scheible et al. 2001; Burn et al. 2002; Desprez et al. 2002; Dob-
lin et al. 2002). Further, it has been proposed that the AtCesA3 and AtCesA6 
 proteins together form an active protein complex, in which the involvement of 
even  AtCesA1 may be required (Desprez et al. 2002). Mutations affecting the 
AtCesA4 (irx5), AtCesA7 (irx3) and AtCesA8 (irx1) genes lead to cellulose defi-
cient phenotypes with collapsed xylem suggesting that the corresponding three 
CesA isoenzymes are needed for the secondary cell wall synthesis (Turner and 
 Somerville 1997; Taylor et al. 1999; Holland et al. 2000; Taylor et al. 2000; Taylor 
et al. 2003). On the other hand, a missense mutation in one of these, AtCesA7, 
seems to disturb cellulose biosynthesis during both primary and secondary cell 
wall formation (Zhong et al. 2003).

Owing to the long generation times and the tough structure of wood, it is 
much more difficult to study cellulose biosynthesis in trees than in annual plants 
such as Arabidopsis. Nevertheless, the use of tree models is necessary due to the 
existence of many unique features of wood-forming trees, such as secondary 
xylem formation, juvenile to mature wood transition and heartwood formation. 
Species of Populus are excellent models of forest trees (Mellerowicz et al. 2001). 
The advantages of using poplars as models are the relatively small genome size 
(550 Mbp compared to approx. 15,500 Mbp in average for gymnosperms), their 
fast growth characteristics and easy transformation capabilities. In addition, 
an extensive Expressed Sequence Tag (EST) database (Sterky et al. 2004; 
http://www.populus.db.umu.se/) and the recently completed genome sequence 
(http://genome.jgi-psf.org/Poptr1/Poptr1.home.html) have paved the way for 
functional genomics in poplars. They are also genetically close to Arabidopsis, 
which facilitates comparative functional studies between the two model systems 
(Bradshaw et al. 2000; Bhalerao et al. 2003).

Similar to Arabidopsis, 10 different CesA genes were first identified (Djerbi 
et al. 2004) by analyzing EST sequences in a collection of tissue specific cDNA 
libraries of poplars (Sterky et al. 2004). These CesA genes were named PttCesA 
(for Populus tremula × tremuloides, Ptt) followed by a number (1–9) reflecting 
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their order of  discovery as proposed by Delmer (1999). A multiple alignment 
of  the 10 PttCesA protein sequences revealed the presence of  the conserved 
D…D(x)D and QxxRW sequence motifs as well as the transmembrane domain 
structure shared by the CesA proteins so far identified (Saxena et al. 1995;  Saxena 
and Brown, Jr. 1997; Campbell et al. 1998; Delmer 1999). All of the hybrid aspen 
CesA proteins also contained the two N-terminal zinc finger domains proposed 
to have an important role in the dimerization of the CesA catalytic subunits and 
thus in the rosette assembly (Kurek et al. 2002). Since the zinc finger domain 
is the main feature distinguishing the CesA proteins from CesA-like proteins 
(Richmond 2000), it is likely that the genes do indeed code for enzymes involved 
in cellulose biosynthesis.

Interestingly, screening of the recently completed genome sequence of Populus 
trichocarpa revealed at least 18 CesA gene models (Djerbi et al. 2005; Geisler-Lee 
et al. 2006). The identified genes were grouped in seven gene pairs, one group of 
three sequences and one single gene. No sequences corresponding to the gene 
pair, CesA6-1 and CesA6-2 were found in Arabidopsis or hybrid aspen, while one 
homologous gene has been identified in the rice genome and an active transcript 
in Populus tremuloides (Djerbi et al. 2005). A phylogenetic analysis suggests that 
the CesA genes previously associated with secondary cell wall synthesis originate 
from a single ancestor gene and group in three distinct subgroups. The large 
number of  CesA genes in trees compared to other plants suggests that their 
large size and intensive periods of cellulose synthesis during wood formation 
may require additional copies of cellulose synthases.

Comparison of the number of EST-clones corresponding to each of the Ptt-
CesA genes in the different hybrid aspen EST libraries revealed that, similar to 
Arabidopsis, different sets of CesA genes seem to characterize primary and sec-
ondary cell wall synthesis (Figure 6-4) (Djerbi et al. 2004).

Further expression analyses by real-time PCR (Figure 6-5A,B) and cDNA 
microarrays (Figure 6-6) revealed that genes encoding the putative CesA 
isoenzymes, PttCesA1, PttCesA3-1, PttCesA3-2 and PttCesA9 were clearly 
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upregulated in xylem (Figure 6-5A, Figure 6-6) (Djerbi et al. 2004). Owing to their 
high amino acid sequence similarity and xylem-specific expression, PttCesA3-1 and 
PttCesA3-2 could represent functionally redundant copies. However,  PttCesA3-2 
seems to be expressed to a somewhat higher level in the tension wood forming 
tissues, and also occurs in numerous EST clones in the tension wood specific 
cDNA library. This gene is also induced in undifferentiated, granular hybrid aspen 
cell cultures directly after subcultivation involving mechanical damage, which 
 suggests that the promoter responds to mechanical stress or wounding (Ohlsson 
et al. 2006).

In this, it resembles the promoter of the xylem-specific PtrCesA1 gene from 
Populus tremuloides, which is very similar to PttCesA3-1 and PttCesA3-2, and 
which was shown to be activated by tension stress in transgenic tobacco express-
ing the promoter-β-glucuronidase (GUS) fusions (Wu et al. 2000).

One of the CesA genes, PttCesA2, which was constitutively expressed dur-
ing xylogenesis and tension wood formation (Djerbi et al. 2004) as well as over 
the entire growth curve of undifferentiated hybrid aspen cell suspension cultures 
(Ohlsson et al. 2006) seems to be activated on the opposite side of a tension 
wood induced stem (Andersson-Gunneras et al. 2006). The rest of the hybrid 
aspen CesA genes are relatively evenly expressed over the hybrid aspen tissues 
studied by Djerbi et al. (2004). However, owing to the limited dataset so far 
analyzed, it is possible that further tissues specific patterns of CesA gene expres-
sion will be revealed in tissues not yet investigated. Interestingly, the PttCesA2 
and PttCesA4 genes were not downregulated upon induction of the secondary 
wall specific CesA genes in the hybrid aspen cell cultures (Ohlsson et al. 2006). 
Even in other plants, there is no conclusive evidence to indicate that the CesA 
enzymes participate exclusively in the formation of  one or another type of  cell 
wall (Williams et al. 2002). In fact, the proposed primary wall specific genes, 
AtCesA1, 3 and 6 continue their expression in developing vascular tissues of 
Arabidopsis (Doblin et al. 2002), and the proposed xylem-specific PtrCesA1 gene 
of Populus tremula is also clearly expressed in leaves (Samuga and Joshi 2002). 
It is therefore logical to assume that tissue-specific activation of selected sets of 
tree CesA genes simply serves to increase the number of  functional rosettes 

Figure 6-6. Expression profi les of selected genes encoding enzymes infl uencing cellulose synthesis in 
Populus tremula (L.) × tremuloides (Michx.) (data from Hertzberg et al. 2001). The tissues sampled 
were: Ph, phloem; A, cambium; B, early expansion; C, late expansion, early secondary wall synthesis; 
D, secondary wall synthesis; and E, programmed cell death. In each zone, the expression level of se-
lected genes is given relative to the average expression in the combined zones (A–E). The color code 
indicates expression levels ranging from fi vefold downregulation (yellow) to fi vefold upregulation 
(deep orange). The metabolites of each pathway are shown in the gray boxes. The enzymatic reac-
tions are indicated by arrows accompanied by the name and the EC number of the relevant enzyme. 
If  more than one gene has been identifi ed for a given enzyme, the expression level of each gene is 
shown separately. *No genes have been cloned coding for a protein involved in this reaction. **No plant 
genes have been found representing a protein involved in this reaction (See Color Plate of this fi gure 
beginning on page 355)
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during periods of intensive cellulose synthesis, rather than to replace pre-existing 
rosettes composed of functionally different triplets of the CesA isoenzymes.

2.3 Other enzymes and proteins involved in cellulose synthesis

Biochemical analyses suggest that, in addition to cellulose synthases, many other 
enzymes and proteins contribute to cellulose synthesis, either by direct or by 
indirect involvement in the rosettes. So far, 12 polypeptides that appear to be 
associated with cellulose synthase activity have been tentatively identified, but 
none have yet been thoroughly characterized (Kudlicka and Brown, Jr. 1997). In 
addition to the CesA proteins, the involvement of cortical microtubules (recently 
reviewed by Wasteneys 2004; Wasteneys and Yang 2004; Oda and Hasezawa 
2006) and actin microfilaments (Seagull et al. 1987) has been proposed to facili-
tate the alignment of the cellulose microfibrils as they are deposited in the cell 
wall. Studies of cell wall mutants in Arabidopsis have revealed genes that encode 
proteins that may be involved in this process. In the Arabidopsis fra2 mutant, 
an altered cortical microtubule orientation coincides with aberrant deposition 
of  microfibrils in the primary walls of  elongating cells and in the secondary 
walls of fiber cells (Burk et al. 2001; Burk and Ye 2002). Another interesting 
Arabidopsis mutant, fra1, shows no defect in cortical microtubule organization, 
cell wall composition or secondary wall thickening, but suffers from altered micro-
fibril deposition which results in reduced mechanical strength of the fibers (Zhong 
et al. 2002). The corresponding FRA1 gene codes for a kinesin-like  protein, which 
may thus be one of the components controlling microfibril alignment. Further-
more, evidence obtained by studying developing xylem vessels in Arabidopsis 
roots suggests that intact microtubules may be necessary for correct  positioning 
of the three secondary cell wall associated CESA proteins in the plasma mem-
brane (Gardiner et al. 2003). Finally, elegant recent experiments relying on 
functional yellow fluorescent protein fusion proteins with cellulose synthase in 
transgenic Arabidopsis plants suggest a relatively direct mechanism for guidance 
of cellulose deposition by the cytoskeleton (Paredez et al. 2006). In agreement 
with these observations, expression profiling over the developing xylem in hybrid 
aspen revealed that out of the 14 different tubulin genes in the dataset, 10 were 
strongly upregulated during late expansion and early xylogenesis (Hertzberg 
et al. 2001). Interestingly, recent data shows that the gene with the highest relative 
level of expression during early secondary cell wall synthesis in hybrid aspen 
encodes a novel microtubule associated protein designated PttMAP20 (Rajangam 
et al. 2006). This protein was found to share a conserved TPX2 domain with a 
kinesin-like protein, Xklp2, binding to microtubules in Xenopus (Wittmann 
et al. 2000). Distant similarity was also detected to stathmins, small phos-
phoproteins contributing to microtubulin dynamics in vertebrates (Rubin and 
Atweh 2004). Both native and recombinant PttMAP20 were shown to bind 
to in vitro assembled, taxol stabilized mammalian and hybrid aspen micro-
tubules, and immunolocalization studies revealed that PttMAP20 colocalize 
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with  cortical microtubules in xylem tissues (Rajangam et al. 2006). It is thus 
possible that PttMAP20 is one of  the putative microtubule associated proteins 
that mediate the proposed communication between cortical microtubules and 
cellulose microfibrils.

Another protein apparently involved in cellulose biosynthesis is the membrane-
associated endo-(1,4)-β-glucanase (EC3.2.1.4), also called Korrigan (KOR) 
(Nicol et al. 1998; Lane et al. 2001; Sato et al. 2001). The KOR protein seems to 
copurify with plasma membrane markers (Brummell et al. 1997; Nicol et al. 1998) 
while localization studies using fusion proteins with different marker  proteins 
suggest that KOR resides in the intracellular organelles or at least undergoes reg-
ulated intracellular cycling (Zuo et al. 2000; Robert et al. 2005). Mutations in the 
KOR gene cause severely cellulose deficient phenotypes in Arabidopsis (Mølhøj 
et al. 2002 and references therein). KOR appears to be needed during periods of 
intensive cellulose synthesis as massive accumulation of KOR is observed during 
secondary wall deposition in cotton (Peng et al. 2002). The gene for the corre-
sponding enzyme in hybrid aspen, PttCel9A, is clearly upregulated in the xylem 
(Hertzberg et al. 2001) (Figure 6-6), and in tension wood ( Andersson-Gunneras et al. 
2006). Coexpression during tension wood development of a putative  ortholog 
of KOR with the three secondary cell wall associated CesA genes has also been 
noted in Populus tremuloides (Bhandari et al. 2006).

KOR belongs to Family 9 glycoside hydrolases, which use an inverting reaction 
mechanism, and this means that transglycosylation can be ruled out. Rather, it 
is speculated that KOR might contribute by removing the proposed sitosterol 
primer of cellulose synthesis, or by facilitating the association of the cellulose 
chains in an organized microfibril (Peng et al. 2001; Mølhøj et al. 2002). Charac-
terization of a recombinant KOR expressed in Pichia pastoris exhibited activity 
on lowly substituted CMC (carboxymethyl cellulose) and amorphous cellulose, 
but not on xylan, xyloglucan or crystalline cellulose (Mølhøj et al. 2001; Master 
et al. 2004). Further, molecular modeling of the PttCel9A sequence onto the 
crystal structure of a homologous bacterial enzyme revealed interesting differ-
ences in the active site structures of the bacterial and plant enzymes (Master 
et al. 2004). The absence of several key determinants of substrate binding sug-
gested either very low activity on β-(1,4)-glucans or activity on a different sub-
strate. So far, extremely low catalytic activity of a putative poplar ortholog of 
KOR has been demonstrated (Master et al. 2004), but in spite of both biochemi-
cal and physiological data, the mechanism by which KOR activity contributes to 
cellulose biosynthesis remains obscure.

Some of the cell wall mutants, such as the mur mutants in Arabidopsis, affect 
downstream enzymes, which supply substrates for the glycosyl transferases 
involved in cell wall synthesis (Williamson et al. 2002). These types of  muta-
tions usually lead to a significant overall reduction in the rate of  cellulose 
synthesis. Sucrose synthase (SuSy) (EC2.4.1.13) catalyzes the reversible con-
version of  sucrose and UDP to UDP-glucose and fructose thereby channeling 
sucrose into numerous pathways, including cell wall and starch biosynthesis. 
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Downregulation of  SuSy generally results in brittle cell walls and reduced size 
of  starch grains (Chourey et al. 1998). In maize, three different isoforms, SH1 
(Shrunken 1), SUS1 (Sucrose synthase 1), and SUS3 have been shown to pro-
vide substrate for different pathways (Chourey et al. 1998; Carlson et al. 2002). 
One sucrose synthase (SuSy) situated on the plasma membrane of  cotton has 
been proposed to channel UDP-glucose to the cellulose synthase, CesA (Amor 
et al. 1995; Haigler et al. 2001; Salnikov et al. 2001). Aspects of  sugar metabo-
lism related to cellulose synthesis in forest trees have been studied by expression 
analysis in hybrid aspen (Hertzberg et al. 2001). Among the 2995 unique cam-
bial EST-clones of  hybrid aspen, 42 coded for proteins with sequence similarity 
to 22 different enzymes involved in sugar metabolism (Hertzberg et al. 2001). 
Subsequent expression profiling in the different stages of  xylogenesis (Figure 
6-6) revealed that the expression of  one of  the two isoenzymes of  SuSy fol-
lowed that of  the xylem specific genes, PttCesA1 and PttCesA3-1 (Hertzberg 
et al. 2001). In contrast, the second SuSy isoenzyme was more evenly expressed 
in all tissues with a slight downregulation during secondary wall synthesis (zone 
D, Figure 6-6), which suggests involvement in starch synthesis or general sugar 
metabolism.

Another enzyme influencing the metabolic flux to cellulose synthesis is 
 fructokinase (EC2.7.1.4). This enzyme converts fructose, a potent inhibitor of 
SuSy, into fructose-6-P, which can be converted further to UDP-glucose using 
an alternative metabolic route (Kanayama et al. 1998; Delmer and Haigler 
2002). Three enzymes, which participate in the alternative route, fructokinase, 
phosphoglucomutase (PGM) (EC 5.4.22), and UDP-glucose pyrophosphorylase 
(UTP-glucose-1-phosphate uridyltransferase) (EC2.7.7.9), were upregulated 
during xylogenesis in hybrid aspen (zones C and D, Figure 6-6). The gene encod-
ing for the fourth enzyme, Glucose-6-phosphate isomerase, was not included 
in the dataset. Nevertheless, the expression patterns of the three studied genes 
strongly suggest that the alternative route contributes to cellulose synthesis during 
 xylogenesis by increasing the pool of available UDP-glucose.

2.4 Other metabolic processes involved in cell wall biosynthesis

Interestingly, in Pinus pinaster, fructokinase is also abundantly present in 
 compression wood (Plomion et al. 2000), i.e., in a tissue with high content of 
lignin. In this case the fructokinase probably functions to provide substrate for 
glycolysis and deeper into the TCA-cycle in order to accumulate energy or to 
produce metabolites for other processes. An antisense inhibition of 4-coumarate: 
coenzyme A ligase decreased lignin biosynthesis by 45% in Populus tremuloides 
(Michx.), which was compensated for by a 15% increase in the cellulose content 
(Hu et al. 1999). Further, a mutation in the AtCesA gene activated lignin synthesis 
in Arabidopsis (Cano-Delgado et al. 2003). These are good examples of  the 
metabolic flexibility of plants, which allows for a dynamic connection between 
lignin and cellulose synthesis.
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Other polysaccharides, such as hemicelluloses and pectins, are also needed 
to produce a functional plant cell wall. Pectins consist of  D-galacturonate, 
 L-rhamnose, L-arabinose and D-galactose and are abundant in young cell walls, 
where they influence cell wall extensibility (McCann et al. 1993; Goldberg 
et al. 1986). Hemicelluloses consist of  a large group of  heteropolysaccharides 
containing D-xylose, L-arabinose, L-rhamnose, L-fucose, D-mannose,  D-galactose, or 
D-glucose in different combinations. They often associate with cellulose micro-
fibrils providing structural strength to the cell wall, or serve as an interface 
between cellulose and lignin. While cellulose synthesis occurs at the plasma 
membrane, hemicelluloses and pectins are synthesized in the Golgi apparatus, 
followed by transportation to the cell wall. When cultured tobacco and 
tomato plants are grown in the presence of  an inhibitor of  cellulose synthesis, 
2,6-dichlorobenzonitrile, the resulting cell walls contain almost no cellulose, but 
are enriched in uronic-acid-rich pectins, and an excess of xyloglucan is found in 
the medium (Shedletzky et al. 1992). Similarly, accumulation of uronic-acid-rich 
polymers was observed in Arabidopsis mutants with impaired cellulose synthesis 
or reduced expression of the CesA genes (Burton et al. 2000; Sato et al. 2001). 
Cellulose deficiency  resulting from the kor-1 mutation also led to differences in 
pectin content and composition (His et al. 2001). It thus seems that the noncellu-
losic polysaccharides can sometimes compensate for loss or reduction of cellulose 
in the cell walls.

Similarly to cellulose, hemicellulose and pectins are synthesized through sugar 
nucleotide precursors by a large number of glycosyl transferases (Scheible and 
Pauly 2004). Many of the UDP-sugars can be derived from UDP-glucuronic acid 
(Zablackis et al. 1995), which is an important intermediate in cell wall biosynthesis 
(Amino et al. 1985; Robertson et al. 1995). UDP-glucuronic acid is synthesized 
by oxidation of UDP-glucose or – indirectly – through oxidation of inositol, and the 
route chosen seems to vary during plant development  (Dalessandro and Northcote 
1977; Seitz et al. 2000). An expression analysis of the inositol pathway was not 
possible on the hybrid aspen microarrays as none of the relevant genes have 
been identified. However, the xylem specific upregulation of the gene encoding 
UDP-glucose dehydrogenase (EC1.1.1.22), which produces UDP-glucuronate 
from UDP-glucose, suggests that this pathway plays an important role during 
the secondary wall formation (Hertzberg et al. 2001). Even the gene encoding 
 phosphomannomutase (EC5.4.2.8) was specifically upregulated in zone D and 
could therefore be responsible for providing mannose for glucomannan formation.

3 IN VITRO CELLULOSE SYNTHESIS

Attempts to synthesize cellulose in vitro by using detergent solubilized enzymes 
frequently lead to the accumulation of callose, a linear (1→3)-β-D-glucan (Delmer 
1987; Okuda et al. 1993). Even in the few cases where successful in vitro cellulose 
synthesis has been demonstrated, i.e., in blackberry (Lai Kee Him et al. 2002), 
cotton and mung bean (Kudlicka et al. 1995; Kudlicka et al. 1996; Kudlicka and 
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Brown, Jr. 1997), callose appears as a major product. Nonetheless, it has been 
observed that higher ratios of cellulose to callose are obtained in vitro when the 
calcium concentration in the reaction mixtures is decreased (Okuda et al. 1993). 
Also, cellulose synthesis is lower in vivo when elicitors are used to induce callose 
synthesis (Delmer and Amor 1995). From such observations, it has been proposed 
that callose and cellulose synthase activities are coregulated by cations, and that 
(1→3) and (1→4)β-D-glucans may be synthesized by the same enzyme (Delmer 
1999). However, as pointed out by Bulone (2003), experimental verification of 
such hypotheses is still awaiting successful isolation of homogeneous preparations 
of active enzymes. Recently cell suspension cultures of hybrid aspen have been 
developed as a rapid and convenient model system to study plant cell wall bio-
synthesis (Ohlsson et al. 2006). mRNA expression analysis indicated activation of 
the xylem specific cellulose synthase genes, PttCesA1 and PttCesA3-1 in the later 
stages of growth of these cultures. Interestingly, when in vitro cellulose synthesis 
was carried out using detergent extracts from the aging cell cultures, a higher ratio 
of cellulose versus callose was observed (Colombani et al. 2003). The hybrid aspen 
cell suspension cultures may thus provide a convenient model system for future 
studies of the mechanisms of both cellulose and callose biosynthesis.
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CHAPTER 7

CELLULOSE BIOSYNTHESIS
IN ENTEROBACTERIACEAE

UTE RÖMLING*

Department of Microbiology, Tumor and Cell Biology (MTC), Box 280, Karolinska Institutet, 
SE-17177 Stockholm, Sweden

Abstract
Distinct bacterial species belonging to the family of Enterobacteriaceae harbor a char-
acteristic cellulose biosynthesis operon (bcs). A regulatory network for cellulose biosyn-
thesis has been identified in Salmonella typhimurium. Transcription of the bcs operon is 
constitutive, while cellulose biosynthesis is activated on the post-transcriptional level by 
AdrA, a GGDEF domain containing protein. AdrA is under the tight positive control 
of the transcriptional regulator CsgD, which itself  is regulated by a wide variety of 
environmental stimuli and global regulatory proteins. However, regulation of cellulose 
biosynthesis varies widely among species and even within a species. In S. typhimurium 
in cellulose is commonly coexpressed with curli fimbriae, a proteinaceous component 
whereby the two extracellular matrix components interact with each other fulfilling 
distinct roles in cell-cell interactions and biofilm formation. 

Keywords
Curli fimbriae, electron microscopy, environmental conditions, Escherichia coli, 
GGDEF domain, ompR, regulation, rpoS, Salmonella typhimurium, thin aggregative 
fimbriae.

Abbrevations
bp, base pair; ORF, open reading frame.

1 INTRODUCTION

Recently, enzymatic and chemical analysis in combination with genetic stud-
ies revealed that Salmonella enterica serotype Typhimurium (S. typhimurium) 
is capable to produce cellulose as an exopolysaccharide (Zogaj et al. 2001). The 

* For correspondence: Tel: +46-8-524-87319; Fax: +46-8-330744; e-mail: ute.romling@mtc.ki.se
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LB Ø

CR
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Figure 7-1. Salmonella typhimurium expressing cellulose. (a) S. typhimurium colonies grown for 48 h 
on a regular Luria Bertani agar plate without salt (LBØ), a Congo Red plate (CR) and a Calco-
fluor plate (CF). Left: strain that expresses cellulose; middle: strain that does not express cellulose. 
Right: strain that expresses cellulose and curli fimbriae. (b) Microscopy of  cellulose expressing 
S. typhimurium after treatment with Calcofluor. Left: Phase contrast; right: fluorescence microscopy. 
Magnification ×600 (See Color Plate of this figure beginning on page 355)
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bacteria that express cellulose display a characteristic colony morphology when 
grown on an agar plate and show fibrous cellulose fibers by fluorescence micros-
copy (Figure 7-1).

Cellulose production confers bacterial cell–cell interactions, adhesion to 
abiotic surfaces (biofilm formation) and chlorine resistance to the organism 
(Römling et al. 2000; Zogaj et al. 2001; Solano et al. 2002). Beginning studies 
shed some light on the molecular mechanisms of  cellulose biosynthesis and 
regulation in S. typhimurium and the epidemiology of  cellulose biosynthesis in 
Enterobacteriaceae.

2 THE CELLULOSE BIOSYNTHESIS OPERON IN Salmonella 
typhimurium AND Escherichia coli

In S. typhimurium and Salmonella enteritidis, the two divergently transcribed oper-
ons, yhjRQbcsABZC-bcsEFG are required for cellulose biosynthesis (Zogaj et al. 
2001, Figure 7-2; Solano et al. 2002). The two operons had been identified by ran-
dom transposon mutagenesis while selecting for mutants with altered capacities to 
bind the dyes Congo Red and/or Calcofluor when grown on agar plates.

bcsA bcsB bcsZ bcsC

yhjQ
yhjR

bcsEbcsG

bcsFSTM3624A

3686 20510240 24 4

yhjK

573

•

44

*

19

92706 396 3 4

TACCTGACT3797446 – 3797455129.835433793894 - 3797436bcsC

TATCAATCT3797067 – 3797076115.931623793894 - 3797055bcsC*

TGACCATGA3798535 – 379854341. 611073797418 - 3798527bcsZ

CAATGATGA3800839 – 380084784. 323013798531 - 3800831bcsB

AAACGTCCG3803480 – 3803488100. 426253800842 - 3803466bcsA

AATGGCGAT3804208 – 380421626. 77293803463 - 3804191yhjQ

AAAGGAGCA3804426 – 38044347. 62043804216 - 3804419yhjR

TAAACAGTT3804644 – 380465259. 315723804664 - 3806235bcsE

CGCGGAGCG3806217 - 38062257. 21923806232 - 3806423bcsF

AAAGTCAAG3806400 – 380640862. 216803806420 - 3808099bcsG

TAAGGAGGTShine–Dalgarno
sequence

size of protein (kDa)ORF (bp)Position in LT2
genome

Gene

• • •

Figure 7-2. Structure of the cellulose biosynthesis operon bcs in Salmonella typhimurium and Esch-
erichia coli. Arrowheads represent the open reading frames (ORFs). Symbols above the ORFs show 
overlap of ( ) or distance between (∆) ORFs in bps. Symbols below the ORFs show insertions ( ) 
or deletions ( ), which occur in S. typhimurium LT2 as compared to Escherichia coli K-12. Closed 
arrows just above the ORFs indicate transposon insertions in bcsA and bcsC. The larger arrow indi-
cates the position of the transposon used to study transcriptional regulation of the respective gene. 
The table summarizes the features of bcs genes using the positioning in the genome of the sequenced 
LT2 strain. The start codon proposed for bcsC in E. Coli K-12 leads to a shorter ORF (bcsC*).
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Highly homologous operons are present in E. coli, and deletion of bcsA, the 
catalytic subunit of cellulose synthase in a recently isolated fecal strain, has proven 
that it also encodes for cellulose biosynthesis in this species ((Zogaj et al. 2001, our 
unpublished data). Besides minor changes, annotation of open reading frames 
in S. typhimurium LT2 and E. coli K-12 is virtually identical with the excep-
tion of bcsC. The proposed start codon for bcsC in E. coli has no equivalent in 
S. typhimurium. Alternative start codons common to both species are found up- 
and downstream of this site. The proposed upstream start codon leads to an ORF 
which overlaps with bcsZ by 19 bp. Strikingly, the use of this sites would lead to an 
preterminated out-of-frame product in the laboratory strain E. coli K-12, but not in 
all other up to now sequenced  natural E. coli strains, which include two enterohe-
morrhagic, one uropathogenic, one enteroaggregative and one enteropathogenic 
strain. This fact would explain why E. coli K-12 does not produce cellulose.

When compared to the classical type 1 cellulose biosynthesis operon of Glu-
conacetobacter xylinus that produces the cellulose I allomorph under laboratory 
conditions the cellulose biosynthesis operons of Salmonella spp. and E. coli have 
both, homologous and unique components (Figure 7-3). As in G. xylinus bcsA, 
which encodes for the catalytic subunit of the cellulose synthase, and bcsB, which 

S. enterica, S. bongori,
E. coli, K. pneumoniae,

Y. enterocolitica 
P. putida

P. syringae pv. tomato

G. xylinus

B. fungorum

R. metallidurans

P. fluorescens

X. axonopodis pv. citrii

yhjRyhjQ bcsA bcsB bcsZ bcsC

ccp bcsD bglX

bcsEbcsFbcsG

B. cenocepacia

wssG wssH wssI

Figure 7-3. Comparison of the cellulose biosynthesis operons bcs of Enterobacteriaceae with organ-
isatorically closely related bcs operons. ORFs that encode homologous genes involved in cellulose 
biosynthesis have the same color. White arrows indicate genes with no apparent association with cellulose 
production. Sequences: Salmonella typhimurium (AJ315148); Escherichia coli (NC 000913); Pseudo-
monas putida KT2440 (NC 002947); Gluconacetobacter xylinus (AB015802); Pseudomonas fluorescens 
SJW25 (AY074776); Xanthomonas axonopodis pv. citrii (NC_003919). Preliminary sequence data for 
Pseudomonas syringae pv. tomato were obtained from The Institute for  Genomic Research at http://
www.tigr.org, for Burkholderia fungorum LB400 and Ralstonia metallidurans CH34 from the DOE Joint 
Genome Institute at http://www.jgi.doe.gov/JGI_microbial/html/index.html, for Burkholderia ceno-
cepacia J2315, Salmonella bongori and Yersinia enterocolitica 0:8 from the Sanger center at http://www.
sanger.ac.uk/Projects/Microbes/ and for Klebsiella pneumoniae from the University of Washington at 
http://genome.wustl.edu/projects/bacterial/ (See Color Plate of this figure beginning on page 355)
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encodes a c-di-GMP binding protein, are subsequently arranged in the operon. 
A cellulase family D member, bcsZ, is located within the cellulose biosynthe-
sis operon in Salmonella spp. and E. coli downstream of bcsAB. Although the 
laboratory strain E. coli K-12 is not capable of producing cellulose, a functional 
cellulase gene could be cloned from the bcs operon (Park and Yun 1999). BcsZ 
is required for cellulose biosynthesis in G. xylinus (Koo et al. 1998), but in this 
species the cellulose biosynthesis operon does not contain the gene. However, it 
is frequently found in close vincinity upstream of the operon.

BcsC, which is required for cellulose biosynthesis in vivo, is part of the cellulose 
biosynthesis operon in Enterobacteriaceae and G. xylinus. BcsC contains a 
N-terminal membrane domain and several tetratrico peptide repeats (TRPs) 
motifs, indicating that it might participate in protein–protein interactions.

Other genes are unique to G. xylinus and the Enterobacteriaceae. There is no 
evidence that Enterobacteriaceae have a homologue of bcsD, the last gene in the 
bcs operon in G. xylinus, on their chromosome. Also the ccp gene (alternatively
called ORF2), located just upstream of bcsA is unique to G. xylinus. These two 
genes have been shown to be required for optimal cellulose production and 
are involved in the control of crystallization by assembling the glucan chains 
into cellulose I allomorphs (Saxena et al. 1994; Nakai et al. 2002). The lack of 
those genes in Enterobacteriaceae suggests that the crystallization structure of the 
glucan chains might be different in those bacteria.

There are also several genes that seem to be unique for cellulose biosynthesis in 
Enterobacteriaceae. The yhjQ gene located upstream of bcsA might actually be 
part of the bcs operon as its open reading frame overlaps with the one of bcsA by 
4  bps (Figure 7-2). Sequence homology search identified yhjQ to encode a homo-
logue belonging to the Soj-family, chromosomally encoded ATPases involved in 
chromosome partitioning and cell division. Consistent with this in silico analysis, 
insertional inactivation of yhjQ in E. coli K-12 caused abnormal cell division 
which resulted in incomplete partitioning of the chromosome and filamentous 
cells at 42°C (Kim et al. 2002). How a yhjQ mutation affects cellulose biosynthe-
sis was not studied, since E. coli K-12 does not produce cellulose. However, one 
can envisage that yhjQ coordinates cellulose biosynthesis with DNA replication 
and cell division as the Soj protein coordinates basic cellular processes in Bacillus 
subtilis (Sullivan and Maddock 2000). Why there is a tight coupling of cellulose 
biosynthesis, and a possible precise positioning of the cellulose synthase com-
plex in the membrane in Enterobacteriaceae, but not in G. xylinus remains to be 
elucidated. Little is known about the role of the divergently transcribed bcsEFG 
operon in cellulose biosynthesis. BcsE is predicted to encode for a cytoplasmati-
cally located protease, while bcsG encodes for an inner membrane protein of 
unknown function. Whether yhjR (ORF that encodes for a 67 aa long polypep-
tide) and yhjT (63 aa) encode for functional polypeptides involved in cellulose 
biosynthesis, remains to be shown. Both genes are conserved, since they are also 
found in the Pseudomonas putida cellulose biosynthesis operon (Figure 7-3), 
although not annotated in the original sequence information.
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3 REGULATION OF THE EXPRESSION OF THE bcsABZC OPERON

The organization of the yhjRQbcsABZC-bcsEFG operons is depicted in Figure 7-2. 
The two groups of convergently transcribed ORFs are either separated by only 
a few bps or overlap. Computional analysis in E. coli predicts four transcrip-
tional units with one sigma 70-like promoter each; yhjRQ, bcsABZ, bcsC and 
bcsEFG. However, the transcriptional regulatory pattern must be more complex, 
since, for example, complementation of polar mutations in bcsZ does not readily 
restore cellulose biosynthesis (our unpublished results).

In S. typhimurium the transcriptional regulation of the bcsABZC operon by 
environmental conditions was studied with lacZ-fusions located in bcsA and 
bcsC (Zogaj et al. 2001). Transcription of both genes is growth phase dependent 
with approximately threefold higher expression in the stationary than logarithmic 
growth phase. Expression of both genes was highest under aerobic conditions 
in liquid culture (Luria Broth (LB) without the salt component) and decreased 
more than twofold under all other conditions such as microaerophilic or anaero-
bic growth conditions, plate-growth, iron depletion, on minimal medium, under 
high salt and in rich medium supplemented with glucose as carbon source. How-
ever, under all growth conditions substantial transcriptional activity has been 
found, so that transcription of the bcsABZC operon can be considered constitu-
tive. Most surprisingly, transcription of neither bcsA nor bcsC was dependent 
on positive regulators of cellulose biosynthesis (see below), rpoS, the starvation 
sigma factor in stationary phase, and csgD, a transcriptional response  regulator, 
suggesting that the activation of  cellulose biosynthesis takes place at a post-
transcriptional level. Those data indicate a situation similar as in G. xylinus 
where membrane fractions showed cellulose biosynthesis activity despite no 
obvious cellulose production of corresponding whole cells (Saxena and Brown, 
Jr. 1995) suggesting that synthesis of the cellulose synthase and its activation are 
separated events. Constitutive expression of the structural genes, but a missing 
factor for post-transcriptional activation of cellulose biosynthesis could be an 
explanation for this phenomenon.

4 REGULATION OF CELLULOSE BIOSYNTHESIS

A regulatory cascade leading to the activation of cellulose biosynthesis has been 
established in S. typhimurium (Figure 7-4a). In plate-grown cells, which harbor 
an intact cellulose biosynthesis operon, expression of AdrA from a low copy 
number plasmid is sufficient to initiate temperature independent cellulose 
biosynthesis (Zogaj et al. 2001).

In the natural situation, the chromosomally encoded adrA itself  is tightly 
regulated by CsgD (formerly called AgfD), a response regulator of the UhpA 
(FixJ) family on the transcriptional level (Römling et al. 2000). Under all envi-
ronmental conditions examined, throughout the bacterial growth phase in liq-
uid culture, plate-growth at 28°C and 37°C, on minimal medium, under iron 
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depletion, under anaerobic conditions and under aerobic conditions in liquid 
medium, stationary-phase expression of adrA was strictly dependent on csgD 
expression. At high salt concentrations, csgD is not expressed and hence, adrA 
expression does not take place. However, CsgD is only required for transcription 
of adrA, but not for further steps downstream in the regulatory cascade leading 
to cellulose biosynthesis (Zogaj et al. 2001).

Another gene, which is required for cellulose biosynthesis is rpoS (Römling et al. 
1998b, 2000). RpoS encodes for the second principal sigma factor in stationary phase, 
conferring survival properties to various stresses (Hengge-Aronis 1999). As in 
the case of csgD, rpoS is solely required for the transcriptional activation of adrA, 

Nutrient
starvation

Osmolarity

Oxygen
tension

IHF OmpR

H-NS

csgD

Temperature

CpxR

Figure 7-4. (a) The cellulose biosynthesis module with regulatory units. Cellulose biosynthesis is 
activated by the direct or indirect interaction of the AdrA protein with gene products from the bcs 
operons. Transcription of adrA is conducted by CsgD together with the second principal sigma 
factor in stationary phase, RpoS. (b) Environmental conditions and global regulatory proteins that 
influence expression of csgD (See Color Plate of this figure beginning on page 355)
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but not for further steps downstream in the regulatory cascade leading to cellulose 
biosynthesis. Consequently, the transcription of bcsA and bcsC was not dependent 
on rpoS (Zogaj et al. 2001).

However, activation of cellulose biosynthesis via the csgD-adrA regulatory 
pathway is not absolute. We have described one S. enteritidis strain, where 
cellulose biosynthesis is at least partially independent of  csgD, adrA and rpoS 
(Römling et al. 2003). In S. enteritidis, specific environmental conditions have 
been reported where cellulose biosynthesis is at least independent of csgD and 
rpoS (Solano et al. 2002). In adherence test medium (ATM), which contains sufficient 
amount of carbon source, but does not support the growth of bacteria, since it 
is lacking phosphate and the divalent cation magnesium, cellulose was produced 
after less than 40 min of incubation. Addition of inorganic sources of phosphate, 
nitrogen, and sulfur or iron, magnesium, or calcium ions abolished cellulose pro-
duction (Solano et al. 1998). Again, those circumstances resemble activation of 
cellulose biosynthesis in G. xylinus where cellulose biosynthesis was observed in 
resting cells (Hestrin 1954).

5 REGULATION OF csgD EXPRESSION

Under most environmental conditions, cellulose biosynthesis is activated through 
the transcriptional regulator csgD. CsgD itself  is regulated on the transcriptional 
and presumably also post-transcriptional level by a wide variety of environmen-
tal stimuli (Gerstel and Römling 2001; Römling et al. 1998b). Nutrient depletion, 
oxygen tension, osmolarity, and temperature are major factors that influence the 
expression of csgD (Figure 7-4b). CsgD is expressed when the bacterial cells 
reach a certain density in the culture, approximately 3 × 108 cells/ml. Under those 
conditions, starvation by various nutrients like phosphorus and nitrogen is the 
trigger to increase expression of csgD. Oxygen tension regulates csgD expression 
in a complex interplay with the nutrient source. Reduced oxygen tension (micro-
aerophilic conditions) provided an optimum of csgD expression in rich medium, 
while aerobic conditions are optimal for csgD expression in a medium limited for 
nutrients (minimal medium). High osmolarity abolishes the expression of csgD. 
Cellulose biosynthesis seems to follow this expression pattern via adrA expres-
sion as judged from the phenotype on plates, since at the moment, no quantitative 
assay for cellulose production in S. typhimurium is available.

Another level of regulation of csgD expression is mutations on the chromo-
some. As the well studied isolates S. typhimurium ATCC14028 and SR-11, virtu-
ally all S. typhimurium and S. enteritidis strains isolated from human infections, 
animal and food express the csgD gene in a temperature regulated way, whereby 
transcription is observed at temperatures below 30°C, but not at 37°C (Römling 
et al. 1998a, 2003). However, independently isolated mutants of ATCC14028 and 
SR-11 showed a temperature deregulated expression of csgD. The two mutants 
had individual point mutations in the csgD promoter region, which conferred 
the derepressed expression (Römling et al. 1998b). Consequently, cellulose 
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biosynthesis was temperature independent in the mutants, but expressed only at 
temperatures below 30°C in the wild type.

On the molecular level, several globally acting DNA-binding protein bind to the 
csgD promoter region and build up a three-dimensional nucleoprotein complex 
to ensure tight regulation of expression (Prigent-Combaret et al. 2001; Gerstel 
et al. 2003). As a key regulator, the transcriptional regulator ompR is absolutely 
required, yet not sufficient to confer csgD expression. The alternative sigma factor 
rpoS is also required, but only in strains that express csgD temperature regulated.

6 FUNCTION OF AdrA

The function of CsgD in cellulose biosynthesis is solely the activation of adrA. 
But what are the specific mechanisms with which AdrA regulates cellulose bio-
synthesis? AdrA, in a monocistronic operon, encodes for a 371 aa long protein. 
It contains a highly hydrophobic N-terminal integral membrane domain, named 
MASE2 (membrane associated sensor; (Nikolskaya et al. 2003)), and a C- terminal 
GGDEF domain, also called DUF1 (domain of unknown function). The GGDEF 
domain is considered to be the effector domain. Also in other bacteria, Rhizo-
biium leguminosarum bv. trifolii and Pseudomonas fluorescens, GGDEF domain 
containing proteins activate cellulose biosynthesis (Ausmees et al. 1999, 2001; 
Spiers et al. 2002). In G. xylinus, two highly homologous proteins with the 
domain structure <sensory domain-GGDEF-EAL> confer either cyclization of 
two GTP molecules or cleavage of c-di-GMP (Tal et al. 1998).

By sequence similarity in combination with molecular modeling, the GGDEF 
domain has been suggested to confer nucleotide cyclization activity (Pei and 
Grishin 2001), but this function has to be experimentally proven. However, it is 
not very far fetched to speculate that the GGDEF domain might synthesize the 
cyclic nucleotide c-di-GMP, which has been identified as the allosteric activator 
for cellulose biosynthesis in G. xylinus (Ross et al. 1991).

The GGDEF/DUF1 domain is highly abundant, over 750 proteins of the pres-
ently sequenced 256 microbial genomes contain this domain, although a pheno-
type or function has been reported for only a handful of those genes mainly in 
the context of studies concerning bacterial development (Hecht and Newton 
1995; Jones et al. 1999; Gronewold and Kaiser 2001; Boles and McCarter 2002). 
If  the function of the GGDEF domain is in fact the production of c-di-GMP, 
those data mean that c-di-GMP is an important, yet unidentified global sec-
ond messenger in bacteria. However, GGDEF domain proteins are not equally 
distributed among the microorganisms (Galperin et al. 2001). GGDEF domain 
containing proteins are highly abundant in Gram-negative free-living bacteria, 
which also can have pathogenic potential. In Gram-positive bacteria this domain 
occurs in much lower numbers, if  at all; obligate parasites have only one or no 
copy of the GGDEF domain; and archaea miss this domain at all.

S. typhimurium has 12 copies of this domain. That all 12 proteins with this 
domain are involved in the regulation of cellulose biosynthesis, but under different 
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environmental conditions, seems unlikely, but cannot be completely excluded. 
Alternatively, other cellular processes might be regulated by GGDEF domain 
containing proteins.

7 OCCURRENCE OF THE CELLULOSE BIOSYNTHESIS OPERON 
AMONG ENTEROBACTERIAL SPECIES

The cellulose biosynthesis operon is not present in all species within the family 
of Enterobacteriaceae, nor is cellulose constitutively expressed by those species 
that harbor the genetic information. Whole genome sequence analysis revealed 
that the cellulose biosynthesis operon is present in S. enterica serovars and 
S. bongori, in E. coli, Shigella spp., which are actually subspecies of  E. coli, 
Klebsiella pneumoniae, Erwinia chrysantemii strain 3937, Erwinia carotovora 
subsp. atroseptica SCRI 1043.06 and Yersinia enterocolitica type O:8. In addi-
tion, work in our group has detected bcsA, the catalytic subunit of cellulose 
synthase, in Citrobacter spp., Citrobacter freundii, Citrobacter koseri/farmeri, 
Enterobacter aerogenes, Enterobacter cloacae, Enterobacter sakazakii, Klebsiella 
oxytoca, and Raoultella ornithinolytica (Zogaj et al. 2003).

But where had S. typhimurium or, more accurate, an enterobacterial common 
ancestor acquired this operon? The G+C content of the yhjRQbcsABZC operon 
in S. typhimurium is 58%, whereby the average G+C content of the S. typhimurium 
genome is 53%. This fact suggested that the cellulose biosynthesis operon comes 
from a bacterial species with higher G+C content. Actually, highly homologous 
sequences, not only on the protein, but also on the nucleotide level are found in 
the unrelated saprophytic soil bacterium Pseudomonas putida KT2440 (Figure 
7-3). However, already in P. putida only the core genes yhjRQbcsABZC are in 
the same order as in Enterobacteriaceae. The sequence of the bcsEFG operon 
is rearranged through reversion. In the plant pathogen Pseudomonas syringae 
pv. tomato and the rhizosphere isolate P. fluorescens SWB25, there are additional 
variants of the cellulose biosynthesis operon (Spiers et al. 2002). Downstream 
of the respective bcsC homologue there is a gene cluster called wssGHI, which 
is paralogous to a gene cluster carrying out acetylation of another exopolysac-
charide, namely alginate, in P. aeruginosa. It has been suggested that the wssGHI 
gene cluster confers acetylation of the glucan chain, whereby a second copy of 
the Soj-homologue yhjQ, wssJ, located downstream of  the wssGHI genes in 
P. fluorescens, positions the enzyme complex nearby the cellulose synthase.

Also other soil bacteria like species from the medically, agriculturally and 
environmentally important Burkholderia complex, Burkholderia fungorum 
LB400 and Burkholderia cenocepacia J2315 (previously called Burkholderia 
(Pseudomonas) cepacia) and the heavy metal resistant Ralstonia metallidurans 
CH34 (previously called Ralstonia eutropha and Alcaligenes eutrophus) and the 
plant pathogen Xanthomonas axonopodis pv. citrii (da Silva et al. 2002) harbor 
variations of the cellulose biosynthesis operon. The similarities in organization 
of the bcs operon are reflected by the distances of the respective catalytic sub-
units of the cellulose synthase BcsA in the phylogram (compare Figure 7-2 and 
Figure 7-5).
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8 DIFFERENTIAL EXPRESSION OF CELLULOSE 
AMONG  Enterobacteriaceae

Study on the expression of cellulose in over 800 S. enterica isolates from human 
infections, food and animals revealed serovar specific expression patterns, which 
could be correlated with disease severity in the respective hosts (Römling et al. 
2003). S. typhimurium and S. enteritidis isolates consistently expressed cellulose 
at 28°C on agar plates, while isolates of the serovars Salmonella typhi, Salmonella 
choleraesuis and of the variant S. typhimurium var. Copenhagen did not express 
cellulose. However, when expressed by strains of serovars Typhimurium and 
Enteritidis, we observed that cellulose is always coexpressed with proteinaceous 
appendaces, the curli fimbriae (see below).

Cellulose expression showed a more variable pattern in E. coli, an impor-
tant inhabitant of  the human gastrointestinal tract as well as a pathogen. 
A  substantial proportion of  commensal isolates of  E. coli expressed cellulose 
at 28°C and/or 37°C, although always together with curli fimbriae (our unpub-
lished data). In uropathogenic isolates, however, cellulose expression could 
occur without concomitant curli expression (our unpublished data). Other-
wise, no systematic investigations about the expression of  cellulose have been 
carried out in E. coli strains. Bacterial species isolated from the gastrointesti-
nal tract showed a variable, genus specific expression of  cellulose (Zogaj et al. 
2003). While Citrobacter isolates showed temperature dependent expression of  
cellulose, Enterobacter isolates displayed temperature independent or preferen-
tial expression at 37°C. Klebsiella isolates did not express cellulose when plate-
grown. However, we recently discovered few cellulose-positive colonies derived 
from K. pneumoniae strain DSM12082, which was isolated from a pond (Zogaj 
et al. 2001).

9 COEXPRESSION OF CELLULOSE WITH CURLI FIMBRIAE

In S. typhimurium and S. enteritidis serovars and in commensal E. coli strains 
cellulose is usually coexpressed with curli fimbriae, a proteinaceous component. 
As cellulose biosynthesis, expression of curli fimbriae is regulated by CsgD on 
the transcriptional level. In fact, the csgD gene is part of the csgDEFG-csgBA(C) 
biosynthesis operon and presumably directly activates the csgBA(C) operon 
(Römling et al. 1998a).

The major characteristic of curli fimbriae is their binding capacity to diverse 
substrates, ranging from proteins present in the human host to hydrophilic and 
hydrophobic abiotic surfaces such as glass and polystyrene (Ben Nasr et al. 1996; 
Olsen et al. 1989; Austin et al. 1998; Herwald et al. 1998; Olsen et al. 1998; 
Römling et al. 1998b). Not unexpectedly, curli fimbriae also interact with the 
glucan chains of cellulose coexpressed with curli fimbriae on the bacterial sur-
face (Zogaj et al. 2001; White et al. 2003). The interaction is evident in that the 
otherwise free-floating glucan bundles of cellulose are tightly wrapped around 
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the bacterial cells when curli fimbriae were coexpressed. Through those, pre-
sumable noncovalent, interactions the properties of the bacterial colonies were 
change dramatically (Figure 7-1a). The bacteria are firmly interconnected in a 
rigid network and their surface is highly hydrophobic. Actually, cellulose from 
those bacteria was not digestible with cellulase even after extended hours using 
high concentrations of enzyme, although the digestion of cellulose alone was no 
problem (Zogaj et al. 2001).

The interaction and distinct roles of  cellulose and curli fimbriae can be seen 
in various assays. Electron microscopy studies revealed that fine cellulose 
fibers were produced peritrichously by S. typhimurium (Römling and Lunsdorf 
2003). On the other hand, curli fimbriae appear as 2–3 nm wide, curled append-
ages. When expressed together, the material appears diffuse (White et al. 
2003). Distinct biofilms are formed by cellulose and curli fimbriae (Römling 
et al. 2001). Cellulose mainly provided loose adherence at the air–liquid inter-
face, while curli fimbriae mediated tight interactions below the surface of  the 
liquid. The two extracellular matrix components also fullfill different roles in 
 bacterial cell–cell interaction. Cellulose fibers provide elastic, long-range inter-
connections, while curli fimbriae mediate rigid, but easily breakable connec-
tions between individual cells. It can be concluded that cellulose fibers have a 
structural function, while curli fimbriae provide stabilization. Because of the func-
tional similarities of cellulose and accessory components to the plant system, we 
have referred to the phenotype of  the microbial colonies as “bacterial wood” 
(Zogaj et al. 2001).

10 CONCLUSIONS

Recently, the molecular basis of  cellulose biosynthesis has been detected in 
S. typhimurium and other Enterobacteriaceae. With this discovery, however, new 
questions did arise concerning various aspects such as the mode of cellulose 
biosynthesis, its regulation, function, epidemiology, structure and interaction of 
cellulose with other components. At present, answers are only partially avail-
able, if  at all. The availability of well characterized and fully sequenced strains 
together with efficient tools for genetic manipulation, however, gives hope that 
fairly soon light will be shed at least to some aspects of cellulose biosynthesis in 
Enterobacteriaceae.
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CHAPTER 8

IN VITRO SYNTHESIS AND ANALYSIS OF PLANT 
(1→3)-β-D-GLUCANS AND CELLULOSE: A KEY STEP 
TOWARDS THE CHARACTERIZATION OF GLUCAN 
SYNTHASES

VINCENT BULONE  *

Royal Institute of Technology (KTH), School of Biotechnology, AlbaNova University Center, 
SE-106 91 Stockholm, Sweden.

Abstract
The isolation and characterization of plant mutants affected in cellulose biogenesis 
have allowed the identification of a family of genes involved in this fundamental process. 
A specific attention has been given in the last years to genetic and molecular biology 
approaches, mainly because of  the difficulty to assay and purify to homogeneity 
cellulose synthase complexes. At this stage, it is necessary to reconsider the importance 
of biochemical approaches, not only to firmly demonstrate in vitro that the proteins 
coded by the isolated genes are indeed able to catalyze cellulose synthesis, but also to 
isolate and identify directly the different components of the synthesizing machinery. 
The recent progress made in the field of in vitro synthesis of cellulose is promising and 
it will certainly allow the purification and biochemical characterization of plant 
cellulose synthases in the near future. In this review, a particular attention is given to the 
description and critical analysis of the in vitro approaches that have been developed 
for the study of plant cellulose synthases and the related enzymes callose synthases. 
An important problem raised by these biochemical investigations is the analysis of the 
in vitro polysaccharides. This aspect is integrated in the discussion, with a presenta-
tion of strategies and methods for high-throughput assays of β-glucan synthases and 
detailed structural characterization of in vitro products.

Keywords
biochemical approaches for the study of glucan synthases, (1→3)-β-D-glucan (callose) 
and cellulose synthases, in vitro synthesis of  callose and cellulose, structural and 
morphological characterization of in vitro polysaccharides.
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Abbreviations
3-[(3-cholamidopropyl)dimethylammonio]-1-propane sulfonate (CHAPS), dimeth-
ylsulfoxide (DMSO), ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic 
acid (EGTA), 3-[N-morpholino]propanesulfonic acid (Mops), nuclear magnetic reso-
nance (NMR), transmission electron microscopy (TEM).

1 INTRODUCTION

The biosynthesis of  cellulose, which is one of  the major plant cell wall poly-
saccharides, is still far from being completely understood despite the efforts 
made in the past few decades to identify the enzymes involved in this impor-
tant process. The main difficulty has been to isolate in an active form the 
enzyme cellulose synthase which is involved in cellulose polymerization, and 
to characterize it directly using biochemical approaches. Cellulose synthase is 
a membrane-bound complex that has been observed in membranes of  several 
organisms by electron microscopy, using freeze fracture techniques (Brown, Jr. 
1996; Kimura et al. 1999). The plant enzymes are organized as hexagonal supra-
molecular structures designated as rosettes, with a sixfold symmetry (Brown, 
Jr. 1996). They are highly unstable and extractions from plasma membranes 
using detergents usually yield enzyme preparations that synthesize in vitro no 
or very little cellulose from the substrate UDP-glucose. Instead, the major prod-
uct obtained in vitro from detergent extracts is callose, i.e. a linear (1→3)-
β-D-glucan (Delmer 1987; Okuda et al. 1993). Interestingly, it has been shown that 
when callose synthase is induced in vivo using elicitors cellulose synthesis decreases 
proportionally (Delmer and Amor 1995). In addition, the first in vitro experiments 
that led to some cellulose synthesis showed that the production of (1→4)-β-D-
glucans is favored over the synthesis of callose when calcium is chelated by EGTA 
(Okuda et al. 1993). From these results, it has been proposed that the synthe-
sis of  callose and cellulose is performed by the same enzyme that polymerizes 
either polysaccharides, depending on its conformation and on regulation pro-
cesses that may involve divalent cations or changes in the phosphorylation state 
(Delmer 1999). Demonstration of  such hypotheses requires the isolation of  
pure enzymes in an active form, an objective that has still to be achieved. Alto-
gether, these observations clearly show that it is difficult to analyze and discuss 
the mechanisms of  cellulose synthesis without considering the synthesis of  cal-
lose. However, this does not mean that (1→3)-β-D-glucan synthesis in plants is a 
phenomenon of secondary importance. Actually, callose synthesis is essential in 
normal plant development and plays a central role in the plant defense response 
to various stresses (Stone and Clarke 1992). For instance, (1→3)-β-D-glucans 
are deposited transiently at the cell plate during cell division and are found as 
components of  specialized cell walls such as those of  pollen mother cells (Stone 
and Clarke 1992). They are also associated with sieve plates and plasmodesma-
tal canals at various stages of  plant growth and development (Stone and Clarke 
1992). Callose deposition is known to occur when plant tissues are stressed, e.g., 
after microbial infection or wounding (Stone and Clarke 1992).
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As a consequence of the difficulty to apply biochemical approaches to the 
study of callose and cellulose biosynthesis, many groups have focused their 
efforts on the identification of genes that are required for the synthesis of these 
polysaccharides. This has allowed important progress since a number of genes 
that are likely to be directly responsible for callose and cellulose synthesis have 
been described (Delmer 1999; Doblin et al. 2002). In the case of cellulose syn-
thase, the first genes were identified in the cotton fiber by Pear et al. (1996). Since 
then, numerous functional homologues designated as CesA have been isolated 
from other organisms such as Arabidopsis thaliana (Arioli et al. 1998; Taylor 
et al. 1999; Fagard et al. 2000; Taylor et al. 2000; Scheible et al. 2001), Zea mays 
(Holland et al. 2000), Nicotiana alata (Doblin et al. 2001), Hordeum vulgare 
(Burton et al. 2004), and Populus tremula × tremuloides (Djerbi et al. 2004). Inter-
estingly, all the protein sequences deduced from these genes bear the consensus 
D,D,D,QXXRW motif common to all members of glycosyltransferase family 2, 
which comprises other polysaccharide synthases, like chitin and hyaluronan 
synthases (Saxena et al. 1995; Campbell et al. 1997; see also the Carbohydrate-
Active Enzymes server http://afmb.cnrs-mrs.fr/CAZY/index.html (Coutinho and 
Henrissat 1999) ). However, none of the CesA genes show any significant similar-
ity with plant genes (Cui et al. 2001; Doblin et al. 2001; Hong et al. 2001; Li et al. 
2003) homologous to fks1 from Saccharomyces cerevisiae (Douglas et al. 1994), 
a gene proposed to encode the catalytic subunit of  the yeast (1→3)-β-D-glucan 
synthase. The plant Fks proteins, designated GSL (“Glucan Synthase-Like”), 
do not have the D, D, D, QXXRW signature. They are grouped in glycosyltrans-
ferase family 48 and constitute a family of their own (Coutinho and Henris-
sat 1999). The most convincing biochemical data linking callose biosynthesis 
to a GSL protein have been obtained in barley (Li et al. 2003). In this work, the 
authors have shown for the first time that amino acid sequences from a highly 
enriched 250-kDa protein present in a fraction exhibiting (1→3)-β-D-glucan syn-
thase activity correspond to amino acid sequences deduced from a barley fks 1-like 
gene designated HvGSL1. Interestingly, at least six independent GSL genes were 
identified in barley (Li et al. 2003). These genes showed sequence identity rang-
ing from 40 to 60%. They may code for isoforms of HvGSL1 or for proteins with 
another yet unknown function. It is possible that some GSL proteins do not actu-
ally catalyze the polymerization of (1→3)-β-D-glucans but are involved in other 
processes. It is noteworthy that the function of the yeast Fks proteins is also being 
debated. It has been proposed that these proteins may not be involved in the cataly-
sis of (1→3)-β-D-glucan synthesis, but in other mechanisms such as, for instance, 
the transport of β-glucans (Eng et al. 1994; Garrett-Engele et al. 1995; Cabib et al. 
2001; Dijkgraaf et al. 2002). This idea is further supported by the observation 
that, unlike the plant GSL and yeast Fks proteins, the catalytic subunit of the 
(1→3)-β-D-glucan synthase from an Agrobacterium species shares similarities with 
other processive glycosyltransferases (Stasinopoulos et al. 1999) and is classified 
in glycosyltransferase family 2 together with the CesA proteins (Coutinho and 
Henrissat 1999). Despite the progress brought by the identification of the plant 
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GSL genes and the biochemical characterization of the barley HvGSL1 protein, 
the glycosyltransferase activity of most GSL proteins and of the corresponding 
Fks proteins from yeast remains to be demonstrated in vitro. Likewise, the cata-
lytic activity of the products of the CesA genes has not been proved in vitro. From 
these observations, it appears important to reconsider biochemical approaches as 
important tools towards the characterization of cellulose and callose synthases. 
Undoubtedly, in vitro experiments represent a key step to achieve this objective.

Even though it is still not possible to assay cellulose synthases routinely, the 
results obtained on the blackberry (Lai Kee Him et al. 2002) and on the cotton 
and mung bean enzymes (Kudlicka et al. 1995; Kudlicka et al. 1996; Kudlicka 
and Brown, Jr. 1997) are promising for the direct characterization of cellulose 
synthases using biochemical approaches. In particular, globular structures which 
likely correspond to the synthesizing enzyme complexes have been found associ-
ated to in vitro cellulose microfibrils (Figure 8-1) (Kudlicka and Brown, Jr. 1997; 
Lai Kee Him et al. 2002).

In the best case, up to 1 mg of cellulose could be synthesized (Lai Kee Him 
et al. 2002). These experiments have allowed a complete characterization of the 
in vitro cellulose using physical and chemical techniques, but callose was still 
the major product in the reaction mixture (Lai Kee Him et al. 2002). Thus, it 
remains now to improve the in vitro procedure to isolate higher amounts of com-
plexes composed of cellulose and synthesizing enzymes in order to be able to 
identify the different proteins required for cellulose polymerization. Promising 
models for such improvement are the recently established cell suspension cultures 
of hybrid aspen (Populus tremula × tremuloides) (Ohlsson et al. 2006). The first 

Figure 8-1. TEM images of the cellulose synthesized in vitro by the blackberry cellulose synthase 
extracted with taurocholate. The reaction mixture was as described in Table 8-1. Examinations were 
made after negative staining with 2% uranyl acetate. (a) Purifi ed in vitro cellulose treated with the 
Updegraff  (1969) reagent. (b) A typical example of an in vitro microfi bril associated with a globular 
structure that may correspond to the synthesizing complex. This sample was not treated with the 
Updegraff  reagent to preserve the globular structures. Bars = 100 nm. Reproduced from Lai Kee 
Him et al. 2002 with permission.
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in vitro experiments performed on this system indicate that up to 50% of cellu-
lose can be synthesized when the membrane-bound enzymes are extracted from 
cells harvested in the stationary growth phase (Colombani et al. 2004). How-
ever, even if  such biochemical approaches appear to be a crucial step for the 
characterization of glucan synthases, it is now clear that substantial progress 
can be achieved only with a multidisciplinary strategy that integrates in vitro 
experiments coupled to product characterization, proteomics, immunochemical 
methods, molecular biology and expression analysis of the key genes.

The next sections of  this review are focused on the description of  in vitro 
approaches for the study of  callose and cellulose synthases. Particular attention 
is given to the characterization of  in vitro products. This is an important prob-
lem since non-rigorous analyses of  glucan structures based for instance on the 
solubility in various solvents or on the resistance of the in vitro products towards 
chemical treatments may be misleading. Also, the strategy and the techniques to 
be used will differ depending on the objective of the characterization. The aim is 
generally to demonstrate that the reaction mixtures recovered after multiple 
in vitro assays contain the expected products. In addition to the demonstration 
that the synthesis occurred de novo, it is also important to determine accu-
rately the type of  linkage present in the products, which means for β-glucan 
synthases to be able to distinguish between (1→3)-β- and (1→4)-β-linked 
glucosyl units. In other situations, more detailed structural information can 
help understand biosynthetic processes. This usually requires the optimization 
of  the composition of  the synthetic reaction mixtures in order to obtain suf-
ficient amounts of  product for characterization using complementary physical 
and chemical techniques. Some of  these techniques destroy the sample or lead 
to a loss of  the three-dimensional organization of  the polymers, whereas oth-
ers allow the recovery of  the in vitro polysaccharides in their original state. 
Therefore, the strategy used for a detailed structural characterization should 
take into account not only the amount of  product available, but also the effect 
that the techniques successively used on a given sample may have on its structure 
and organization.

2 IN VITRO APPROACHES FOR THE STUDY 
OF b-GLUCAN SYNTHESIS

2.1 Optimization of the conditions for callose and cellulose synthesis

Protocols used for in vitro approaches have been described using several plant 
models such as, for instance, the cotton fiber (Okuda et al. 1993; Kudlicka et al. 
1995; Kudlicka et al. 1996), Lolium multiflorum (Bulone et al. 1995), A. thaliana 
(Lai Kee Him et al. 2001), blackberry (Lai Kee Him et al. 2002) and recently the 
hybrid aspen (Colombani et al. 2004). The optimization of the conditions for in 
vitro synthesis of callose and cellulose has been discussed in more details in the 
report of Colombani et al. (2004), where the results obtained with the enzymes 
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from cell suspension cultures of the hybrid aspen are compared with those avail-
able in the literature. The assay conditions for glucan synthases have also been 
reviewed by Stone and Clarke (1992). Typically, these enzymes are assayed by 
measuring the incorporation of radioactive glucose from UDP-D-[14C]glucose or 
UDP-D-[3H]glucose into ethanol-insoluble polysaccharides. The mixture used to 
assay these processive glycosyltransferases usually contains 5 µM to 5 mM UDP-
glucose, a membrane preparation or a detergent extract as a source of  enzyme, 
one or several bivalent cations, and a disaccharide such as cellobiose, which 
activates enzymes. The pH is maintained in the range 7–8 and the temperature 
between 20°C and 30°C. The membrane fractions are prepared by differential 
centrifugation after the cells have been homogenized, usually using a mortar and 
pestle when the enzymes are to be isolated from plant tissues (see for instance 
Okuda et al. 1993 and Kudlicka and Brown, Jr. 1997), or a French press (Bulone 
et al. 1995; Lai Kee Him et al. 2001; Lai Kee Him et al. 2002) or a cell disrupting 
bomb (Colombani et al. 2004) when the starting biological material is a suspen-
sion of cells grown in vitro. Detergent extractions can then be performed to iso-
late the membrane-bound enzymes in an active form.

For the study of callose synthesis, the detergents that are commonly used are 
CHAPS (Sloan et al. 1987; Dhugga and Ray 1991; Wu et al. 1991; Bulone et al. 
1995; Lai Kee Him et al. 2001; Li et al. 2003; Colombani et al. 2004), digito-
nin (Okuda et al. 1993; Kudlicka and Brown, Jr. 1997) and octylglucoside (Lai 
Kee Him et al. 2001). These detergents generally allow the preparation of rela-
tively stable enzyme fractions that have a high callose synthase activity. It has 
been shown that detergents that belong to other families, like for instance the 
sulfobetain zwittergent 3–12, decanoyl-N-methylglucamide and glycodeoxycho-
late can also be efficient (Lai Kee Him et al. 2001). It seems however that these 
last detergents cannot be used to extract the enzyme from all plant species. For 
instance, we have observed that glycodeoxycholate allows the solubilization of 
the callose synthase from A. thaliana, but that it does not yield active prepara-
tions when microsomal fractions from blackberry are used as a source of enzyme 
(unpublished observations). Conversely, detergents that are efficient to extract 
the enzyme from blackberry in an active form, e.g., Brij 58, were not able to 
preserve the activity from A. thaliana cells. Also, one must be aware that some 
detergents may activate enzymes upon extraction and that the levels of activity 
recovered can be the result of both an efficient extraction and a stimulation of 
activity. This has been observed for instance with the detergent octylglucoside 
(Lai Kee Him et al. 2001). Other detergents like CHAPS, zwittergent 3–16 and 
lysophosphatidylcholine have been reported to activate glucan synthases from 
pollen tubes of N. alata, but in this case the activation was shown on particu-
late enzyme preparations and not after solubilization of the callose synthase 
from microsomal fractions (Li et al. 1997). These observations indicate that 
the level of activity recovered in detergent extracts can be dramatically affected 
by the nature of the detergent used for enzyme extraction. Several reports also 
show that the morphology and size of (1→3)-β-D-glucans synthesized in vitro by 
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fractions obtained with different detergents are affected by the nature of the 
 detergent tested (Lai Kee Him et al. 2001; Lai Kee Him et al. 2003; Colombani et 
al. 2004). It was suggested that the detergents may have an effect on the  general 
organization of the glucan synthase complexes, on the levels of activity and, indi-
rectly, on the morphology and size of the in vitro products (Lai Kee Him et al. 
2001). However, the mode of action of the detergents used and its  consequence 
on enzyme activity remain to be determined at the molecular level.

The general assay mixture described above can be modified to test the effect 
of various components on the level of activity. When starting a study on a new 
plant species, it is important to test various conditions of assay for optimization. 
β-Glucosides, disaccharides such as cellobiose, laminaribiose or gentiobiose, 
and cellodextrins have been described as activators of plant callose synthases 
(Morrow and Lucas 1986; Hayashi et al. 1987; Li and Brown, Jr. 1993; Ng et al. 
1996). In some instances, like for the enzymes from A. thaliana (Lai Kee Him 
et al. 2001) and the hybrid aspen (Colombani et al. 2004), the activation is 
rather low and does not exceed 10–15%. It has been proposed that β-glucosides 
and disaccharides act as allosteric activators of the enzymes (Morrow and Lucas 
1986; Hayashi et al. 1987), although this has not been experimentally demon-
strated. It has also been suggested that cellobiose may mimic an endogenous 
primer that would initiate polymerization of glucosyl units (MacLachlan 1982). 
However, the use of radioactive cellobiose showed that the activator is not incor-
porated in the final product during in vitro synthesis experiments (Hayashi et al. 
1987). The mode of action of cellobiose on callose synthase activity remains to 
be determined, and the requirement of a primer for (1→3)-β-D-glucan synthase 
is still not demonstrated. Despite the fact that the effect of cellobiose is not 
understood at the molecular level, it is almost systematically added in in vitro 
assay mixtures.

Calcium and magnesium seem to play an important role in the regulation of 
callose and cellulose synthases. When doing in vitro experiments, it is impor-
tant to test the effect of these cations on callose and cellulose synthase activities 
since it is possible to favor the synthesis of either polysaccharides, depending on 
the respective concentrations of calcium and magnesium in the medium. Cal-
cium is required for (1→3)-β-D-glucan synthase activity from most plant species 
(Kauss et al. 1983; Delmer et al. 1984; Morrow and Lucas 1986; Hayashi et al. 
1987; MacCormack et al. 1997; Lai Kee Him et al. 2001; Colombani et al. 2004), 
except for the developmentally expressed callose synthase from N. alata pollen 
tubes (Schlüpmann et al. 1993). Interestingly, in the case of enzyme prepara-
tions from cotton fiber, the addition of magnesium in the assay mixture com-
bined with a decrease in calcium concentration favored the in vitro synthesis of 
cellulose (Okuda et al. 1993). Similar results were obtained recently using cell 
suspension cultures of hybrid aspen as a source of enzyme (Colombani et al. 
2004). However, these results contrast with those obtained with the enzyme from 
blackberry (Lai Kee Him et al. 2002). In this case, the highest yields of in vitro 
cellulose were observed in the absence of cations when taurocholate was used 
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to extract the membrane-bound proteins, whereas the addition of magnesium 
(8 mM) was necessary to obtain detectable amounts of cellulose with Brij 58 
extracts (Lai Kee Him et al. 2002). It seems that the presence of cations is not 
always a requirement for in vitro synthesis of cellulose by the blackberry enzyme 
(Lai Kee Him et al. 2002), as opposed to the situation in the cotton fiber (Okuda et 
al. 1993; Kudlicka et al. 1995; Kudlicka et al. 1996; Peng et al. 2002). It is possible 
that, in the case of blackberry, several isoforms of cellulose synthase with different 
cation requirements were extracted by the two detergents taurocholate and Brij 58. 
These results also indicate that the choice of the detergent to extract cellulose syn-
thases in an active form is critical. Indeed, digitonin seems to be the best detergent 
for in vitro synthesis of cellulose with the enzymes from cotton fiber (Okuda et al. 
1993; Kudlicka et al. 1995; Kudlicka et al. 1996) and the hybrid aspen (Colombani 
et al. 2004), while it is only with Brij 58 and taurocholate extracts that cellulose 
synthesis was possible in the case of the blackberry enzyme (Lai Kee Him et al. 
2002). Furthermore, no cellulose was synthesized when taurocholate and Brij 58 
extracts from A. thaliana were used in the conditions described for the blackberry 
enzyme (Lai Kee Him et al. 2002). It is likely that the cellulose synthases from 
various plant species have a different lipid environment and, consequently, that 
the extraction of active enzyme complexes from a given species depends on the 
structure of the detergent used. This would explain why the choice of the detergent 
is very critical for a successful in vitro synthesis of cellulose.

It seems that it is only when the rosettes are kept intact that the synthesis of 
cellulose I is possible in vivo (Arioli et al. 1998). The organization of the catalytic 
subunits in rosette-like structures has also been proposed as a requirement for 
in vitro synthesis of cellulose (Lai Kee Him et al. 2002). This hypothesis is supported 
by the occurrence at the tips of in vitro cellulose microfibrils of globular par-
ticles that may correspond to rosette-like structures (Figure 8-1) (Kudlicka and 
Brown, Jr. 1997; Lai Kee Him et al. 2002). In vivo, it is possible that such struc-
tures are located within membrane microdomains that have a specific lipid com-
position. In this hypothesis, the detergents that preserve the cellulose synthases 
active would extract the enzymes as intact complexes, together with structural 
lipids required for the cohesion of the multimeric synthases. To keep following 
this idea, the use of relatively strong detergents that would lead to a true solu-
bilization of the proteins composing the enzyme complexes would also provoke 
the disruption of the whole machinery and, consequently, a loss or a dramatic 
decrease in cellulose synthesis. Interestingly, the production of lipids belonging 
to the sterol family has recently been shown to be crucial for cellulose synthesis 
as well as for cell elongation and cell wall expansion (Schrick et al. 2004). It is 
possible that sterols are directly involved in the stabilization of the cellulose syn-
thase machinery, both in plasma membranes and after protein extraction with 
the relatively mild detergents that preserve cellulose synthase activity.

In all experiments performed by Brown, Jr. and coworkers on the cotton fiber 
enzyme (Okuda et al. 1993; Kudlicka et al. 1995; Kudlicka et al. 1996), as well as 
in our in vitro experiments on blackberry (Lai Kee Him et al. 2002) and hybrid 
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aspen (Colombani et al. 2004), no primer was added in the reaction mixture to 
achieve in vitro synthesis of cellulose. It is only recently that a sitosterol-β-glucoside 
has been identified as a putative primer for in vitro synthesis of cellulose in the cotton 
fiber (Peng et al. 2002). It is likely that any preparation obtained from plant mem-
branes after detergent extraction contains such a primer. However, it is also possible 
that the in vitro synthesis of  cellulose does not always start de novo, but that 
the polymerization of the chains occurs from preexisting (1→4)-β-D-glucan chains. 
It will be interesting in future experiments to see whether the addition of sitos-
terol-β-glucoside in reaction mixtures can lead to the synthesis of higher amounts 
of cellulose during in vitro experiments. In the next step, it will be important to 
demonstrate whether sitosterol-β-glucoside or any other kind of primer is really 
required for initiation of cellulose polymerization in vivo.

Altogether, these data indicate that the conditions for in vitro synthesis of  
cellulose must be optimized for each plant species and that there is no general 
recipe that can be applied regardless of the source of enzyme and conditions of 
extraction from the plasma membrane. So far, the only factor that is common to 
the protocols that have led to the highest in vitro synthesis of cellulose is the use 
of Mops buffer. In particular, in studies on the blackberry (Lai Kee Him et al. 
2002), cotton fiber (Kudlicka et al. 1996; Peng et al. 2002) and mung bean enzymes 
(Kudlicka et al. 1996), as well as in our recent work on hybrid aspen (Colombani 
et al. 2004), Mops has been described as the buffer of choice over the previously 
used Tris to improve the yields of in vitro cellulose. The conditions that have led to 
successful in vitro syntheses of cellulose are summarized in Table 8-1.

Table 8-1. Optimal conditions for in vitro synthesis of cellulose. The conditions that gave the high-
est cellulose synthase activity with enzyme preparations from blackberry (Lai Kee Him et al. 2002), 
hybrid aspen (Colombani et al. 2004), cotton fiber and mung bean (Kudlicka et al. 1995 and 1996) 
are compared. 50 mM Mops buffer was used at a pH of 6.8 for the blackberry cellulose synthase, as 
 opposed to 100 mM and pH 7.0 for the enzyme from hybrid aspen. For the cotton fiber and mung bean 
cellulose synthases, 50 mM Mops buffer was used at pH 7.5. The concentrations of detergents used to 
extract the enzymes in an active form are given in parentheses. Adapted from Colombani et al. 2004.

   Cotton fiber, 
 Blackberry Hybrid aspen mung bean

 Brij 58 extract Taurocholate extract Digitonin extract

 (0.05%) (0.3%) (1%) (0.05%)

Mops buffer + + + +
Cellobiose (20 mM) + + + +
Mg2+ (8 mM) + – + +
Ca2+ (1 mM) – – + +
UDP-glucose (1 mM) + + + +
Cyclic 3′,5′-GMP (100 µM) – – – +
NaN3 (3 mM) – – – +
Digitonin (0.05%) – – – +
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2.2 Structural characterization of in vitro products

2.2.1 Methods adapted to high-throughput assays

The optimization of in vitro conditions for the synthesis of β-glucans must be vali-
dated by careful structural characterization of the products recovered in the reac-
tion mixtures. When multiple conditions are tested, it is important to have a rapid 
and accurate method that will enable the distinction between (1→3) and (1→4) 
linked β-glucosyl residues. The use of methods that rely on differences of solubility 
of the in vitro products should be avoided or at least combined with more specific 
techniques. Even though (1→3)-β-D-glucans are usually described to be soluble 
in NaOH solutions as opposed to cellulose, their solubility in alkali is not always 
complete. This is particularly true for in vitro (1→3)-β-D-glucans of a high degree 
of polymerization such as those recently characterized by Pelosi et al. (2003). 
We have actually noticed that some (1→3)-β-D-glucans remain partially insoluble 
when NaOH concentrations as high as 3 M are used (unpublished observation). 
Also, the addition of divalent cations like magnesium in the assay mixture has 
been reported to lead to the synthesis of (1→3)-β-D-glucans of a lower solubility 
in alkali (Hayashi et al. 1987). Therefore, the isolation of a glucan synthase prod-
uct that is insoluble in aqueous NaOH solutions does not prove beyond doubt 
that it corresponds to cellulose, especially if divalent cations have been used during 
in vitro synthesis. Crystalline cellulose is known to be resistant to the Updegraff 
treatment which consists of heating the polymer for 30 min at 100°C in a mixture 
of concentrated acetic and nitric acids (Updegraff 1969). (1→3)-β-D-Glucans are 
usually hydrolyzed in the Updegraff reagent and the resistance of a β-glucan to this 
treatment is often used to demonstrate the presence of cellulose in a given sample. 
Even though this method combined with incubations in NaOH solutions is very 
useful for isolating cellulose from a complex mixture (Lai Kee Him et al. 2002), 
it does not always hydrolyze completely (1→3)-β-D-glucans. Consequently, the 
Updegraff reagent must always be used together with more specific methods to 
prove that cellulose synthesis occurred. Conversely, the Updegraff reagent is so 
drastic that poorly crystalline (1→4)-β-D-glucans such as those synthesized by Peng 
et al. (2002) are usually sensitive to the treatment. Even cellulose microfibrils iso-
lated from primary walls are partially hydrolyzed by the acid mixture (Figure 8-2) 
(Lai Kee Him et al. 2002). Therefore, the sensitivity of a sample towards this reagent 
can only demonstrate that the initial preparation does not contain crystalline 
 cellulose, which does not mean that no (1→4)-β-D-glucans were originally present.

To date, it appears that the most rapid and reliable methods for high-
throughput assays of  glucan synthases rely on the use of  radioactive substrate. 
When UDP-[14C]glucose or UDP-[3H]glucose are added in the reaction mixture 
during synthesis, hydrolysis of  the in vitro products in the presence of  spe-
cific glycoside hydrolases is usually sufficient to demonstrate the synthesis of  
callose and/or cellulose. This method does not only prove that the expected prod-
ucts were synthesized, but it also shows that the synthesis of β-glucans occurred 
de novo and that the polymers analyzed are not contaminations from the microsomal 
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fraction or the cell wall. It can be completed by the analysis of oligosaccharides 
released upon enzymatic hydrolysis, for instance by thin layer chromatography 
(Okuda et al. 1993; Bulone et al. 1995). The use of  glycoside hydrolases is reason-
ably rapid and reliable for high-throughput assays of glucan synthases. However, 
one should be aware that some commercial preparations of (1→3)-β-D-glucanases 
are contaminated with cellulases, and vice versa. Therefore, before applying this 
method to the identification of in vitro products, it is recommended to test the 
specificity of the hydrolase preparations on well-characterized polysaccharides.

An interesting alternative to the radioactive UDP-glucose substrates to assay 
callose synthases is the use of the fluorochrome from aniline blue which specifically 
interacts with linear (1→3)-β-D-glucans (Evans et al. 1984). A microtiter-based 
fluorescence assay was developed on the principle of this interaction (Shedletzky 
et al. 1997). Briefly, the method consists of stopping the glucan synthase reac-
tion by adding a highly concentrated NaOH solution to the reaction mixture. The 
in vitro (1→3)-β-D-glucans are then solubilized at 80°C in the alkaline solution and 
incubated in the presence of the aniline blue fluorochrome. The fluorescence mea-
sured can be linked to the amount of glucose incorporated into (1→3)-β-D-glucan 
chains, after calibration of the assay with standard curves obtained with radioac-
tive substrate. The major problem with this method is that it relies on the solubility 
of (1→3)-β-D-glucans in NaOH. Actually, the levels of callose synthase activity are 
underestimated when the solubility of the in vitro products decreases (Shedletzky 
et al. 1997). This is particularly true when the in vitro synthesis is performed in the 
presence of magnesium (Hayashi et al. 1987; Shedletzky et al. 1997). Therefore, 
the application of the method is limited to the study of in vitro synthesis reactions 
that yield (1→3)-β-D-glucans that are perfectly soluble in NaOH at 80°C. As dis-
cussed above, this is not always the case, and the solubility of the newly synthesized 
products depends on their degrees of polymerization and crystallinity, which 

Figure 8-2. TEM images of the cellulose extracted from primary walls of blackberry cells. The sam-
ples were negatively stained with 2% uranyl acetate before observation. The cellulose microfi brils 
were observed before (a) and after (b) Updegraff  treatment. The microfi brils treated with the Upde-
graff  reagent were cut into fragments of 200–300 nm, indicating a low crystallinity. Bars = 100 nm. 
Reproduced from Lai Kee Him et al. 2002 with permission.
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seem to vary with the conditions of assay, enzyme source and detergent used 
for extraction (Lai Kee Him et al. 2001; Pelosi et al. 2003). Also, even though 
the fluorochrome is specific for (1→3)-β-D-glucans (Evans et al. 1984), the assay 
does not allow the quantification of the cellulose that may be present in the 
sample. For these reasons, the use of radioactive UDP-glucose combined with 
hydrolysis experiments of in vitro products with specific enzymes, is by far the 
most commonly used method for a rapid and reliable identification of in vitro 
β-glucans.

2.2.2 Detailed structural characterization of in vitro products

The physical and chemical techniques listed in Table 8-2 provide detailed struc-
tural information that can help understand some aspects related to the polym-
erization and crystallization of polysaccharides. They are complementary and 
it is actually not possible to have a complete structural characterization of a 
given polymer by using only one of these techniques. Other methods based on 
transmission electron microscopy examinations and involving cellulases coupled 

Table 8-2. Methods for the characterization of in vitro products synthesized by (1→3)-β-D-glucan 
synthases. The information that can be obtained with each method and the expected results for linear 
in vitro (1→3)-β-D-glucans such as callose are presented (after Bulone et al. 1995; Lai Kee Him et al., 
2001; Pelosi et al. 2003). The average amount of product required for the different techniques as well 
as the possibility to recover the sample after each type of analysis are also indicated. Adapted from 
Colombani et al. 2004.

Method and information  Expected results for in  Amount of product required/
obtained vitro (1→3)-β-D-glucans possibility of sample recovery

Solubility (distinction between  Insoluble in water ∼1 mg
 (1→3)-β-D-glucan and  Usually soluble in DMSO When soluble, the sample can 
 cellulose; however, this method Usually soluble in 1 M   be recovered by dialysis 
  is not completely reliable)  NaOH  against distilled water 

Infrared spectroscopy  Absorption band at 889.5 cm-1 ∼1 mg
 (identification of linkage   Sample recovery possible
 type/structure)  

Methylation (gas chromato- ∼100% (1→3)-linked glucose >100 µg
 graphy coupled to mass   (if  the degree of  Sample is hydrolyzed and
 spectrometry) (identification   polymerization is higher  cannot be recovered
 of linkage type and   than 100)
 estimation of the degree of 
 polymerization if  <100)
13C-NMR spectroscopy in DMSO  Resonance signals at 60.9,  ∼10 mg
 (or NaOH) solution (structure)  68.5, 72.9, 76.4, 86.2 and  Sample can be recovered after
  103.1 ppm assigned to    dialysis against distilled water,
  carbons-6, -4, -2, -5, -3   with a loss of the native
  and -1 of (1→3)-β-glucan  conformation

(Continued)
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Table 8–2. (Continued)

Method and information  Expected results for in  Amount of product required/
obtained vitro (1→3)-β-D-glucans possibility of sample recovery

 Resonance signals at 61.1, 
  68.1, 74.2, 77.4, 86.8 and 
   103.6 ppm assigned to 
  carbons -6, -4, -2, -5, -3
Solid state 13C-NMR spectroscopy  and -1 of (1→3)-β-glucan.
 (cross-polarization/magic angle The intensity of an  >10 mg
 spinning NMR spectroscopy)  additional signal at  Recovery of the sample in
 (structure, organization of the  76.0 ppm (attributed to  native state
 chains, indication of degree  C5) seems to be higher
 of crystallinity)  for (1→3)-β-D-glucans
  with a low molecular 
  weight and a loose packing 
  (Pelosi et al. 2003).

X-ray diffraction (crystal  Organized as triple helices ∼1 mg when using a conventional
 structure and degree of  Usually low degree of   diffractometer
 crystallinity)  crystallinity Recovery of the sample in
   native state 

  mg amounts (variable 
   depending on the number of 
   measurements at different 
   concentrations and on the 
Static light scattering in DMSO High degree of polymeri-  concentrations required to 
 solutions (estimation of the   zation (depending on the   be under dilute regime 
 degree of polymerization)  conditions of synthesis)   conditions)
  (Pelosi et al. 2003) Sample can be recovered after
   dialysis against distilled 
   water, with a loss of the 
   native conformation

Reaction with the aniline blue Strong UV fluorescence <1 mg
 fluorochrome  induced (Evans et al. 1984) Fluorochrome  difficult to
   remove completely 

TEM (negative staining, cryo- Microfibrillar morphology µg amounts
 TEM) (morphology)  Sample cannot be recovered

to gold particles have been used to distinguish microfibrils of callose and cellu-
lose synthesized in vitro (Okuda et al. 1993; Kudlicka et al. 1995; Kudlicka et al. 
1996; Kudlicka and Brown, Jr. 1997).

However, the latter methods do not provide any structural detail and it is 
important to couple them with physical and chemical analyses. The techniques 
presented in Table 8-2 have all been successfully applied to the characterization of  
in vitro (1→3)-β-D-glucans synthesized by enzymes from plants (L. multiflorum, 
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Bulone et al. 1995; A. thaliana, Lai Kee Him et al. 2001; R. fruticosus, Lai Kee 
Him et al. 2003 and Pelosi et al. 2003) and from the Oomycete Saprolegnia 
monoica (Pelosi et al. 2003). Some of  them require relatively large amounts of  
in vitro product. It is therefore necessary to scale up the synthetic reactions 
to be able to use these methods to perform a detailed structural character-
ization. Also, some techniques like methylation analysis destroy the sample, 
while others like liquid NMR spectroscopy lead to a loss of  the native con-
formation of  the polysaccharide chains (Table 8-2). However, in this last case, 
the sample that is dissolved in dimethylsulfoxide or NaOH for the purpose of  
the analysis can be recovered by precipitation after extensive dialysis against 
distilled water. An example of  a typical 13C-NMR spectrum corresponding 
to a linear (1→3)-β-D-glucan synthesized in vitro by a plant enzyme is shown 
in Figure 8-3.

The method becomes much more sensitive when the substrate used during 
in vitro synthesis contains a sugar moiety that is enriched in 13C. Recently, we have 
shown, with the example of a callose synthase from blackberry, that only 100 µg 
of (1→3)-β-D-glucan synthesized in vitro is sufficient for 13C-NMR analysis when 
the synthesis reaction is performed using UDP-[U-13C]glucose, i.e. a UDP-glucose 
molecule in which the glucosyl residue is uniformly enriched in 13C (Fairweather 
et al. 2004). In our experiments, the UDP-[U-13C]glucose was synthesized using 

Figure 8-3. 13C-NMR spectrum of the (1→3)-β-D-glucan synthesized in vitro by the callose synthase 
from blackberry. The chemical shifts at 60.9, 68.4, 72.8, 76.3, 86.2, and 103.0 ppm were measured at 
75 MHz in (CD3)2SO at 295 K, by reference to the central peak of the (CD3)2SO multiplet (39.5 ppm). 
The spectrum is characteristic of a strictly linear (1→3)-β-D-glucan (Saito et al. 1977; Bulone et al. 
1995; Lai Kee Him et al. 2001). Reproduced from Lai Kee Him et al. 2002 with permission.
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a chemical approach, but the synthesis can also be achieved using commercially 
available enzymes (Ma and Stöckigt 2001). The method based on the use of  
13C-enriched sugar donors is so sensitive that even solid-state NMR spectroscopy 
can be applied to the structural characterization of in vitro products (Fairweather 
et al. 2004). It has several advantages over other analytical methods:
1. It is very sensitive and requires low amounts of in vitro products (∼100 times 
less polysaccharide is required compared with the same analysis performed on a 
non-enriched polymer).
2. It provides a direct structural characterization of the in vitro product, as 
opposed to biochemical techniques that rely on the use of radioactive substrate 
and a subsequent hydrolysis of the polysaccharides with specific hydrolases. 
In the case of β-glucans, liquid 13C-NMR analysis allows distinction between 
(1→3) and (1→4) linkages for products that are soluble in DMSO. For high 
molecular weight polymers that are insoluble in solvents commonly used for 
liquid 13C-NMR analysis, such as cellulose, solid-state NMR spectroscopy can 
be used for structural characterization. In addition, solid-state NMR spectros-
copy provides information on the conformation of the glucan chains in a given 
preparation as well as structural details that cannot be obtained with liquid 
NMR spectroscopy and methylation analysis. For instance, in the case of cellu-
lose, solid-state NMR spectroscopy allows the determination of the proportions 
of the Iα and Iβ allomorphs in the sample (Atalla and VanderHart 1984).
3. The method proves directly that the product analyzed was newly synthesized 
since the molecule is enriched in 13C.
4. It can be applied to the study of any glycosyltransferase after synthesis of the 
corresponding 13C-enriched sugar donor.
An alternative to NMR spectroscopy is methylation analysis. Even though this 
method involves an acid hydrolysis of the sample, it remains the most sensitive 
chemical technique for determination of linkage type when 13C-enriched substrates 
are not available for NMR analysis of in vitro products. Compared with NMR 
spectroscopy performed on polysaccharides that are not enriched in 13C, only hun-
dreds of µg of sample (i.e. 20–30 times less sample) are required for methylation 
analysis. Moreover, when methylation analysis is applied to radioactively labeled 
polymers, it also proves that the polysaccharides analyzed were newly synthesized. 
The method involves several chemical modifications of the polysaccharide to be 
analyzed, i.e. methylation in the presence of methyl iodide, acid hydrolysis, reduc-
tion and acetylation (see for example Harris et al. 1984). Separation by gas chroma-
tography of the resulting alditol acetates is usually sufficient to distinguish between 
(1→3) and (1→4) linkages, on the basis of the retention times of the derivatives on 
the column and by comparison with well-characterized standards. However, it is 
preferable to couple gas chromatography to mass spectrometry (GC/MS) to firmly 
identify the derivatives characteristic of (1→3) and (1→4) linkages (Figure 8-4). 
In some instances, the method can also allow an estimation of the degree of 
polymerization of a polysaccharide, especially if  the starting individual chains 
consist of  less than 100 sugar residues (100 is the lowest detection limit of  
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Figure 8-4. Methylation analysis of  in vitro β-D-glucans. (a) Gas chromatography of  the permethyl-
ated alditol acetate obtained from methylation analysis of  the cellulose synthesized in vitro by the 
enzyme from blackberry. Peak 1, derivative characteristic of  (1→4) linked glucosyl units. Peak 2, 
internal standard (myo-inositol). The derivative characteristic of  (1→3) linked glucosyl units usu-
ally elutes 1 min before the major derivative visible in the chromatogram (not shown; see Bulone 
et al. 1995). (b) Structural characterization by electron impact mass spectrometry of  the 1,4,5-
 tri-O-acetyl-2,3,6-tri-O-methyl-D-glucitol derivative corresponding to peak 1 in A and characteristic of  
(1→4) linked glucosyl units.
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the method). The disadvantage of the methylation technique is that it does not 
indicate if  different linkages are originally present in the same or different mol-
ecules. Also, unlike NMR spectroscopy, it does not allow the distinction between 
α and β linkages. In order to avoid the repetition of time-consuming large-scale 
in vitro synthesis experiments, it is preferable to perform the different analyses 
presented in Table 8-2 on the same sample. Thus, it is recommended, when using 
successively these techniques on a given preparation, to start the structural char-
acterization with the non-destructive methods such as x-ray diffraction and solid 
state NMR.

The importance to achieve detailed structural characterization of in vitro 
products is illustrated by the application of the methods listed in Table 8-2 to the 
analysis of in vitro (1→3)-β-D-glucans synthesized under various conditions. For 
instance, it has been shown that for a given plant species the morphology and 
the stucture of the in vitro products are affected by the nature of the detergent 
used to extract the membrane-bound synthases (Lai Kee Him et al. 2001). Also, 
for a given detergent, enzymes from different plant species do not necessarily 
synthesize products that have the same morphology and structure (Lai Kee Him 
et al. 2001; Colombani et al. 2004). From these observations, it seems important 

Figure 8-4. (Continued ) (c) As in (b) but for 1,3,5-tri-O-acetyl-2,4,6-tri-O-methyl-D-glucitol which is 
characteristic of (1→3) linked glucosyl units. (a) and (b) are from Lai Kee Him et al. 2002, whereas 
(c) is from Lai Kee Him et al. 2001 (reproduced with permission).
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to study the lipid environment of the callose synthases from various origins. This 
should help understand why and how detergents affect the morphology and the 
structure of the in vitro (1→3)-β-D-glucans. In a previous study on A. thaliana, it 
was suggested that detergents may have an effect on the general organization and 
structure of the enzyme complex during extraction from the plasma membrane 
and, indirectly, on the morphology and structure of the in vitro (1→3)-β-D-glucans 
(Lai Kee Him et al. 2001). However, this hypothesis remains to be demonstrated. 
Interestingly, in another example where enzymes from S. monoica were used for 
the synthesis of (1→3)-β-D-glucans, it was shown that other parameters like the 
pH of the in vitro reaction mixture can influence the morphology, the degree of 
polymerization, the crystallinity and the structure of in vitro products (Pelosi 
et al. 2003). Even though many questions related to the mechanisms of poly-
merization and crystallization of polysaccharides are still unsolved, it seems that 
it will be possible in the near future to synthesize polysaccharides with specific 
properties by controlling in vitro reactions that involve glucan synthases from 
various organisms.

Some of the techniques presented in Table 8-2 have also been used to char-
acterize the cellulose synthesized in vitro by cell-free extracts from blackberry 
(Lai Kee Him et al. 2002) and cotton fiber (Okuda et al. 1993; Kudlicka et al. 
1995; Kudlicka et al. 1996). In these cases, it was possible to demonstrate that 
the purified in vitro products consisted exclusively of (1→4) β-linked glucosyl 
moieties, that they had a high molecular weight and that they corresponded to 
crystalline microfibrils that diffracted as cellulose. It is however only for the cel-
lulose synthase studies on blackberry that multiple analyses could be performed 
on the same sample (Lai Kee Him et al. 2002). This was possible because one 
milligram of pure cellulose could be synthesized in vitro for the first time. None-
theless, this amount was not sufficient to allow an accurate determination of the 
degree of polymerization of the β-glucan chains and to estimate, for instance by 
solid-state NMR spectroscopy (Atalla and VanderHart 1984), the proportions 
of the Iα and Iβ allomorphs. It remains therefore to further improve the yields 
of in vitro cellulose to be able to obtain a more detailed structural analysis than 
the one described by Lai Kee Him et al. (2002). Such an achievement would also 
facilitate the assay of cellulose synthases and their direct characterization using 
biochemical approaches. A promising model for this type of biochemical stud-
ies is the suspension cultures of hybrid aspen (Ohlsson et al. 2006) from which 
it was possible to isolate cellulose synthase preparations that could synthesize 
in vitro up to 50% of cellulose (Colombani et al. 2004).

2.3 Purification of callose and cellulose synthases

When a reliable assay method is available for glucan synthases, and once it 
has been demonstrated that the in vitro products were synthesized de novo 
and that they correspond to the expected polysaccharides, biochemical 
approaches can be used to obtain enriched enzyme preparations. The reports 
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available in the literature on the purification of  plant glucan synthases are 
so far almost exclusively related to callose synthases. It is only in the case of  
mung bean that a preliminary separation of  callose and cellulose synthases 
has been achieved using native polyacrylamide gel electrophoresis (Kudlicka 
and Brown, Jr. 1997). However, none of  the 12 proteins that appeared to be 
specifically associated with cellulose synthase activity have been character-
ized so far. The lack of  biochemical information on plant cellulose synthases 
is mainly due to the difficulty of  assaying these enzymes routinely. Proteins 
of  molecular weights of  30–35 and 50–67 kDa have been described to be 
potentially involved in callose synthase activity. The main techniques used for 
these investigations were product entrapment and/or gradient centrifugation, 
immunochemical techniques or photoaffinity labeling with substrate ana-
logues. For instance, proteins of  26–37 kDa were enriched in callose synthase 
preparations from Beta vulgaris (Wu et al. 1991; Wu and Wasserman 1993), 
Brassica oleracea (Fredrikson et al. 1991), Gossypium hirsutum (Delmer et al. 
1991), Oryza sativa (Kuribayashi et al. 1992), Lolium multiflorum (Bulone et 
al. 1995) and hybrid aspen (Colombani et al. 2004). Monoclonal antibod-
ies that immunoprecipitate the callose synthase from Glycine max were also 
able to recognize by Western blot a 31-kDa protein (Fink et al. 1990). Other 
proteins in the range of 30 kDa or 50–67 kDa have also been identified by 
photoaffinity labeling (Wu et al. 1991; Delmer et al. 1991; Dhugga and Ray 1991; 
Li and Brown, Jr. 1993; Dhugga and Ray 1994). Despite the numerous results 
available, there is no report that describes the sequencing of  these proteins. In 
addition, the molecular weights of  the proteins identified using the biochemi-
cal approaches described above markedly differ from the molecular weights 
of  the proteins that were identified in Daucus carota (Lawson et al. 1989) 
and N. alata (Turner et al. 1998). For instance, in the latter case, a 190-kDa 
protein was found to copurify with enzyme activity. Also, the plant GSL pro-
teins, which have been proposed to correspond to catalytic subunits of  callose 
synthases, have a molecular weight in the range 220–250 kDa (Cui et al. 2001; 
Doblin et al. 2001; Hong et al. 2001; Li et al. 2003). It is likely that several 
proteins of  a lower molecular weight, such as those cited above, are part of  
a multimeric complex and required for callose synthesis. It remains however 
that despite the substantial progress made with the identification of  the GSL 
genes, the precise protein composition of  plant callose synthase complexes 
and the function of  each of  the different subunits potentially involved in 
(1→3)-β-D-glucan synthesis are not known.

The development of highly sensitive proteomic methods for the characteriza-
tion of membrane-bound proteins should facilitate the systematic sequencing of 
all the proteins that are present in fractions with high callose synthase activity. 
Also, the progress made on in vitro synthesis of cellulose is promising and pro-
teomic analysis may also be used on fractions enriched in cellulose synthases in 
the near future. This approach combined with detailed structural characteriza-
tion of in vitro products, immunochemical methods, molecular biology and gene 
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expression analyses should provide important information on the composition 
of  the glucan synthase complexes, and consequently on the mechanisms of  
biosynthesis of callose and cellulose.
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CHAPTER 9

SUBSTRATE SUPPLY FOR CELLULOSE SYNTHESIS
AND ITS STRESS SENSITIVITY IN THE COTTON FIBER

CANDACE H. HAIGLER*

North Carolina State University, Department of Crop Science and Department of Plant Biology, 
Box 7620, 4401 Williams Hall, Raleigh, NC 27695-7620

Abstract
Research on cotton fiber has figured prominently in the first steps toward understand-
ing the metabolic control of cellulose biogenesis under normal and stressed conditions 
for at least two reasons. First, fiber secondary walls are composed of  almost 100% 
cellulose that is deposited over a period of at least 20 days. Second, these extraordinary 
seed epidermal trichomes can be readily isolated in bulk as a pure cell type or cultured 
in vitro as part of an easily manipulated ovule/fiber system. This chapter summarizes 
changes in the amount and physical characteristics of cellulose throughout cotton 
fiber development. Mechanisms of cellulose biogenesis are reviewed, including the 
role of plasma membrane “rosette” protein complexes containing cellulose synthases 
and the relationship of cellulose microfibril orientation to microtubules. Biochemical 
mechanisms participating in β-1,4-glucan chain polymerization are discussed, includ-
ing a possible lipid-linked primer, cycling of carbon between hexose phosphates and 
triose phosphates, and sucrose degradation and resynthesis within fibers. Particular 
emphasis is given to recently emerging evidence that a particulate form of sucrose 
synthase degrades sucrose to channel UDP-glucose to secondary wall cellulose syn-
thases in both cotton fibers and tracheary elements. The recycling of the concurrently 
released fructose, after its phosphorylation by fructokinase, for synthesis of additional 
intrafiber sucrose is discussed. A role for sucrose phosphate synthase in mediating in-
trafiber sucrose synthesis is proposed. Finally, the adverse effects of cool temperature 
on the rate of fiber cellulose synthesis and fiber quality, as demonstrated in the field 
and in vitro, are described, along with data demonstrating that intrafiber flux to su-
crose from exogenous glucose is particularly sensitive to cool temperature stress.
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1 INTRODUCTION

Cellulose synthesis has the potential to be regulated at several levels including: 
(1) amount and modulation of enzymes immediately involved in the processes of 
glucan chain polymerization and microfibril biogenesis; and (2) supply of car-
bon. Because cellulose represents a large carbon sink and is deposited essentially 
irreversibly in plants, its synthesis can be expected to be under tight control. 
This is likely to be especially true for cellulose synthesis during deposition of 
secondary walls that contain abundant cellulose. In cellulose-rich cotton fibers, 
secondary wall deposition is ∼100-fold stronger carbon sink than primary wall 
deposition, which corresponds directly to the increased rate of cellulose synthesis 
(Benedict et al. 1980). Furthermore, short-term plant survival does not require 
cellulose synthesis, which supports formation of new tissues and organs during 
growth. Therefore, downregulation of cellulose synthesis during stress so that 
carbon can be directed toward basic metabolism and specific stress responses 
may be part of the mechanisms promoting plant evolutionary success.

Research to place cellulose synthesis within its general metabolic context and 
investigation of the stress sensitivity of cellulose synthesis has only recently 
begun. Current knowledge is based mainly on investigation of cotton fibers 
and xylem tracheary elements, both of which deposit secondary walls of eco-
nomic importance. Because their secondary walls contain abundant cellulose, 
evidence about metabolic patterns related to cellulose synthesis can be expected 
to be more apparent in these cell types. It is also of interest to compare and 
contrast their regulatory systems: secondary walls in cotton fibers are composed 
of almost pure cellulose and have been the target of domestication and prod-
uct-related selection as a textile fiber for over 5,000 years. Many of the textile 
properties of cotton fibers (e.g., fiber wall thickness or maturity, strength, dye-
ability, and extensibility) are directly dependent on the amount and properties 
(e.g., degree of polymerization, crystallite size, and microfibril orientation) of 
cellulose (Ramey 1986; Triplett 1993; Hsieh 1999). The yield of fiber, assuming 
adequate fiber number and length, is determined by the weight of secondary 
wall cellulose. In contrast, the cellulose content and properties within tree xylem 
have been under less selection through domestication and breeding.

This chapter will summarize current knowledge about cellulose synthesis in 
cotton fiber with particular emphasis on substrate supply and its stress sensitivity. 
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Evidence from other cell types will be mentioned in order to assess the generality 
of mechanisms operating in cotton fiber. Results from research on Gossypium 
hirsutum, G. arboreum, and G. barbadense are sometimes intermixed. G. hirsutum, 
the most common commercial species of upland cotton, is an allotetraploid of 
diploid A and D genomes that was formed 1–2 million years ago (Liu et al. 
2001). G. barbadense, also grown commercially in compatible environments for 
production of high quality fiber, represents species divergence after the same 
original polyploidization event (Wendel et al. 1999). G. arboreum represents the 
A-genome; cultivated in Asia, it also has thick fiber secondary walls (Applequist 
et al. 2001). The basic mechanisms regulating cellulose synthesis in the different 
species are expected to be similar, although variation in synthetic efficiency and/
or developmental timing of cellulose synthesis may help determine fiber quality 
differences.

Experimental results obtained from fibers grown in vivo and in vitro are 
included in the discussion; these systems have very similar developmental pro-
grams differing mainly by accelerated fiber development (at constant warm tem-
perature) but a lesser magnitude of secondary wall deposition in vitro (Meinert 
and Delmer 1977). Even though cultured ovules require glucose (Glc) rather 
than sucrose (Suc) as an exogenous substrate, there are indications that intrafi-
ber metabolism is similar to plants that have sucrose as the transport sugar. For 
example, the relative amounts of Glc, fructose (Fru), and Suc in fibers from 
cultured ovules (Martin and Haigler 2004) are similar to those reported in fibers 
grown in vivo (Jaquet et al. 1982; Basra et al. 1990; Ruan et al. 1997).

Basic principles of cotton fiber development have been reviewed elsewhere 
(Basra and Malik 1984; Ryser 1985; Ryser 1999), and one other review has 
focused on fiber cellulose synthesis (Delmer 1999). Basic principles of cellulose 
synthesis are reviewed in other chapters in this volume. In some cases, this chap-
ter cites reviews or research articles that contain primary references for older 
results.

2 OVERVIEW OF COTTON FIBER CELLULOSE BIOGENESIS

2.1 The role of cellulose biogenesis in cotton fiber development

Cotton fibers are greatly elongated (>2.25 cm) seed epidermal hairs (trichomes) 
that cover the ∼ 30 cotton seeds within one cotton boll. The cotton fiber is valu-
able as a model system for research on cellulose biogenesis because primary and 
secondary wall deposition occur as prolonged, separable, developmental stages 
in a cell that is able to be isolated completely from other cell types. Timing of 
developmental events in cotton fiber is referenced as days post anthesis (DPA). 
The developmental transitions are not temporally regulated, but instead occur 
after particular increments of fiber differentiation. This implies that references 
to events occurring on particular DPA are only approximations of the timing 
that might occur under another growing condition. For example, the onset of 
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fiber wall thickening is delayed if  development proceeds more slowly under cool 
temperatures (Haigler et al. 1991). Secondary wall deposition can persist until 60 
DPA in a cool, but prolonged, growing season (Thaker et al. 1989).

In G. hirsutum, typical primary walls ∼0.5  µM thick and containing 20–25% 
cellulose along with pectin, xyloglucan, and protein (Meinert and Delmer 1977) are 
synthesized during fiber elongation. Primary wall deposition proceeds alone until 
14–17 DPA, then a transition phase with concurrent primary and secondary wall 
deposition occurs between 15–24 DPA (representing deposition of the “winding 
layer”), followed by predominantly secondary wall synthesis until at least 40 DPA. 
The first period of wall thickening (12–16 DPA in one experiment) is accomplished 
by continued synthesis in the same proportions of primary wall components 
(Meinert and Delmer 1977), an observation that is consistent with increasing wall 
birefringence while the cellulose microfibrils remain transversely oriented (Seagull 
1986). The secondary wall finally attains a thickness of 3–6 µM around the whole 
circumference of the fiber, becoming thinner only at the fiber tip.

In G. barbadense, it is clear that the overlap between primary and secondary wall 
deposition occurs within each fiber rather than in the fiber population because 
the overlapping period is greatly prolonged, and 90% of secondary wall depo-
sition is complete before elongation ceases (DeLanghe 1986). It is thought that 
elongation continues exclusively at the fiber tip as secondary wall is deposited 
over most of  the cell surface. At maturity, an autolytic process may occur, 
although no direct evidence on the mechanism of  fiber death is available. 
The final extent of secondary wall deposition under optimal environmental 
conditions is genetically determined for a given cultivar, which is manifested both 
in vivo and in vitro (Ramey et al. 1986; Thaker et al. 1989; Haigler et al. 1991). The 
sensing mechanisms that lead to termination of fiber development are unknown, 
but may relate to fiber mass (Schubert et al. 1976; Basra and Malik 1984) as sup-
ported by the failure of experiments to determine fiber expansion mechanisms by 
attaching small beads to the surface because the fiber stopped growing (Seagull 
1995). Finally, boll opening followed by fiber drying and twisting occur. The dry-
ing causes fiber collapse into an ellipsoidal form (if its cell wall is not overly thick), 
changes in physical properties of the cellulose, and twisting to form convolutions 
(4–7/mm) that aid spinning (DeLanghe 1986; Hsieh 1999).

Presumably, signal transduction pathways and expression of particular tran-
scription factors regulate the developmental transitions via initiation of gene 
expression cascades. Genes expressed in a stage-specific manner have been iden-
tified in cotton fiber (Kim and Triplett 2001), although there is also evidence that 
some mRNA transcripts are synthesized and some cell biological processes occur 
during primary wall deposition that are important for later high-rate deposition 
of secondary wall cellulose (Davidonis 1993; Triplett 1998). The requirement for 
particular proteins to facilitate cellulose deposition at each stage is illustrated 
by the immature cotton fiber mutant (imim), which has a recessive, single-locus 
genetic lesion that prevents the last phase of high-rate cellulose synthesis. Final 
dry weight and crystalline cellulose content of imim fibers were 66.7% and 22.5%, 
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respectively, of  the values for the G. hirsutum cv. TM-1 parent (Kohel et al. 
1993; Benedict et al. 1994). Downstream cellular effects of genetic regulation are 
illustrated by the increase in H2O2 concentration that occurs at the onset of cot-
ton fiber secondary wall deposition (Potikha et al. 1999). There is evidence that 
oxidative conditions may promote the dimerization of CesA proteins via their 
N-terminal Zn-finger domains (Kurek et al. 2002), which may aid formation of 
the multimeric protein aggregates (rosettes) that are characteristic of cellulose 
synthesis.

2.2 Changes in cellulose characteristics throughout cotton fiber development

Several features of  cellulose biogenesis change with the developmental transi-
tions. There is a shift between low (20–25%) and high (>95%) cellulose con-
tent at the primary wall and secondary wall stages, respectively (Carpita and 
Delmer 1981). The dilution effect of  secondary wall accumulation on primary 
wall properties indicates that the secondary wall must be almost pure cellulose. 
(The dilution effect is revealed by sequential x-ray fluorescence microscopy 
analysis of  Ca++ concentration, which is extensively cross-linked in the primary 
wall; Wartelle et al. 1995). At the transition phase, the rate of  cellulose synthe-
sis increases ∼100-fold (Meinert and Delmer 1977). There is a shift in the angle 
of the microfibrils relative to the longitudinal fiber axis, with angles of ∼ 70°–90°, 
45°–55°, and 20° during the primary wall, transition, and secondary wall stages, 
respectively (Arthur 1990; Rebenfield 1990). There is an increase in the degree 
of polymerization of the glucan chains from an average of ∼ 4,000 DP in primary 
walls (in a polydisperse population) to ∼ 10,000 DP (in a monodisperse popula-
tion) in secondary walls (Timpa and Triplett 1993). There is an increase in the 
degree of microfibril bundling (Willison and Brown, Jr. 1977) and crystallinity, 
which likely relates to the depletion of cellulose-binding matrix molecules during 
secondary wall deposition. In primary walls, the microfibrils exhibit cellulose 
IV crystallinity due to poor order in the lateral dimension, which is indicative 
of small microfibril diameter (Chanzy et al. 1978). Cellulose I microfibrils with 
higher crystallite size (3.5–5.5 nm) are typical of the secondary wall stage (Hu 
and Hsieh 1996; Ryser 1999). As is typical for higher plants, 60–80% of cotton 
cellulose is in a crystallographic sub-class of cellulose I called cellulose Iβ (Atalla 
and VanderHart 1984; O’Sullivan 1997). It has been reported that rosettes that 
contain cellulose synthase (CesA) enzymes are more abundant during primary 
wall deposition compared to secondary wall deposition (Willison 1983), which 
appears to be illogically correlated with the lower primary wall cellulose content. 
However, the lability of rosettes in the context of specimen handling for freeze 
fracture (Herth 1989) warrants cautious interpretation of this result. Secondary 
wall stage cotton fibers optimally fixed by cryogenic methods contain active 
Golgi bodies (Salnikov et al. 2003), which have been shown to deliver rosettes 
to the plasma membrane during secondary wall synthesis in tracheary elements 
(Haigler and Brown, Jr. 1986).
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2.3 The role of the microtubules in cotton fiber cellulose synthesis

Morphological evidence and altered microfibril orientation in the presence of 
microtubule antagonists implicate cortical microtubules as participants in regu-
lating microfibril angle in cotton fibers (Seagull 1993), which has been supported 
by genetic evidence in xylem fibers expressing a mutant gene for a microtubule 
accessory protein (Burk and Ye 2002). However, the mechanism linking microtu-
bule and microfibril orientation is unknown, although microtubule-based estab-
lishment of special plasma membrane domains to channel rosette movement 
may be involved (reviewed in Baskin 2001). Putative proteins that cross-link 
microtubules with the fiber plasma membrane can be seen in electron micro-
graphs (Ryser 1999; Haigler and coworkers, unpublished), and they may be part 
of such a mechanism. The increases in tubulin amount and microtubule number 
and length that occur at the onset of secondary wall deposition further support 
a specific relationship of microtubules with high-rate cellulose synthesis (Kloth 
1989; Seagull 1992). The appearance of unique β-tubulin isotypes at the onset of 
secondary wall deposition suggests unique functions of a stage-specific microtu-
bule array (Dixon et al. 1994). During secondary wall deposition “reversals” are 
formed in the cell wall as the sign of the microfibril helix reverses, a change that 
is predicted by the same reversal in the orientation of cortical microtubules. The 
reversals occur at variable intervals of ~ 0.3–1 mm so that ~100 may occur over 
the length of the fiber (Rebenfield 1990; Hsieh 1999).

2.4 Molecular biology of cotton fiber cellulose biogenesis

A breakthrough in our understanding of vascular plant cellulose biogenesis 
came with the identification of  two putative CesA genes–GhCesA1 and 
GhCesA2 – which were expressed preferentially during secondary wall deposi-
tion in cotton fibers (Pear et al. 1996). Based on preliminary data, GhCesA-3 
is expressed at both the primary (14 DPA) and secondary wall (24 DPA) stages 
of fiber development (Laosinchai et al. 2000). A role for this class of proteins 
in cellulose biogenesis has now been confirmed multiple times by analysis of 
Arabidopsis mutants (Williamson et al. 2001; Doblin et al. 2002). Freeze fracture 
immunolabeling has shown that the plasma membrane bound protein aggre-
gates (rosettes) associated with cellulose synthesis contain a CesA-type protein 
with immunological similarity to GhCesA1 (Kimura et al. 1999).

Following the identification of CesA genes in multiple species, phylogenetic 
analysis of translated amino acid sequences revealed a group of genes, including 
GhCesA1 and GhCesA2, that is expressed preferentially in secondary-walled 
cells. In comparison with Arabidopsis, corn, and rice, it can be expected that cot-
ton contains a family of at least 10 CesA genes. In analogy with Arabidopsis, at 
least three unique CesA proteins may be required and have nonredundant roles 
in both cotton fiber primary and secondary wall synthesis (Williamson 
et al. 2001; Doblin et al. 2002). The polyploid nature of G. hirsutum (Applequist 
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et al. 2001) suggests that redundancy of the gene family is also likely to exist, 
which may explain GhCesA4 (AF413210) having 96% nucleotide identify and 
similar expression to GhCesA1 (Kim and Triplett 2001). In contrast to some 
other species, experimental polyploid cotton appears to retain multiple homo-
lo gous coding sequences in the genome followed by independent evolution 
of  the homologs (Liu et al. 2001). Atypically for ten different genes studied, 
GhCesA1 (called CelA2 in this study) from two species of extant A-genome 
diploid cotton and from allotetraploid G. hirsutum showed evidence of pseudo-
genization occurring prior to polyploidization. GhCesA-2 (called CelA1 in this 
study) also occurs in genomes of A and D diploids and showed no evidence of 
pseudogenization (Cronn et al. 1999). A possible GhCesA-1 pseudogene allows 
the possibility that A-genome diploid cotton may require fewer functional CesA 
genes to support secondary wall synthesis, but this nonfunctional gene could 
also be compensated through functional homologs.

2.5 Biochemistry of cotton fiber cellulose biogenesis

The biochemical pathway of glucan chain polymerization in vascular plants 
remains to be defined, and different CesA proteins may have different roles in 
a multistep biosynthetic process. A recombinant fragment of GhCesA1 bound 
UDP-Glc in vitro, as was expected for a cellulose synthase, and the binding 
activity was abolished by mutagenesis of aspartate residues within the catalytic 
site (Pear et al. 1996). However, GhCesA1 expressed in yeast catalyzed only the 
synthesis of sterylcellotriose from supplied sterylglucoside and UDP-Glc (Doblin 
et al. 2002), which could be explained by abnormal arrest of the protein in the 
endoplasmic reticulum as determined by freeze fracture immunolabeling of an 
epitope-tagged protein (Haigler, Grimson, Hogan, and Delmer, unpublished) 
or a different catalytic role for the native protein than final glucan chain poly-
merization. The latter possibility correlates with a lipid intermediate in cellulose 
synthesis by prokaryotic Agrobacterium tumefaciens (Matthysse et al. 1995b) 
and the accumulation of a soluble glucan bound to sitosterol-β-glucoside in cot-
ton fibers treated with the cellulose-synthesis-inhibiting herbicide, CGA 325′615 
(Peng et al. 2001b). Soluble glucan made in the rsw1 Arabidopsis mutant in 
AtCesA1 is also lipid-linked (Williamson et al. 2001). In cotton fiber extracts, 
another cellulose synthesis inhibitor, 2,6-dichlorobenzonitrile (DCB), blocks the 
synthesis of the sitosterol-β-glucoside, and the inhibition is partly reversed by 
sterylglucoside addition (Peng et al. 2001b).

A role for other types of proteins in glucan chain polymerization and crys-
tallization is just now emerging through analysis of Arabidopsis mutants with 
abnormal phenotypes including depleted cellulose (Williamson et al. 2001; Doblin 
et al. 2002). These include: (1) a membrane associated cellulase; (2) a katinin-
like protein that alters the assembly of the cortical microtubule array, cellulose 
microfibril orientation, and cellulose quantity; (3) three enzymes catalyzing 
protein N-glycosylation; and (4) a membrane-anchored protein, KOBITO1, 
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with unknown function. A current unifying hypothesis without proof  is 
that Korrigan cleaves a cellodextrin from the glucolipid, a catalytic activity that 
is inhibited by improper glycosylation. However, alternative mechanisms are 
suggested by a cellulase that may act as a transglycosylase in cellulose synthe-
sis by Agrobacterium tumefaciens (Matthyse et al. 1995a). Unpublished results 
have also suggested the existence of a UDP Glc:protein transglucosylase that 
covalently glucosylates two 38 kDa cytosolic proteins that are part of a large 
(>1000 kDa) complex from in vitro cotton fibers (Buchala 1999). A requirement 
for other proteins is further supported by the synthesis of cellulose in vitro in 
association with large, detergent-solubilized, complexes (Hayashi et al. 1987; 
Kudlicka and Brown, Jr. 1997; Lai-Kee-Him et al. 2002).

3 SUBSTRATE SUPPLY FOR COTTON FIBER 
CELLULOSE BIOGENESIS

3.1 A role for sucrose synthase

Substantial evidence implicates UDP-Glc as the immediate substrate for cellulose 
polymerization in vascular plants including cotton fiber (Franz 1969; Carpita 
and Delmer 1981). UDP-Glc was the most abundant nucleotide in the fiber and 
its concentration increased in parallel with stage-specific increases in the cellu-
lose synthesis rate: 0.2, 1.2, and 2.1 µmol/boll at 13, 17, and 21 DPA, respectively. 
The UDP-Glc for cellulose synthesis could be supplied by: (1) sucrose synthase 
(SuSy; E.C. 2.4.1.13; Suc + UDP  UDP-Glc + Fru); or (2) by UDP-Glc 
pyrophosphorylase (Glc-1-P + UTP  UDP-Glc + PPi) (Figure 9-1).  Addressing 
first the possible participation of UDP-Glc pyrophosphorylase, this enzyme 
activity increases 1.8× along with the increased rate of cellulose synthesis at the 
onset of cotton fiber secondary wall deposition (Wafler and Meier 1994). Pulse-
chase experiments with 14C-Glc fed to cultured cotton ovules/fibers were consistent 
with carbon flow through Glc-6-phosphate and glucose-1-phosphate to UDP-Glc 
and cellulose (Carpita and Delmer 1981). In cultured carrot cells fed Suc or Glc, 
the Suc was hydrolyzed extracellularly, Glc was taken up by the cells, and carbon 
moved through the hexose phosphates toward cell wall glucan synthesis (Kanabus 
et al. 1986). UDP-Glc pyrophosphorylase may sometimes provide UDP-Glc for 
cellulose synthesis, but the data can also be reconciled with a primary role for 
sucrose synthase (Delmer 1999).

Sucrose synthase commonly acts in the direction of UDP-Glc synthesis in 
heterotrophic tissues, and its possible role in glucan synthesis was proposed long 
ago (Rollit and Maclachlan 1974 and other references in Haigler et al. 2001). 
Until recently, SuSy had been studied as only a soluble enzyme (S-SuSy), and 
this enzyme activity was 20, 770, and 1300 nmol/min/g fresh weight fiber at 10, 
15, and 25 DPA, respectively (Basra et al. 1990). Despite minimization of real 
increases by the increasing weight of secondary wall cellulose, this pattern sug-
gests a strong relationship of SuSy (some of which may have been solubilized 
during cell fractionation, see below) to high rate, secondary wall, cellulose 
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synthesis. Supporting this possibility, permeabilized, secondary wall stage cotton 
fibers showed a 140-fold preference for Suc vs. UDP-Glc as the substrate for 
cellulose synthesis (Pillonel 1980), a finding that has been supported by later 
experiments (Amor et al. 1995).

Recent evidence strongly implicates the involvement in cellulose synthesis of a 
membrane-associated (or particulate) form of sucrose synthase (called P-SuSy, in 
contrast to soluble S-SuSy) that may channel UDP-Glc to the cellulose synthase 
(Amor et al. 1995). This implies that UDP-Glc for cellulose synthesis does not 
form a large pool, and the free pool of UDP-Glc may have only an indirect role in 
cellulose synthesis (see below on sucrose phosphate synthase). In secondary wall 
stage cotton fibers, over 50% of the SuSy activity was in the form of P-SuSy, and 
15–25% P-SuSy existed in pea embryos and sunflower hypocotyls (Barratt et al. 
2001; Kutschera and Heiderich 2002). Upon Suc hydrolysis by SuSy, the energy 
of the glycosidic bond is directly used to form UDP-Glc so that half as much 
energy is required compared to synthetic activity of UDP-Glc pyrophosphorylase 
(Wagner and Backer 1992). No energy input is required when Glc is transferred 
from UDP-Glc to the growing glucan chain, and an energy-conserving mechanism 
based on SuSy may facilitate the synthesis of large quantities of cellulose. In addi-
tion, UDP is recycled to SuSy without accumulating in the cytoplasm, thereby 
avoiding inhibitory effects on glucan synthases (Delmer 1999).
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Although direct channeling between SuSy and CesA has not been proven, 
several kinds of evidence support a role for SuSy in cellulose synthesis. This sub-
ject has recently been reviewed in detail (Haigler et al. 2001) and will be briefly 
summarized here. SuSy was detected as a UDP-Glc-binding protein during 
cotton fiber secondary wall deposition, and semi-permeabilized cotton fibers 
synthesized β-1,4-glucan more efficiently from exogenous Suc than from Glc or 
UDP-Glc. There was a correlation between increasing cellulose synthesis rate 
and increasing P-SuSy during cotton fiber development (Amor et al. 1995) and 
in sunflower hypocotyls stimulated with increased nutrients to thicken via new 
cell wall synthesis (here S-SuSy also increased; Kutschera and Heiderich 2002). 
Both the expression of Sus genes (encoding sucrose synthase; nomenclature 
according to Hannah et al. 1994) and SuSy activity increase during wood forma-
tion (Hauch and Magel 1998; Hertzberg et al. 2001; Schrader and Sauter 2002). 
In some transgenic plants or mutants, decreased SuSy activity was associated 
with decreased cellulose content, although the relationship was not linear pos-
sibly because of multiple Sus genes/SuSy isoforms or a low level of metabolic 
control at this step. For example, in pea embryos, 95% downregulation of one of 
three SuSy isoforms was associated with 30% decrease in starch but no change 
in cellulose content, suggesting that a particular SuSy isoform does participate in 
cellulose synthesis (Barratt et al. 2001). The same argument was made based on 
analysis of two corn mutants (Chourey et al. 1998). At least one Sus gene was 
expressed uniformly throughout cotton fiber development (Shimizu et al. 1997), 
and it remains to be determined whether special functions of SuSy during cotton 
fiber secondary wall deposition are achieved through expression of another Sus 
gene or through differential regulation of one SuSy isoform.

Electron microscopic immunolocalization using cryogenic methods that pre-
served native ultrastructure and should have prevented protein movement placed 
SuSy between the cortical microtubules and the plasma membrane in tracheary 
elements and cotton fibers (Salnikov et al. 2001, 2003). In tracheary elements, 
patterned SuSy distribution corresponded to patterned sites of secondary wall 
cellulose synthesis where rosettes containing CesA (Kimura et al. 1999) occur in 
the plasma membrane (Haigler and Brown, Jr. 1986). P-SuSy is predicted to be a 
tightly-associated peripheral membrane protein; high salt or mild detergent did 
dissociate it from cotton microsomes (Amor et al. 1995). In tracheary elements 
(Salnikov et al. 2001), but not cotton fibers (Salnikov et al. 2003), actin was 
able to be localized between SuSy and the microtubules, which is consistent with 
biochemical evidence that SuSy is an actin-binding protein (Winter et al. 1998). 
SuSy coprecipitated from cotton fiber extracts with actin and tubulin (Haigler 
et al. 2001). Based on results from tracheary elements where microtubules are 
patterned but actin is distributed over the whole cell surface, it is more likely 
that a microtubule-related mechanism determines the patterned localization of 
SuSy. Other linking proteins between the plasma membrane, integral membrane 
proteins, SuSy, and the cortical cytoskeleton are likely to exist. Changes in phos-
phorylation and/or intracellular calcium concentration may also relate to the 
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shifts between S-SuSy and P-SuSy. It has been hypothesized that S-SuSy may 
supply UDP-Glc for general metabolic needs, whereas the proportion of P-SuSy 
has a major regulatory role in partitioning of carbon to cellulose (Delmer 1999). 
A model has been suggested whereby stress conditions in cellulose-synthesizing 
cells could cause reversion of P-SuSy to S-SuSy and concurrent downregulation 
of high-rate cellulose synthesis (Haigler et al. 2001).

In cotton fibers where the antibody used for immunolocalization was homolo-
gous, SuSy was extremely abundant near the plasma membrane during second-
ary wall deposition (Salnikov et al. 2003). In contrast, it could be only sparsely 
localized near the plasma membrane during primary wall deposition (Haigler 
et al. 2001). In differentiating tracheary elements of Zinnia elegans for which the 
antibody was heterologous, SuSy was readily detected near the plasma mem-
brane underneath patterned secondary wall thickenings, but it could not be 
detected underneath the intervening primary walls or in cells induced to expand 
via primary wall synthesis (Salnikov et al. 2001). Such results can be rationalized 
in terms of the lower percentage and amount of cellulose in primary cell walls 
or in terms of a lesser role for P-SuSy in primary wall cellulose synthesis. The 
extent of P-SuSy immunolabeling at sites of Zinnia tracheary element secondary 
wall synthesis was much lower than in cotton fiber, which could reflect reality in 
xylem cells synthesizing only 40% cellulose or the use of a heterologous antibody. 
Substantial P-SuSy was sometimes (Amor et al. 1995), but not always (Ruan 
et al. 2003), detected biochemically during cotton fiber primary wall deposition, 
and the variability may reflect conversion of P-SuSy to S-SuSy during cell frac-
tionation. Analysis of mutant or transformed plants with reduced SuSy activity 
support a role for SuSy in primary wall cellulose synthesis (reviewed in Haigler 
et al. 2001; Ruan et al. 2003), but it is possible that S-SuSy can provide the lesser 
amount of UDP-Glc for cellulose synthesis through the general cytosolic pool 
during that stage.

In light of a possible multistep mechanism for cellulose synthesis in which 
synthesis of a cellodextrin primer may be a first step (Peng et al. 2001a), it is 
possible that both free UDP-Glc and UDP-Glc channeled from SuSy participate 
in cellulose synthesis. Perhaps free UDP-Glc provides the substrate for primer 
synthesis, whereas UDP-Glc channeled via P-SuSy provides the substrate for 
polymerization of high molecular weight secondary wall cellulose in vivo. This 
division would allow the bulk of the carbon to be provided through the most 
energy efficient mechanism, while a requirement for a primer may provide one 
means of regulating cellulose biosynthesis. It is also possible that the two path-
ways, one based on free UDP-Glc and one based on sucrose as a source of chan-
neled UDP-Glc, are used alternatively or in different ratios at different stages of 
development or under different environmental conditions. It should be noted 
that crystalline cellulose microfibrils can be made in vitro from detergent extracts 
of membranes of cotton fibers (at 20 DPA) and other plants that are supplied 
with UDP-Glc (Kudlicka et al. 1995; Lai-Kee-Him et al. 2002), implying that 
channeling of substrate from SuSy is not obligatory. However, in vitro cellulose 
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synthesis is not efficient, and the polymerizing enzymes may be dissociated from 
proteins that support their function in vivo.

Curiously, in the cryogenically fixed and embedded cotton fibers where native 
molecular distribution was expected to be preserved, SuSy was also immunolo-
calized in an exoplasmic zone about 0.3 µM deep outside the plasma membrane 
(Salnikov et al. 2003). The validity of this observation was confirmed using two 
polyclonal antibodies to cotton and bean SuSy, affinity purified antibody to 
cotton SuSy, and the preimmune sera and irrelevant polyclonal antibodies as 
controls. Immunolabeling at 24 and 30 DPA showed that this zone also contained 
the ß-1,3 glucan, callose (Salnikov et al. 2003), which has long been known 
by fluorochromatic staining to persist in this general area throughout second-
ary wall deposition (Waterkeyn 1981). The exoplasmic SuSy may be discarded 
there after its cellular role is finished or it could have a role in the synthesis of 
callose. Callose may be required in cotton fiber secondary walls to provide a 
space for the crystallization and final orientation of cellulose microfibrils in the 
exoplasmic zone in the absence of typical matrix molecules (DeLanghe 1986). 
In addition to work with cotton fibers, other data implicate SuSy as a participant 
in callose synthesis, at least under some conditions (reviewed in Haigler et al. 
2001; Subbaiah and Sachs 2001). Callose is also readily synthesized from exo-
genous UDP-Glc in vitro in many systems including semi-permeabilized cotton 
fibers (Pillonel et al. 1980; Amor et al. 1985). There may be a distinction between 
the biochemical pathways related to developmentally controlled (dependent 
on SuSy?) vs. wound-induced callose synthesis (using free UDP-Glc?), or other 
cellular differences may correlate with use of UDP-Glc provided by one or the 
other mechanism.

4 INTRAFIBER SUCROSE SYNTHESIS AS A SOURCE OF CARBON 
FOR SECONDARY WALL CELLULOSE SYNTHESIS

Although there is evidence that fibers import translocated Suc symplastically 
through plasmodesmata at the fiber foot (Ryser 1992; Ruan et al 1997), Glc and 
Fru may also provide carbon for secondary wall cellulose synthesis after con-
version to Suc within the fiber. Large and approximately equally sized pools 
of Glc and Fru exist in the fibers, where they are mostly stored in the vacuole 
(Carpita and Delmer 1981; Jaquet et al. 1982; Buchala 1987; Basra et al. 1990; 
Hendrix 1990; Waffler and Meier 1994; Ruan et al. 1997). These hexoses are 
abundantly produced through degradation of translocated Suc by S-SuSy and 
stored to generate turgor pressure (Ruan et al. 2003), among other possible uses. 
In addition, P-SuSy involved in cellulose synthesis generates one Fru with each 
cycle, and invertases can release both Glc and Fru. Cotton fibers have high levels 
of wall-bound and cytoplasmic invertases during both primary and secondary 
wall deposition, although there is a peak in activity at the transition between the 
two stages (Basra et al. 1990). In the presence of multiple degradative enzymes, 
the fiber Suc pool is sixfold to tenfold smaller than the Glc and Fru pools both 
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in vivo and in vitro (Carpita and Delmer 1981; Jaquet et al. 1982; Basra et al. 
1990; Martin and Haigler 2004). The size of the fiber Suc pool did not change 
with exposure to 15°C (which hinders cellulose synthesis, Haigler et al. 1991), but 
the flux from Glc to Suc was greatly suppressed at 15°C compared to 34°C (Mar-
tin and Haigler 2004). These results show that absolute pool sizes are not as 
revealing of metabolism related to cellulose synthesis as fluxes through the pools.

During secondary wall deposition in cotton fiber, a large percentage of the Fru 
released by the activity of P-SuSy must be recycled into cellulose biosynthesis 
through resynthesis of Suc in order to account for ∼ 80% of the total carbon being 
directed toward cellulose synthesis both in vivo and in vitro (Mutsaers 1976; Roberts 
et al. 1992). The use of one UTP or ATP to phosphorylate Fru via fructokinase is 
a minor energetic cost compared to inefficient use of the Fru released by SuSy, and 
each Fru shunted toward glycolysis can replace this energy in a 36:1 ratio. Cotton 
fibers do synthesize Suc; much of the 14C-Glc supplied to cultured ovules/fibers is 
converted to Suc within the fiber (Carpita and Delmer 1981;  Martin and Haigler 
2004). The concurrent accumulation of a small amount of 14C-Fru (Martin 
and Haigler 2004) suggests that glucokinase and phosphoglucoisomerase were 
active in fiber so that 14C-Glc-6-P was isomerized to 14C-Fru-6-P. This can be used 
along with UDP-Glc by sucrose phosphate synthase/sucrose phosphate phospha-
tase to synthesize Suc containing 14C-Fru, which would be released as SuSy chan-
nels UDP-Glc to the cellulose synthase. Little change in the amount of 14C-Fru 
during 2 h pulse labeling (Martin and Haigler 2004) would be consistent with the 
rapid phosphorylation of a metabolically active pool of 14C-Fru so that this car-
bon could be used to synthesize additional sucrose to support cellulose synthesis. 
Such a scenario in cotton fiber is supported by studies of woody tissue; after feed-
ing poplar leaves with asymmetrically radiolabeled sucrose followed by analysis 
of stem tissue, cellulose was made equally from carbon originally in the glucose 
and fructose moieties (T. Hayashi, personal communication). The importance of 
fructokinase for cycling carbon toward cellulose synthesis is consistent with data 
showing that downregulation of one, but not another, isoform of fructokinase 
in tomato plants caused reduced stem and root growth, which could result from 
hindered cellulose synthesis. However, cellulose content in the tomato plants was 
not determined (Odanaka et al. 2002).

Other data also support the passage of carbon through diverse metabolic pools 
before its use for cellulose synthesis. Isotopic fractionation data demonstrate a 
substantial contribution to cellulose of carbon that has been cycled between the 
hexose phosphates and the triose phosphates in Lemna growing heterotrophi-
cally on Suc, photoheterotrophically with Suc and light, and autotrophically. 
Interestingly, the percentage exchange was greater when photosynthesis was 
occurring: 80%, 70%, and 40% under autotrophic, photoheterotrophic, and 
heterotrophic conditions, respectively. Starch and cellulose were synthesized from 
a common pool of triose phosphates (Yakir and DiNiro 1990). Similar results 
were obtained for potato tubers sprouting in the dark or light (with greening) 
(DiNiro and Cooper 1989) and for wood cellulose synthesized from exogenous 
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Glc (Hill et al. 1995). Cycling between hexoses and the triose phosphates is 
catalyzed by pyrophosphate:Fru-6-phosphate 1-phosphotransferase [PFK(PPi)], 
and this is the most active phosphofructokinase in secondary wall stage cotton 
fibers (Waffler and Meier 1994). The activity of PFK(PPi) would also consume 
PPi released by UDP-Glc pyrophosphorylase acting in the synthetic direction 
(Delmer 1999) to generate the UDP-Glc required by sucrose phosphate synthase 
(SPS; see below).

5 A ROLE FOR SUCROSE PHOSPHATE SYNTHASE 
IN INTRAFIBER CELLULOSE SYNTHESIS

Data suggest that synthesis of sucrose from hexoses within the fiber involves 
SPS acting coordinately with sucrose phosphate phosphatase. SPS catalyzes the 
irreversible reaction, Fru-6-P + UDP-Glc → Suc-P + UDP, which is the first 
committed step of the Suc synthesis pathway. SPS exerts a high level of con-
trol over this process in leaves (Lunn and MacRae 2003), which is facilitated by 
extensive regulatory mechanisms (G6P activation, Pi inhibition, phophorylation 
at multiple sites, and interaction with 14-3-3 proteins) that allow fine control 
of flux through Suc (Huber and Huber 1996; Winter and Huber 2000). It has 
recently been shown that SPS is active during high rate cellulose synthesis for 
secondary wall deposition in heterotrophic cotton fibers and tracheary elements. 
The in vitro tracheary element differentiation system was particularly useful in 
showing a strong correlation between increasing SPS activity and episodic high-
rate secondary wall cellulose synthesis even though the exogenous carbon source 
was sucrose (Babb and Haigler 2001). Based on analogy with other systems 
(Schrader and Sauter 2002), it might be proposed that SPS activity increases to 
facilitate Suc synthesis as starch is degraded, but no starch grains were visible in 
hundreds of secondary wall stage cotton fibers examined by electron microscopy 
(Salnikov et al. 2003). In addition, it was experimentally determined that the 
increase in SPS activity in differentiating tracheary elements did not depend on 
the availability of starch for degradation (Babb and Haigler 2001).

In summary, increased SPS activity in secondary wall stage cotton fibers and 
tracheary elements is likely to be related to cellulose synthesis. In addition to 
facilitating efficient carbon use, SPS activity would also result in depletion of 
cytoplasmic Fru, which is an end-product inhibitor of SuSy (Doehlert 1987). 
The Suc degradation by P-SuSy and Suc synthesis by SPS in cellulose- synthesizing 
cells describes a “futile cycle” that exists in many heterotrophic cell types 
(reviewed in Huber and Huber 1996). A need for both of these enzymes in efficient 
cellulose synthesis shows that the cycle can be useful (Haigler et al. 2001). It is 
likely that the cycle has regulatory value through ability to affect the intracellular 
flux to sucrose similar to that conferred by several sucrose cycles in tomato fruit 
(Nguyen-Quoc and Foyer 2001). Genomic sequencing has revealed four and five 
SPS genes in Arabidopsis and rice, respectively, and knowledge is lacking of how 
the cellular activities of the encoded enzymes may differ (Lunn and MacRae 
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2003). It will be of interest to determine if  a particular SPS isozyme is related to 
cellulose synthesis.

6 STRESS SENSITIVITY OF CELLULOSE SYNTHESIS

Although the fiber is somewhat shielded from effects on the whole plant due 
to being part of a reproductive structure with physiological priority, several 
agronomic stresses that minimize plant vigor and/or photosynthate production 
alter fiber properties in ways that suggest less cellulose deposition within second-
ary walls. (Often lower fiber maturity was not directly determined, but rather 
inferred from reductions in micronaire or bundle strength.) Such stresses include 
both excess and limited water, low light due to clouds, fungal disease, and premature 
defoliation (Ramey 1986; Pettigrew 1994).

Of more interest are stresses that have direct effects on the cellulose biosyn-
thetic process. For example, both dryland production conditions and cool tem-
peratures adversely affect the degree of polymerization of cotton fiber cellulose 
by unknown mechanisms (Timpa and Wanjura 1989; Timpa 1992). More mech-
anistic information is available about the adverse effects of cool temperatures 
on cellulose deposition in G. hirsutum. In this case, cellulose synthesis is more 
sensitive than respiration (a representative of  general metabolic processes) 
and synthesis of callose. As determined from feeding 14C-Glc to cultured ovules/
fibers, cellulose synthesis is optimal between 28–37°C and severely hindered 
below 22°C. The apparent Q10 values between 18–28°C equaled 3.13 and 4.28 
for respiration and cellulose synthesis, respectively (Roberts et al. 1992). (For 
comparison, many plant enzymatic processes such as respiration in other plants 
and the dark reactions of photosynthesis have Q10 = 2–3 in the physiological 
temperature range.) Similarly, in G. arboreum, cellulose synthesis in the fiber had 
an apparent Q10 = 6 between 15–25°C, whereas callose synthesis had an apparent 
Q10 = 2.3 (Pillonel and Meier 1985). Lowering the temperature in vitro from 30°C 
to 10°C increased the ratio of newly synthesized callose/cellulose in cotton fibers 
more than four times (Buchala and Meier 1985). Interestingly, cellulose synthe-
sis in 21 DPA secondary-wall-stage cotton fibers was more sensitive to 22°C and 
15°C than cellulose synthesis in the ovules to which they were attached, which 
may have had a mixture of primary wall synthesis (for embryo growth and seed 
expansion) and secondary wall synthesis (for wall thickening in seed coat cells) 
(Roberts et al. 1992). This observation could relate to different pathways for cel-
lulose synthesis at different developmental stages (one dependent on P-SuSy and 
one using free UDP-Glc) or to other factors such as a stress-induced bias toward 
partitioning carbon toward the seed itself  rather than to the fibers that originally 
aided seed dispersal in nature.

Hindered cellulose synthesis at moderate temperatures < 22°C correlates with 
the subtropical origins of perennial Gossypium species and the short period of 
only ∼300 years during which they were adapted as annual crops in temperate 
regions (Ramey 1986). Within a short growing season, the cool temperature sensi-
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tivity has adverse effects on yield and fiber quality, particularly fiber second-
ary wall thickness (maturity) that correlates with low individual fiber strength 
( Gipson 1986). The frequent occurrence of cool nights in temperate cotton 
growing regions results in “rings” within the fiber wall that are revealed by swelling 
of  cross-sections in cuprammonium solution. These rings are not disconti-
nuities in the wall, although they are weak zones in the swollen cross-sections so 
that  splitting under pressure occurs there preferentially (Haigler et al. 1991). The 
layer of cellulose synthesized at night is more porous and less crystalline, which 
probably explains its differential swelling to reveal the ring (DeLanghe 1986; 
Gipson 1986).

Fibers growing on ovules cultured in vitro under cycling warm/cool tempera-
tures, but in the presence of a constant supply of Glc, also contain rings. There-
fore, a large part of the cool temperature sensitivity of cellulose synthesis exists 
within the ovule/fiber tissues without dependence on whole-plant phenomena 
such as sugar translocation (Haigler et al. 1991). This fact was first suggested by 
the accumulation of simple sugars in the cotton boll during secondary wall deposi-
tion under cool nights (DeLanghe 1986; Ramey 1986). There is variability between 
cultivars in the severity of the cool night hindrance of net cellulose accumulation 
(Gipson 1986), but no commercial cultivar analyzed in vitro retained greater than 
24% of its maximum rate of cellulose synthesis at 15° compared to 34°C (Haigler 
et al. 1994; Martin and Haigler 2004). The similarity of in vitro results (Glc as 
exogenous substrate) (Haigler et al. 1991; Roberts et al. 1992) with field results 
(Suc as the transport sugar) (Gipson 1986; Thaker et al. 1989) also suggests that 
the major cool temperature hindrance is not related to this difference.

In transgenic plants with glucosidase II downregulated, less cellulose accu-
mulates in the field even though no phenotype is observed in the greenhouse. 
This was suggested to be due to stress in the field (Taylor et al. 2000), but it 
might also occur because high light in the field can support more cellulose syn-
thesis such that a lower level of  glucosidase II becomes rate limiting. Because 
of the high carbon demand of cellulose synthesis, plants are likely to downregu-
late this process during environmental stress to favor metabolism that supports 
short-term survival rather than growth. Although potentially helpful for 
 natural survival, such downregulation may not be necessary in agricultural 
crops. If  it could be prevented, crops might be harvested earlier or with higher 
cellulose content.

Sucrose phosphate synthase (SPS) has been implicated in the temperature 
stress sensitivity of  cellulose synthesis. In cotton fibers, exposure to 15°C nights 
suppresses SPS activity (even during the next warm day; Tummala 1996), and 
15°C reduces flux from Glc to Suc (Martin and Haigler 2004). In cellulose-
sink cells, SPS could support cellulose synthesis by synthesizing Suc de novo 
and/or by recycling Fru released from sucrose by SuSy back to Suc. Transgenic 
cotton constitutively overexpressing SPS produces fibers with increased 
cellulose content under cool night temperatures in a growth chamber (Haigler 
et al. 2000). Given the economic importance of  cellulose and its special role 
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in plant biochemistry as a large carbon sink composed of  structural fibrils, 
we can expect much future research directed toward understanding how cel-
lulose synthesis is integrated into general cellular metabolism. These data 
coupled with further understanding of  mechanisms of  glucan chain polym-
erization and microfibril biogenesis will provide clues to biotechnological 
strategies for modification of  cellulose content and/or properties (Delmer 
and Haigler 2002).
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CHAPTER 10

A PERSPECTIVE ON THE ASSEMBLY
OF CELLULOSE-SYNTHESIZING COMPLEXES: 
POSSIBLE ROLE OF KORRIGAN AND MICROTUBULES 
IN CELLULOSE SYNTHESIS IN PLANTS

INDER M. SAXENA AND R. MALCOLM BROWN, JR.*

Section of Molecular Genetics and Microbiology, School of Biological Sciences, 
The University of Texas at Austin, Austin, TX 78712

Abstract
Cellulose is synthesized on the plasma membrane by protein complexes referred to as 
terminal complexes (TCs). In plants, the TCs are visualized by freeze-fracture electron 
microscopy as rosettes with a sixfold symmetry. Each rosette synthesizes a cellulose mi-
crofibril containing approximately 36 glucan chains. So far, only the cellulose synthase 
catalytic subunit (CesA) is shown to be localized to the rosette complex, and it is sug-
gested that at least 36 CesA molecules are present in each rosette. Moreover, from analy-
sis of the CesA genes, it is predicted that at least three different CesAs are required for 
assembly of the rosette and the cellulose microfibril. How the different CesA subunits 
assemble into a rosette structure is not clearly understood. In our view, the assembly of 
the rosette proceeds in stages, beginning from the rough endoplasmic reticulum (ER) to 
the plasma membrane, with the final assembly of the rosette structure taking place on 
the plasma membrane. The membrane-localized endo-1,4-β-D-glucanase, KORRIGAN 
is probably involved in digesting the noncrystalline cellulose product formed from an 
assembly of six CesA subunits that compose a rosette particle and is transported to the 
plasma membrane via vesicles. These rosette particles then assemble into a complete 
rosette TC in the plasma membrane when the glucan chains synthesized from closely 
placed particles associate to form crystalline cellulose I microfibrils. The role of micro-
tubules in aligning cellulose microfibrils has been widely debated, and we believe that 
microtubules probably are involved in aligning the cellulose microfibrils in an indirect 
manner by “channelizing” the direction of microfibril assembly.

* Author for correspondence: Section of Molecular Genetics and Microbiology, School of  Biological 
Sciences, The University of Texas at Austin, Austin, TX 78712, Tel: 512-471-3364; Fax: 512-471-
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1 INTRODUCTION

Cellulose may not be a universal biomacromolecule, yet the capability to synthesize 
cellulose is a much more universal property than previously understood. The 
realization that the capability to synthesize cellulose may be more widespread 
has occurred essentially from sequencing of genomes of a large number of organ-
isms, mostly microorganisms. From these studies, genes encoding the cellulose 
synthase and a few other proteins have been identified in many bacterial species 
(Römling 2002). Although the genes for cellulose synthesis are present in these 
organisms, it is not known if  all these organisms do in fact synthesize cellu-
lose. Cellulose synthesis has been known for some time in bacterial species such 
as Acetobacter xylinum and Agrobacterium tumefaciens (Ross et al. 1991), but 
recently it has been demonstrated in bacteria such as Escherichia coli, Salmonella 
typhimurium, Pseudomonas fluorescens and others, and in many of these cases 
the cellulose is found associated with biofilms (Zogaj et al. 2001; Spiers and 
Rainey 2005). Unlike bacterial cells, cellulose produced by plant cells is a struc-
tural component of the cell wall and the direction of cellulose synthesis helps 
determine cell growth and elongation.

In general, organisms that synthesize cellulose microfibrils do so from  organized 
cellulose-synthesizing sites on the membrane that are often referred to as 
 terminal complexes (TCs). The crystalline nature of  cellulose implies an 
ordered arrangement of  glucan chains in cellulose microfibrils and hence the 
suggestion that the cellulose-synthesizing sites in the cell are organized such 
that the glucan chains are able to interact with each other and form a crystalline 
structure while they are being synthesized (coupled polymerization-crystallization). 
The first organized site of  cellulose synthesis was observed as a linear arrange-
ment of  particles in three rows in the green alga Oocystis apiculata (Brown, Jr. 
and Montezinos 1976). Two major arrangements of cellulose-synthesizing sites 
(linear and rosette) have since been identified in most cellulose-synthesizing 
organisms, and the cellulose synthase has been localized to the rosette com-
plex in plants (Kimura et al. 1999). While it is obvious that an ordered array 
of   cellulose synthases is required for synthesis of  cellulose microfibrils, it is 
not very clear as to how these enzyme molecules are organized in TCs in the 
 different cellulose producing organisms. Considering what is known about the 
role of different genes and proteins during cellulose synthesis, we wish to pres-
ent a renewed perspective on the assembly of  TCs in cellulose-synthesizing 
 organisms, and more specifically the assembly of  the rosette TC and the role 
that KORRIGAN (KOR) and the microtubules may have in influencing this 
and cellulose microfibril assembly in plants.
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2 STRUCTURE AND COMPOSITION 
OF CELLULOSE-SYNTHESIZING COMPLEXES

Cellulose-synthesizing TCs were first observed by freeze-fracture electron 
microscopy. In general, they are visualized as intramembranous particles that 
are organized either as a linear row or as a rosette-like structure on the P- fracture 
face of the plasma membrane (Brown, Jr. 1996). Lately it has also been possible 
to visualize the cytosolic side of the rosette TCs in membrane sheets prepared 
from plants (http://www.botany.utexas.edu/facstaff/facpages/mbrown/bowling/
default2.html). While bacteria, such as A. xylinum, have a single row of particles 
organized as a linear TC and all land plants have a hexameric rosette TC, great 
diversity in TC architecture is observed in the algae (Tsekos 1999). Both linear 
and rosette TCs are found in the algae, with the linear TCs and rosettes in turn 
being organized in rows in certain algae.

In spite of the fact that TCs are relatively large membrane-embedded struc-
tures, biochemical approaches to isolate and identify the protein composition of 
the TCs has been challenging. However, a protein aggregate suggestive of the TC 
has been found attached to cellulose microfibrils synthesized in vitro using mem-
brane extracts from plants (Lai-Kee-Him J 2002; Laosinchai 2002) and cellulose 
synthase was localized to this protein aggregate (Laosinchai 2002).

Much of our understanding of the TCs has, in fact, been obtained from genetic 
and microscopic analyses. Interestingly, genetic analysis of cellulose-deficient 
mutants in plants led to the proposal that the rosette TC contains three different 
nonredundant cellulose synthases, and mutation in any one of these results in a 
defect in the assembly of cellulose microfibrils (Taylor et al. 2003). In addition, 
the cellulose synthases identified for cellulose synthesis in the primary cell wall 
are different from the cellulose synthases required for cellulose synthesis in the 
secondary cell wall (Robert et al. 2004). In spite of the failure to localize any 
other protein except the cellulose synthase to the rosette TC, other proteins have 
been predicted by mutant analysis to be associated with the complex and these 
may have a direct or indirect role in cellulose synthesis.

One of the intriguing proteins that is suggested to have a role in cellulose syn-
thesis is KOR, a membrane-bound endo-1,4-β-D-glucanase. Mutations in the KOR 
gene lead to an altered phenotype and a reduction in the amount of cellulose (Nicol 
et al. 1998). Based on the features of  the mutants, the KOR protein has been 
suggested to be involved in cellulose biosynthesis (Mølhøj et al. 2002). However, 
the mechanism of KOR function during cellulose synthesis is not clearly under-
stood. Recent experiments using GFP-labeled KOR demonstrate that this protein 
is present in intracellular compartments and probably undergoes cycling between 
these compartments and the plasma membrane (Robert et al. 2005). In a later 
section, we will suggest a possible role of KOR in cellulose biosynthesis.

The intramembrane particles in a linear TC or in a rosette have been observed 
quite well by freeze-fracture, but not much is known with respect to the cyto-
plasmic face of these particles. From sequence analysis of cellulose synthases, a 
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large globular region of this protein is predicted to be present in the cytosol and 
as such the TC is predicted to be much larger on the cytosolic side than what is 
observed on the cell surface following freeze-fracture (Saxena and Brown, Jr. 
2005). Since the globular region contains the putative active site of the cellulose 
synthase and possibly other site(s) for protein–protein interaction, knowledge of 
the cytosolic region of TCs is crucial for understanding not only the mechanism 
of cellulose synthesis but also as to how the TC is assembled and regulated. 
In the absence of isolated TCs, electron microscopic observations provide some 
very interesting clues to the nature of  the cytosolic side of  these complexes. 
Early evidence with respect to the dimensions of the cytosolic region of TCs 
was obtained from thin sections of the linear TCs in the alga Boergesenia forbesii 
(Kudlicka et al. 1987). Recently, using membrane fragments it was possible to 
visualize the cytoplasmic face of  the rosette complex in plants and the dimen-
sions observed in these studies suggest that a much larger region of the complex 
extends into the cytoplasm ( Bowling 2005). In addition, cortical microtubules 
and clathrin-coated vesicles are clearly observed on the cytosolic side of the 
membrane fragments (Bowling 2005). Even though no other proteins have been 
identified in association with the cytosolic region of the TCs, it is possible that 
this region may interact with a variety of proteins, including the cytoskeleton, 
either directly or indirectly through other proteins.

3 STAGES IN THE ASSEMBLY OF THE ROSETTE 
TERMINAL COMPLEX IN PLANTS

It is assumed that each rosette TC in plants contains 36 cellulose synthase 
 molecules, each of which is presumably involved in the synthesis of a single  glucan 
chain. Each rosette is composed of six particles and each particle is therefore 
considered to be an assemblage of six cellulose synthase molecules. The current 
view holds that the rosette TCs in plants are assembled in the Golgi apparatus, 
where they exist in an inactive state (Haigler and Brown, Jr. 1986). The rosette TCs 
are subsequently transported via cytoplasmic vesicles from the Golgi apparatus 
to the plasma membrane where they are activated for cellulose synthesis. While 
rosette TCs also have been observed in vesicles in the alga Micrasterias denticulata 
(Giddings et al. 1980), a linear row of particles representing TC precursors have 
been observed in large, dense cytoplasmic vesicles, quite different from the Golgi 
vesicles, in the alga Botrydiopsis intercedens (Okuda et al. 2004).

The observation of TCs in vesicles suggests that the TCs are assembled prior to 
their insertion in the plasma membrane and are transported from the Golgi appa-
ratus via an exocytic pathway. However, at this point it is not completely certain if 
the vesicles containing the TCs are part of an exocytic or an endocytic pathway. 
Clathrin-coated endocytic vesicles are known to form at the plasma membrane, 
and in certain cases recycling of components have been reported to occur from the 
plasma membrane to the Golgi apparatus (Neumann et al. 2003). Moreover, it is 
not very clear as to how the cellulose synthases stay inactive until they are present in 
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the plasma membrane, although suggestions have been made that the activation of 
cellulose synthases is regulated by their phosphorylation state (Somerville 2006).

In our view, being membrane proteins, the cellulose synthase polypeptide 
chains are synthesized on the rough endoplasmic reticulum (ER), where they 
undergo folding and probably assemble into a higher order structure. Although 
assembly of the cellulose synthases into a rosette can proceed completely in the 
ER or in the Golgi apparatus or the plasma membrane or can take place in 
stages, it is more likely that at least some assembly occurs in the ER. The ER 
ensures proper folding and assembly of proteins through a rather strict quality 
control mechanism in which unfolded or misassembled proteins are transported 
to the cytosol where they are targeted for destruction in the proteasome (Lord 
et al. 2000). ER-associated protein degradation (ERAD) is well documented in 
yeast and mammalian cells, and is now shown in plants as well (Di Cola et al. 
2005; Müller et al. 2005). That the cellulose synthases or some component(s) 
of the cellulose-synthesizing machinery undergoes modification in the ER is 
evident from analysis of cellulose-deficient mutants such as cyt1, knf and rsw3 
that have defects in genes encoding mannose-1-phosphate guanylyltransferase 
(Lukowitz et al. 2001), α-glucosidase I (Gillmor et al. 2002) and glucosidase II 
(Burn et al. 2002) respectively. All these enzymes are required for the processing 
of N-linked glycans on ER-synthesized proteins, and this processing is essential 
for the proper folding and assembly of these proteins.

If a significant role is assigned to the quality control mechanism for proper 
 folding and assembly of cellulose synthases in the ER, and some role is assigned to 
the influence of glucan chain crystallization on the rosette structure, then the assem-
bly of the fully functional rosette TC can be visualized to take place in two stages. 
In the first stage, two copies each of three different cellulose synthases assemble to 
form a complex (rosette particle) containing six cellulose synthase molecules in the 
ER. The cellulose synthases in a single rosette particle assemble by protein–protein 
interaction using either the RING finger motif or another motif present in the 
cellulose synthases (Doblin et al. 2002). Requirement for three different cellulose 
synthases is based upon genetic and biochemical analyses that suggest interaction 
of specific cellulose synthases in the ER before they are transported (Taylor et al. 
2003). The complex, assembled in the ER is then transported to the Golgi appara-
tus either by COPII vesicles or by direct ER-Golgi connections, and from the Golgi 
to the plasma membrane by Golgi-derived vesicles (Neumann et al. 2003). In any 
case, the rosette particle composed of six cellulose synthase molecules does not 
assemble into a higher-order structure (the rosette) in the intracellular compart-
ments in the absence of crystalline cellulose formation. The single rosette particles 
cannot be differentiated from other intramembranous particles, and with freeze 
fracture, only the fully assembled rosette TC with six particles can be definitively 
shown to be associated with cellulose microfibrils (Mueller and Brown, Jr. 1980). 
The topology of the assembled complex of cellulose synthases in the ER, Golgi 
and the vesicles is such that the globular region containing their active site faces 
the cytosol. In the presence of  UDP-glucose in the cytosol, cellulose synthase 
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molecules may be able to synthesize and secrete glucan chains into the lumen of 
these intracellular compartments, or they may stay in an inactive state. If glucan 
chain synthesis is initiated in the ER, the individual cellulose synthases would still 
be able to assemble into a single rosette particle, but not into the complete rosette 
TC. In this case, the glucan chains attached to cellulose synthases would only form 
glucan chain aggregates with six glucan chains and this would not be a crystal-
line product. Alternatively, if no glucan chains are synthesized in the intracellular 
compartments, no cellulose will be formed and as a result the rosette particles 
would not assemble into a rosette TC. Interestingly, intracellular synthesis of cel-
lulose has been observed during scale formation in the Golgi apparatus in Pleu-
rochrysis where crystalline cellulose forms a complex with other components in 
a spatial and temporal manner (Brown, Jr. and Romanovicz 1976; Romanovicz 
and Brown, Jr. 1976). Although scales are not found in plants, limited synthesis of 
noncrystalline cellulose may certainly take place in intracellular compartments in 
plants. In any case, the Golgi-derived vesicles containing the rosette particles fuse 
with the plasma membrane and the rosette particles can now assemble into the 
rosette TC in the plasma membrane. In the plasma membrane, the rosette particles 
may still be attached to the glucan chains, if synthesis occurred in the intracellular 
compartments. Alternatively, synthesis may initiate in the plasma membrane if the 
 cellulose synthases are activated in the plasma membrane.

See Figure 10-1 for an illustration of two-step assembly of the rosette TC.

4 POSSIBLE ROLE OF KORRIGAN IN THE DIGESTION 
OF GLUCAN CHAINS AND IN THE SECOND STAGE 
OF THE ASSEMBLY OF THE TERMINAL COMPLEX

Most workers in the field agree that KOR probably has an indirect role in cellulose 
biosynthesis in vivo, but so far it has not been possible to assign a specific role to 
this protein in this process. In simple terms, it is believed that KOR hydrolyzes 

Figure 10-1. Two-step assembly of  the rosette terminal complex (TC) in plants. In the fi rst stage, 
a cellulose synthase particle complex containing six cellulose synthase molecules is assembled in the 
ER by protein–protein interactions. Single rosette particles synthesize glucan chains that will stay 
attached as noncrystalline cellulose in the ER and other intracellular compartments. KOR is also 
synthesized in the ER and it may be transported from the Golgi apparatus in vesicles with or without 
the rosette particles. The vesicles carrying the rosette particles and/or KOR may be directed to sites 
of cellulose synthesis by the microtubules. Once the vesicles carrying the cellulose synthases and 
KOR fuse with the plasma membrane and the rosette particles are present in the plasma membrane, 
KOR is able to digest the noncrystalline cellulose. In the second stage, the assembly of the individual 
rosette particles into a hexameric rosette TC structure is favored by the assembly of glucan chains into 
a crystalline cellulose product. KOR can also digest the noncrystalline cellulose while in the Golgi 
apparatus, and under these circumstances assembly of the rosette can take place in the Golgi apparatus 
itself. KOR does not digest crystalline cellulose. The assembled rosette TC continues to synthesize 
cellulose microfi bril and the movement of the cellulose synthase in the plasma membrane is governed 
by the rate of cellulose synthesis. The rosette particles, KOR, and in some cases even the rosette TC may 
be recycled from the plasma membrane (See Color Plate of this fi gure beginning on page 355)
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glucan chains in noncrystalline cellulose, and may possibly relieve stress generated 
during assembly of glucan chains in cellulose microfibrils (Mølhøj et al. 2002). 
Enzymatic analysis of a recombinantly-obtained soluble form of a KOR homolog 
from Brassica napus showed that this protein has substrate specificity for low sub-
stituted carboxymethyl cellulose and amorphous cellulose, but does not hydrolyze 
crystalline cellulose or the oligosaccharides cellotriose, cellotetraose and cellopen-
taose (Mølhøj et al. 2001). Similar properties also have been observed in a soluble 
form of the KOR homolog obtained from Populus (Master et al. 2004).

We believe that the KOR protein present in the plasma membrane is indirectly 
involved in the assembly of the rosette TC in plants by digesting the noncrystalline 
cellulose product attached to the rosette particles. It is known that polymerization 
and crystallization are coupled steps, and that crystallization influences the rate of 
polymerization during cellulose synthesis (Benziman et al. 1980). In the absence of 
crystallization, the polymerization reaction probably lasts only for a short period 
of time even though the enzyme may be fully active. Removal of the noncrystalline 
product attached to the cellulose synthase allows polymerization to continue, but 
in a more directed and controlled sense. Here we have a type of “editing mecha-
nism” whereby the KOR protein removes disordered glucan chains that are not yet 
crystallized but that were critical in keeping the rosette particles in close proximity 
for final assembly which can take place once a fully crystalline ordered cellulose 
I microfibril begins to emerge from the TC. Once the noncrystalline cellulose is 
removed from the rosette particles, and where sufficient numbers of  rosette 
particles are present to simultaneously produce the glucan chain aggregates, the 
glucan chain aggregates (we suggest a glucan chain aggregate consisting of six 
glucan chains bound by hydrophobic interactions) (Cousins and Brown, Jr. 1995) 
from each particle are able to associate with glucan chain aggregates from the 
other particles. This now becomes the second stage of crystallization, namely a 
hydrogen bonding interaction between the glucan chain aggregates to result in the 
crystallization of a cellulose I microfibril (Cousins and Brown, Jr. 1997a, b) and 
consequently, the polymerization-crystallization-induced assembly of a  complete 
rosette TC. Therefore the cellulose–cellulose glucan chain association could 
ultimately lead to the final assembly of the hexameric rosette TC.

Obviously, crystallization of glucan chains is not the only mechanism required 
for assembly of the rosette TC. Most likely, certain features of the cellulose  synthase 
protein influences either the assembly or the stability of the rosette TC, as is very 
clearly demonstrated in the disassembly of the rosette TCs in the rsw1 mutant of 
Arabidopsis at restrictive temperature (Arioli et al. 1998). An even more interesting 
observation is the increase in the amount of noncrystalline cellulose, probably 
produced by the rosette particles in this mutant at the restrictive temperature 
(Arioli et al. 1998). In wild-type cells, a significant amount of the noncrystalline 
cellulose is digested by KOR on the plasma membrane. Recycling of the KOR 
from the plasma membrane occurs much more frequently and although most 
of the KOR is shown by microscopy to be localized in intracellular vesicles 
(Robert et al. 2005), its presence has been shown in isolated membrane fractions 
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as well (Nicol et al. 1998). It is expected that in the absence of KOR activity, 
many more particles with attached glucan chains will be present in the plasma 
membrane, and this will result in increase in the production of noncrystalline 
cellulose. Although a defect in KOR would affect the assembly of the particles 
into the rosette structure, reduced assembly of rosette TCs and cellulose micro-
fibrils would proceed as long as some rosette particles are brought sufficiently 
close together before the synthesis of the glucan chains takes place. To a lesser 
extent, other proteins with an endoglucanase activity may be able to remove 
the noncrystalline cellulose and allow assembly of the rosette TC. Interestingly,
Arabidopsis root-swelling mutants defective in KOR (rsw2) are cellulose-
deficient but produce increased amounts of noncrystalline cellulose in  comparison 
to wild-type cells (Lane et al. 2001), suggesting a role for KOR in the assembly of 
cellulose microfibrils possibly via assembly of the rosette TC.

5 ROLE OF MICROTUBULES IN CELLULOSE BIOSYNTHESIS

Understanding the relationship between cellulose microfibrils and cortical micro-
tubules in plant cells has been an area of great interest and debate (Baskin 2001; 
Wasteneys 2004). While almost everyone agrees that the anisotropic growth of 
plant cells is dependent on the synthesis of cellulose microfibrils in a direction 
perpendicular to the elongating axis, what is not clear is the mechanism that deter-
mines the direction of cellulose biosynthesis or in other words, the ordering of the 
cellulose-synthesizing complexes on the plasma membrane. Evidence support-
ing the view that microtubules influence the direction of cellulose  synthesis has 
come mostly from studies using inhibitors of microtubule formation. Although 
no direct interaction has been observed between microtubules and the cellulose-
synthesizing complexes, two different versions of how microtubules may guide 
the cellulose-synthesizing complexes in the plasma membrane are prevalent in 
the literature (Baskin 2001). In one case, it is believed that during cellulose syn-
thesis, the cellulose-synthesizing complexes move in the plasma membrane within 
tracks created by cortical microtubules associating with the plasma membrane. 
The result is that the cellulose microfibrils co-align with the underlying micro-
tubules.In this case, the interaction between the microtubules and the cellulose-
synthesizing complexes is indirect. Alternatively, the cellulose-synthesizing  complexes 
are thought to be attached to the microtubules directly or indirectly through 
other protein(s) and the movement of  the cellulose-synthesizing complexes 
during cellulose synthesis is guided by these microtubules (Paredez et al. 2006). 
However, in this case, the rate of movement of the rosette TCs in plants would be 
governed by the rate of synthesis of the cellulose microfibrils, and this movement 
would be affected if  the TCs are attached to the microtubules. In fact, we know 
that the rate-limiting step in cellulose polymerization is directly controlled by the 
crystallization process (Benziman et al. 1980). In this work, it was demonstrated 
that the rate of polymerization increases up to four times the control rate when 
crystallization is inhibited by Calcofluor. From such observations, it is obvious 
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that the rate-limiting step in cellulose biosynthesis is the crystallization step. 
If  the rosette TCs were directly associated with microtubules, the rate of  cellulose 
synthesis would be greatly reduced or even terminated; however, this does not 
appear to be the case. Thus, it appears highly unlikely that any direct association 
of rosette TCs takes place with microtubules but rather, these act indirectly by 
“channelizing” the direction of  microfibril assembly. One interesting indirect 
consequence of such “channelization” would be that aggregates of rosette TCs, 
each with their parallel cellulose microfibrils,  could indirectly control the overall 
rate of cellulose synthesis. If  clusters of cellulose microfibrils held together by 
hydrogen bonds occurs, then the overall synthesis of cellulose in this case would 
be rate-limiting.

While these two models suggest that it is the microtubules that guide the cellulose-
synthesizing complexes and determine the orientation of the cellulose microfibrils 
in the plant cell wall, other models suggest that the cellulose microfibrils that are 
attached to the cellulose synthases determine the direction of movement of the 
cellulose-synthesizing complexes in the plasma membrane and as such the micro-
tubules have no direct role in determining the direction of  cellulose microfibril 
synthesis (Emons and Mulder 1998). This model is based on geometrical con-
straints and it states that the microfibrils are “deposited along paths determined 
by the geometry of the cell alone” and a function for microtubules is not clearly 
understood. In our view, favoring the indirect model that cellulose microfibrils do 
align with the microtubules, it is more likely that the microtubules have additional 
indirect functions in cellulose biosynthesis, especially in exocytosis by directing 
transport of vesicles containing the cellulose synthases and the KOR proteins to 
sites of cellulose synthesis in the plasma membrane (Robert et al. 2005).

6 SUMMARY

Since the discovery of TCs as cellulose-synthesizing sites almost three decades ago, 
we are now beginning to get a better understanding of their composition and how 
they may be assembled. The localization of the cellulose synthase (Kimura et al. 
1999) and the analyses suggesting the presence of three nonredundant cellulose 
synthases (Taylor et al. 2003) in the rosette TC in plants were major milestones, but 
it is only now that we have begun to get a look at the cytosolic side of these large 
multimeric complexes (Bowling 2005). From the dimensions of the cytosolic region 
of the rosette TCs, it is apparent that they may not be attached to any cytoskeletal 
structure. In fact, the rosettes extend so deeply into the cytoplasm that they would 
actually displace the parallel array of cortical microtubules. That plasma mem-
brane recycling occurs much more frequently is validated by the occurrence of a 
large number of clathrin-coated pits and vesicles observed in membrane sheets 
(Bowling 2005). Although more information is beginning to be obtained about 
the cellular localization and dynamic properties of cellulose synthase complexes 
(Paredez et al. 2006), it is not entirely clear as to how these complexes are assem-
bled. We believe that the glucan chains attached to the cellulose synthases play a 
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major role in the final assembly of these complexes and propose that the initiation of 
cellulose synthesis via glucan chain polymerization and limited aggregation could 
lead to the hierarchical assembly of the sixfold complete rosette TC in plants. 
KOR may be involved in an editing function by removal of noncrystalline cellulose 
attached to single rosette particles and allowing the particles to assemble into a 
rosette when crystalline cellulose is formed.
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CHAPTER 11

HOW CELLULOSE SYNTHASE DENSITY IN THE PLASMA
MEMBRANE MAY DICTATE CELL WALL TEXTURE
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Abstract
Cellulose microfibrils are deposited by cellulose synthases into the cell wall in often 
strikingly regular patterns. Here we discuss several mechanisms that have been put for-
ward to explain the alignment of cellulose microfibrils that gives rise to ordered cell wall 
textures: the hypothesis that cortical microtubules align cellulose microfibrils during their 
deposition, the liquid crystal hypothesis in which cellulose microfibrils self-assemble into 
textures after their deposition, the templated incorporation hypothesis, and the geometri-
cal theory in which the density of active cellulose synthase complexes inside the plasma 
membrane may dictate the architecture of the cell wall.

Keywords
cell wall architecture, cellulose microfibrils, cellulose synthase, cortical microtubules, 
geometrical model.

Abbreviations
cellulose microfibril (CMF), cellulose synthase activation domain (CSAD).

1 TEXTURES OF CELLULOSE MICROFIBRILS

The cell wall texture is a composite of cellulose microfibrils (CMFs) arranged in 
one CMF thick lamellae. The orientation of the CMFs within a lamella is constant, 
but may vary from lamella to lamella. The most striking texture is the helicoidal 
wall, which consists of subsequent lamellae in which the orientation of the CMFs 
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changes by a constant angle. Other wall textures are the axial, helical, crossed-
polylamellate, transverse and the random wall textures, and combinations of these. 
Since wall texture is cell type and developmental stage specific, it must be highly 
regulated by the cell it embraces. Irrespective of the type of wall texture (review 
Emons 1991), cellulose microfibrils are produced by plasma membrane embedded 
cellulose synthase complexes (Kimura et al. 1999) which in freeze fracture images 
are observed as particle rosettes (first observation: Mueller and Brown, Jr. 1980).

Being crystalline and outside the plasma membrane, CMFs of plant cell walls 
were among the first structures that were reliably visualized with electron micro-
scopy (Frey-Wyssling et al. 1948; Preston et al. 1948; reviewed by Preston, 1974). 
Roelofsen and Houwink (1953) showed that CMFs are deposited transverse to the 
cell elongation direction of elongating plant cells, but that CMFs in outer lamel-
lae have an oblique to longitudinal alignment. They suggested that in previously 
deposited, older wall layers the originally transverse CMFs rotate to a longitudi-
nal orientation during cell elongation. This is known as the “multi net growth” 
hypothesis (Roelofsen 1959). For epidermal cells from the style of  Petunia, 
Wolters-Arts and Sassen (1991) have shown that this realignment indeed takes 
place. In a recent publication Refrégier et al. (2004) also suggest realignment of 
CMFs in older wall layers of elongating hypocotyl cells of dark-grown Arabidopsis 
seedlings after transverse deposition of CMFs in the innermost wall layer.

An alternative to the “multi net growth” hypothesis was the “ordered subunit” 
hypothesis of Roland and coworkers (review 1977), in which CMFs are laid down 
during deposition in subsequently different directions. Deposition in subsequently 
different orientations should surely take place in nonexpanding cells or cell parts 
having walls with various CMF orientations. The important question of the regula-
tion of the deposition orientation of CMFs is still subject of lively scientific debate.

We have formulated a geometrical, mathematical theory for CMF ordering dur-
ing their deposition, which allows production of axial, helical, crossed, helicoidal, 
and random wall textures (Emons 1994; Emons and Kieft 1994; Emons and 
 Mulder 1997; 1998; 2000; 2001; 2001; Emons et al. 2002; Mulder et al. 2004). Before 
reviewing our theory, we first discuss the most important alternate CMF ordering 
hypotheses that have been proposed: (1) microtubule-directed CMF orientation, 
(2) self-assembly like liquid crystals, (3) templated incorporation hypothesis. In 
addition, we will respond to criticism that has been put forward against the geo-
metrical theory and discuss those predictions from the theory that can be tested 
experimentally and, therefore, potentially, verify or falsify the theory.

2 HYPOTHESES ABOUT CELLULOSE MICROFIBRIL 
ORDERING MECHANISMS

2.1 Microtubule-directed microfibril orientation

In 1962, Green stated that “…the control of the cylindrical cell form in plants 
appears to reside in the orientation of the reinforcing CMFs in the side walls…” 
and that “…control of new synthesis of oriented wall texture is shown to be in 
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turn related to the orientation of cytoplasmic elements in the cell periphery…” 
(Green 1962). The first statement may be logical, and is often taken for granted, 
but has not been proven in a direct way. In the second statement Green foretells the 
existence of intracellular polymers (i.e., cortical microtubules), but also predicts 
that “…long elements in the cytoplasm adjacent to the wall can become aligned 
into the direction of maximum strain…” (i.e., the direction of cell elongation), 
which is perpendicular to the CMFs being deposited. This orientation of the long 
cytoplasmic structures in the direction of maximum strain is a logical prediction 
from a physical point of view. However, when cortical microtubules were indeed 
observed one year later (Ledbetter and Porter 1963), they appeared, in contrast 
to Green’s prediction, to run in the same orientation as the CMFs. This led to the 
hypothesis that not their presence but their orientation determines nascent CMF 
direction. This evoked the still unanswered question of what orders the micro-
tubules; apparently, this is not the direction of maximum strain of a growing cell.

The textbook dogma about the ordering mechanism of nascent CMFs, since 
1963 (Ledbetter and Porter), is the “alignment hypothesis” (term given in review 
of Baskin 2001). This hypothesis was derived from the observation that CMFs 
run perpendicular to the axis of cell elongation, like the microtubules, and 
the experimental results that showed altered CMF ordering after microtubule 
 depolymerization in such cells. Later, the theory has been worked out, hypoth-
esizing an ordering mechanism in which the microtubules direct the cellulose 
synthases (Heath 1974), or channel them through the plane of the plasma mem-
brane (Herth 1980; Giddings and Staehelin 1988). This hypothesis, that cortical 
microtubules exert control over nascent CMFs, is not supported by the work on 
nonelongating parts of Equisetum hyemale root hairs and other work on non-
elongating cells (reviewed in Emons et al. 1992).

Strong evidence against the alignment hypothesis further comes from the recent 
work of Wasteneys and coworkers. By using drugs and temperature sensitive 
mutants they showed that CMFs align properly in the absence of normal corti-
cal microtubules (Sugimoto et al. 2003; Himmelsbach et al. 2003). Interestingly, 
an orientation of both of them perpendicular to the growth axis appears to be 
a precondition for cell elongation in the right direction. (review: Wasteneys and 
Galway 2003). Another example of cells with nonparallel cortical microtubules 
and CMFs is found in the maturation zone of water-stressed Zea mays roots, 
where cortical microtubule arrays turn right handedly, but CMFs left-handedly 
(Baskin et al. 1999). Baskin and coworkers (2004) have recently demonstrated 
quantitatively that local CMF alignment does not require cortical microtubules. 
The growth pattern in cells mildly treated with microtubules drugs shifted from 
anisotropic in the direction of the root to more isotropic. At the same time, the 
net alignment of cortical microtubules acquired a less strictly transverse orienta-
tion. Polarized light microscopy of CMFs, which gives overall CMF direction 
of whole cell walls, showed unaltered net CMF orientation, but with deviations 
from the transverse orientation in the oryzalin-treated cells larger than in the 
controls. Field emission scanning electron microscopy of innermost wall layers 
showed local deviations from the transverse orientation in the drug treated cells. 
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These authors conclude that cortical microtubules are dispensable for CMF 
alignment locally, but not globally.

It is important to realize that, in most instances, the elongation direction 
changes after microtubule depolymerization as well (Baskin 2001) and this was 
not checked in studies relating cortical microtubule orientation to the orien-
tation of nascent CMFs. Thus, microtubule depolymerization has apparently 
two effects that may or may not be related: change of CMF orientation and 
change of  cell elongation direction, i.e., cell form acquisition. One cannot infer 
from the results whether cortical microtubule depolymerization has an effect 
on both parameters independently, or on CMF orientation and, therefore, cell 
 elongation direction, or rather cell elongation direction and, therefore, CMF 
orientation. This problem is not merely the problem of correlation that we often 
come upon in cell biology, like the suggestion that if  cortical microtubules align 
with nascent CMFs their orientations should have a causal relationship, or even 
that the one orients the other. In the drug experiments in which one actor, the 
cortical microtubule presence, changes two items, orientation of  nascent CMFs 
and cell elongation direction, this goes a step further. In logical reasoning, if  
A influences B and C, one cannot conclude that B influences C, or C influ-
ences B, or that the two are independent. Therefore, elongating cells are not the 
ideal cells to study the “microtubule – microfibril syndrome” with microtubule 
drug application. Full-grown cells do not have this problem and are the cells of  
choice to solve this question. For such an investigation, not the local banded 
secondary wall deposition in xylem cells, in which the deposition is so dense 
that individual cortical microtubules and CMFs cannot be discerned, should 
be used, but the smooth and constant secondary cell wall deposition in most 
full-grown plant cells.

2.2 The liquid crystalline self-assembly hypothesis

Under suitable thermodynamical conditions, many substances composed of or 
containing highly elongated chiral molecules form a state of matter known as the 
cholesteric liquid crystalline phase. In this otherwise liquid phase the molecules 
spontaneously align, with the direction of alignment rotating in a manner akin 
to a helical staircase with a pitch (= repeat distance) typically in the order of 
500 nm. The apparent structural similarity between the ubiquitous helicoidal 
texture of fibrous extracellular matrices in nature and the cholesteric liquid 
crystalline phase first led Bouligand (1976) to propose the hypothesis that cell 
wall texture could arise from a liquid crystalline self-organization principle. 
Although in essence an idea based solely on analogy, it nevertheless captured the 
imagination of many researchers. Especially intriguing was the observation by 
Abeysekera and Willison (1987) of apparently spontaneous helicoidal order in 
the pre-release mucilage of quince. Later, several groups established that suspen-
sions or melts, containing cellulose or cellulose derivatives, can form cholesteric 
liquid crystalline phases (Vian et al. 1994).
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In our view, however, liquid crystalline self-organization is a highly unlikely 
mechanism for cell wall texture formation. In order to obtain a thermodynami-
cally self-organized state, of which a liquid crystal is just one example, a number 
of requirements need to be met. First of all, a sufficient number of molecules 
must simultaneously interact. Secondly, the thermodynamical equilibrium state 
must be reached, requiring the molecules to exhibit both sufficient mobility and 
changes of conformation to equilibrate all pertinent degrees of freedom. It is not 
clear that any of these conditions hold at any given stage of cell wall deposition. 
The CMFs are deposited sequentially from membrane-bound cellulose synthases. 
They are co-deposited with matrix material into the limited space between the 
plasma membrane and the already extant cell wall. Under these circumstances 
their mobility is extremely reduced, if  not nonexistent. The same holds a fortiori 
for the conformational changes. A CMF whose length can safely be assumed to 
be many microns is essentially a macroscopic object. Even when such an object is 
in good thermal contact with its environment (e.g., in a low molecular weight sol-
vent) the relaxation times, corresponding to slow long-wavelength modes, become 
exceedingly large. Moreover, liquid crystalline arrangements are highly sensitive 
to boundary conditions and equilibrium configurations are readily suppressed 
by unfavourable pinning of particle orientations at interfaces. The conditions of 
extreme confinement under which CMF deposition takes places are extremely 
unlikely to be conducive to the formation of bulk equilibrium phases. Finally, 
the hypothesis appears limited to addressing the formation of helicoidal textures, 
and thus begs the question of how other common textures, such as helical and 
crossed-polylamellate, that can even occur side-by-side with the helicoidal texture 
within the same cell wall, could be explained by the same mechanism.

2.3 Templated incorporation hypothesis

In his review Baskin (2001), outlines his ideas for a unifying model of CMF 
alignment. In this, he proposes a “templated incorporation” mechanism, in 
which templating molecules guide the orientation of nascent microfibrils. These 
templating molecules attach either to previously deposited CMFs or to plasma 
membrane proteins that bind cortical microtubules. In this way, both the case in 
which microtubules apparently do not play a role in the CMF orientation and 
the case where it is believed they do, can be dealt with in a single conceptual 
framework. Although at present there is no evidence for the existence of the tem-
plating molecules, the hypothesis is an intriguing one. However, an explanation 
for the sustained orientational order over distances of micrometers, as observed 
in cell wall lamellae, would require in our view an unrealistic degree of correlated 
alignment between the templating molecules. To transmit orientational infor-
mation from one CMF to another CMF or from a microtubule to a CMF in a 
reliable fashion would require that the templating molecules always bind in fixed 
orientation to the fibers involved. It is not clear that the relatively disordered 
surface of a CMF or the inevitable molecular flexibility of the hypothesized 
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membrane-microtubule associated proteins allow this requirement to be met. 
Furthermore, the “guiding” fibers (microtubules or microfibrils) are themselves 
not perfectly aligned to begin with, which causes nearby templating molecules to 
have a distribution of orientations. We believe that these effects will accumulate 
so that the inherent molecular disorder will be amplified to destroy any original 
imposed ordering after the deposition of  just a few lamellae. Himmelspach 
et al. (2003) reported that CMFs recovered in transverse patterns, without a well-
ordered preexisting microfibril template in Arabidopsis mor1–1 with disrupted 
cortical microtubules. These authors conclude that cellulose microfibril orienta-
tion is largely generated by mechanisms that do not rely on any templates.

3 THE GEOMETRICAL MODEL FOR CELLULOSE 
MICROFIBRIL ORIENTATION

In his review Baskin (2001) has also assessed the generality of  the hypoth-
esis that microtubules align CMFs. In that paper he states that “alignment of  
CMFs can occur independently of  microtubules”, showing that an alterna-
tive to the alignment hypothesis must exist. We have proposed that the default 
mechanism, which determines the orientation of  CMFs as they are deposited 
in the absence of  other influences, is geometrical in origin. Based on the obser-
vation that CMFs always appear approximately evenly spaced in close-packed 
lamellae and that their average distance apart does not depend on their ori-
entation with respect to the cell axis, the geometrical close packing rule was 
formulated (Emons 1994):

sin α =
Nd
2pR

This formula relates the CMF winding angle α to the number of CMFs being 
deposited (N), the distance d between them and the radius R of  the cell. This 
explicit mathematical rule is the corner stone of a dynamic developmental model, 
which rests on the assumption that new active cellulose synthases insert into the 
plasma membrane through exocytosis of Golgi vesicles, or else, are activated 
within moving localized regions along the cell, the cellulose synthase activation 
domains (CSAD) (Figure 11-1). The rate at which new synthases become active 
is under cellular control and regulated, and the microtubules may well play a 
yet unknown role in this process, as discussed before (Emons and Mulder 1998, 
2001). Once activated in the plasma membrane, the cellulose synthases move 
forward propelled by the forces generated in the CMF deposition and/or crys-
tallization process. In the course of time, their angle of motion with respect to 
the cell axis is continuously adapted to the changing number of other cellulose 
synthases in their neighborhood in order to satisfy the geometrical close pack-
ing constraint. The CMFs deposited follow the tracks of the cellulose synthases 
and as such constitute a “recording” of their motion. The final ingredient of the 
model is that cellulose synthases have a finite active lifetime.
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The elements outlined above are cast into the form of a partial differential 
equation describing the evolution, both in space and in time, of the density of 
active cellulose synthases present in the plasma membrane. This equation takes 
the following form on a cylindrical cell of radius R

∂N (z,t)
–

wd
N(z,t)

∂N(z,t)
 =  j (N,z,t) – j †(N,z,t)∂t 2pR ∂z

where w is the speed with which the synthase moves and d the effective width 
of a CMF plus adherent matrix material, i.e., the distance between neighboring 
CMFs. ϕ is the local rate of synthase production for which we choose the fol-
lowing form

j (N,z,t) =
N* ⎛

⎝1–
N(z,t) ⎞

⎠

γ

= if N (z,t) < N* and z is located inside a CSAD
t*  (1–g ) Nmax

Figure 11-1. The cellulose synthase life cycle. After being inserted into the plasma membrane within a cel-
lulose synthase activation domain (CSAD: located between the red circles at the time of deposition) the 
synthase moves with an average speed w within the plasma membrane, leaving a cellulose microfi bril in its 
wake. The direction of motion and hence the angle the deposited CMF makes with the cell axis is deter-
mined by the local density of other synthases. The CMF synthase becomes inactive after a characteristic 
lifetime t†, which determines the length of the microfi brils. The CSAD itself, here shown in grey, moves 
with a speed v in the direction opposite to that of the CMF synthases (See Color Plate of this fi gure 
beginning on page 355)
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In all other cases ϕ = 0. The parameter γ controls the shape of the synthase 
production curve and ranges between zero and one. Synthase production stops 
when the maximum density

Nmax=
2pR

d

is reached, which for stationary CSAD would happen after time t*. The insertion 
domains are assumed to have a length l and travel at a speed v. Finally, the local 
rate of rosette de-activation ϕ† needs to be determined. This rate depends on the 
full evolution of the density in a time interval of length t† (= the synthase lifetime). 
Fortunately, the resultant equations are of a type that can be readily solved with 
entirely classical techniques. The solutions of these equations can be reinterpreted 
in terms of the tracks of the cellulose synthases, and hence the orientations of 
the deposited CMFs, thus leading directly to the cell wall texture. Because of its 
geometrical origin, the model has only a small number (4) of relevant parameters 
(Table 11-1). We have shown that by varying these parameters several known cell 
wall textures can be reproduced by this fully predictive mathematical model: the 
axial, helical, helicoidal, and crossed wall texture (Figure 11-2). Recently argu-
ments were put forward to relate it also to the random texture. In this view the ran-
dom cell wall in fact is a helicoidal wall, however with such large spacings between 
the microfibrils that the texture looks to be random (Mulder et al. 2004).

The geometrical model provides a conceptual framework for the alignment 
mechanism of CMFs, which unites examples where cortical microtubules are 
and are not parallel to nascent cellulose microfibrils, and in which they do not 
directly move or channel the synthases but may be involved in their activation 
inside the plasma membrane. The basic line is as follows: by default CMFs go 
straight unless obstructed and their alignment depends mainly on the number 
of cellulose synthases simultaneously active at any position in the plasma mem-
brane. The geometrical model does not rule out that cortical microtubules bind 
to the plasma membrane so tightly that synthase movement is obstructed, which 
could be the case in elongating cells in which both polymers are always in line 
with each other and transverse to the cell elongation direction, (Emons and 
 Mulder 1998; Emons et al. 2002).

Table 11-1. Relevant parameters of the geometrical model

Length of the CSAD l  =
l

wt*

Speed of the CSAD b  =
v
w

Synthase lifetime t † =
t†

t*

Synthase production curve shape g
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Figure 11-2. Different cell wall textures as predicted 
by the geometrical model. The ribbons shown 
represent the tracks of CMFs, obtained from the 
explicit solutions to the CMF evolution equation. 
(a) The helicoidal texture in which the angle of 
orientation between subsequent lamellae changes 
by a constant amount. (b) A crossed polylamel-
late texture with alternate lamellae with trans-
verse and axial oriented CMFs. (c) A purely axial 
texture. (d) A helical texture in which the CMFs 
have an almost constant winding angle (See Color 
Plate of this fi gure beginning on page 355)

4 A ROLE FOR CORTICAL MICROTUBULES IN LOCALIZING 
CELL WALL DEPOSITION

Green came to the idea of transverse CMFs determining cell elongation direc-
tion because he viewed plant cell growth primarily as “…the yielding of cell wall 
to the turgor pressure of the cell vacuole …” (Green 1962). However, apart from 
wall yielding to turgor pressure, a second, equally important process is involved 
in cell elongation, which is the wall deposition itself. For anisotropically longi-
tudinally elongating cells, we not only have to look for a mechanism that allows 
wall yielding in the right direction, but also for one that channels new wall mate-
rial to the right cell faces. In an anisotropically longitudinally elongating cell, 
these should be the sidewalls. Transversely aligned microtubules are in a very 
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good arrangement to be part of this positioning mechanism. A putative glyco-
sylphosphatidylinositol (GPI)-anchored protein COBRA, which is mainly local-
ized at the longitudinal sides of elongating root cells (Schindelman et al. 2001) 
and a kinesin-like protein (Zhong et al. 2002) may be involved in this process. 
Since wall material enters the cell wall as the content of Golgi vesicles, the micro-
tubules, looping around the cell’s sidewalls, and not the transverse walls, could be 
part of a system that locates the Golgi bodies or the Golgi vesicles to those cell 
faces. Evidence for microtubules, possibly acting in such a way, is the localization 
under the bands of cellulose in xylem cells, reviewed by Baskin (2001), and in 
Arabidopsis mutants shown by Gardiner et al. (2003). One should realize, how-
ever, that determining exocytosis or activation sites, by a yet unknown mecha-
nism, is a completely different function for cortical microtubules than orienting 
cellulose synthases during CMF deposition, either by directing the synthases or 
channeling them through the plasma membrane. Recent work by a consortium 
of plant researchers (Roudier et al. 2005) shows COBRA to be required for the 
oriented deposition of cellulose microfibrils and to be aligned in narrow bands 
perpendicular to the long axis of  diffuse anisotropically elongating cells in a 
pattern different from, but depending on, cortical microtubule organization.

The geometrical model also does not rule out, even favors the idea, that cor-
tical microtubules are (part of) the mechanism that regulates the sites and or 
amounts of cellulose synthase insertion, i. e., exocytosis or activation areas in the 
plasma membrane. Inferring from our knowledge of tip growing cells this would 
require modulation of  the actin cytoskeleton (Miller et al. 1999; de Ruijter 
et al. 1999; Ketelaar et al. 2002, 2003), as well as of calcium ion gradients at 
those sites (de Ruijter et al. 1998). However, we cannot rule out that exocytosis 
goes on everywhere and that synthases are activated, or even assembled, locally 
inside the plasma membrane. The crucial factor in the geometrical model is 
that density of active cellulose synthases in the plasma membrane is the default 
determining factor for CMF direction control. Intuitively and scientifically, this 
factor is directly linked to CMF ordering since the CMF synthase complexes are 
the nanomachines that spin out the fibrils themselves. This self-ordering mecha-
nism is tightly controlled by the cell, which controls cellulose synthase activation 
in the plasma membrane.

5 CRITICISM ON THE GEOMETRICAL MODEL

In his review, Baskin (2001) presents a criticical discussion of the geometrical 
model. On page 157, he states: “…several of the model’s assumptions appear to 
contradict observations”. The points he specifically mentions are:

(1) The geometry of the root hair changes with colchicine treatment but the 
helicoid does not (Emons et al. 1990). (2) and the density of neither the CMFs 
(Emons 1989) (3) nor the rosettes (Emons 1985) changes with the distance from 
the apex according to the model’s assumptions.” Here we take the opportunity to 
comment on the issues he raises.
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Ad (1). As shown in Emons et al. 1990, the geometry of  the new part of  the 
hair is wider after colchicine treatment than before colchicine treatment. In 
this article, we state that the type of  texture has not changed; it has remained 
helicoidal. Of  course, not every change in morphology is enough to change the 
type of  texture. Furthermore, a detailed analysis of  this wall after colchicine 
treatment, nor measurements of  angles between CMFs in subsequent lamellae 
and with the long axis of  the hair, nor a mathematical working out of  these 
measurements have been carried out. Of  much more interest is the fact that the 
cell wall texture in old Equisetum hyemale root hairs, in which the cell dimen-
sion has changed drastically because the lumen of  the cell has almost com-
pletely been filled with cell wall, has become axial (Emons and Wolters-Arts 
1983). This is like the geometrical model would predict (Emons 1994; Emons 
and Mulder 1998) and this change is gradual with a helical transition phase 
in between the helicoidal and axial textures, (Emons and Wolters-Arts 1983), 
apparently depending on the cell width.

Ad (2). In fact, the areal density of CMFs (= total length of CMF per unit 
area, measured on a scale sufficiently large with respect to the mean distance 
between the CMFs) within a lamella does not increase at all, not in reality and 
neither in the model. One of the striking observations made on the helicoidal 
cell wall of Equisetum hyemale root hairs was that the distance between the cel-
lulose microfibrils within lamellae does not depend on the CMF orientation in 
those lamellae. Moreover, the length of an area with a certain orientation as 
measured along the plasma membrane also does not depend on the CMF orien-
tation (Emons 1989). Therefore, although the resulting cell wall locally seems to 
consist of lamellae with microfibrils having regularly rotating CMF angle, the 
deposition mechanism could never be that of helices with a constant pitch being 
wound around the plasma membrane at consecutively different angles. This 
would namely give rise to short areas having transverse microfibrils and long 
areas with longitudinal microfibrils. The cornerstone of the geometrical model 
(Emons 1994; Mulder and Emons 2001) is the change in the number of active 
synthases at a given location. These changes arise from the interplay between 
the motion of synthases, the creation of new synthases inside the CSADs and 
the inevitable deactivation of synthases. In our view a CSAD encompasses the 
whole circumference of a cell. When a CSAD passes any location in the cell, the 
number of cellulose synthases locally increases. An increased number of synthases 
implies an increase in the winding angle. In this way, lamellae with different angles 
are being formed in the model.

Ad (3). The density of rosettes in freeze fracture images cannot be measured 
in areas of the plasma membrane that are sufficiently large. We hope to have a 
GFP-cellulose synthase fusion construct soon. The only observations that could 
be made in the freeze fracture study are densities of rosettes in areas with good 
platinum shadowing, which in a bent surface can never be optimal for the whole 
surface. Areas with and areas without rosettes were observed; and when there 
were rosettes present their density was up to 15 per µm2 (Emons 1985).
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Another problem one could have with the geometrical model is that it would 
not be able to account for local differences in texture in different faces of the 
same cell, as are seen in epidermal cells of leaves. However there is no reason to 
suppose that a cell would not be able to regulate the cellulose to matrix ratio and, 
therefore, its wall texture in different wall facets.

6 OUTLOOK ON THE VERIFICATION/FALSIFICATION 
OF THE GEOMETRICAL THEORY

The geometrical theory predicts definite effects on the CMF angle and hence on 
the resultant wall texture following changes in the amount of active synthases 
(N), the cellulose to matrix ratio (d) and cell geometry (D). The amount of active 
synthases, moreover, is determined in a definite fashion by the intrinsic param-
eters of the model shown in Table 11-1: the length of the CSAD, the speed of 
movement of CSAD, the cellulose synthase lifetime and synthase production 
curve shape. To verify, falsify, or improve the model we should measure these 
parameters and relate them to the types of textures formed.

Based on the theoretical results, a next round of experiments has been defined 
and is being carried out in our laboratory: (1) wall texture of root hairs of wild 
type and rsw1 mutant of Arabidopsis is analyzed, (2) insertion or activation sites 
of cellulose synthases in the plasma membrane of diffuse growing cells are being 
determined, (3) measurements of physical parameters of CMFs in vitro are 
being performed, and (4) the theory is further being worked out. The geometri-
cal model for cell wall texture formation is gaining importance now that, from 
work on Arabidopsis mutants, the microtubule or microfibril paradigm does not 
seem to be as straightforward as once thought and cannot explain CMF orienta-
tion regulation in general.

A kinesin-like protein (FRA1) influences cell wall strength and the oriented 
deposition of CMFs, at least in fiber cells, without effecting cortical microtu-
bule alignment (Zhong et al. 2002). Fibers are fragile, stems are stronger than 
in the wild type and the plants are shorter caused by short cells, although wall 
composition is unchanged. Still, an ordered, helicoidal-like ( Zhong et al. 2002, 
Figure 4), cell wall is being produced. Our conclusion from the FRA1 phenotype 
is not necessarily in favor of cortical microtubules functioning in the regulation 
of  CMF orientation. The interesting results of  this work rather show that 
(1) CMF orientation determines mechanical cell and tissue properties, (2) trans-
verse CMF orientation correlates with the degree of cell elongation, (3) cortical 
microtubule orientation by itself  cannot determine CMF orientation, nor degree 
of cell elongation, but can be involved in determining elongation direction, (4) a 
kinesin-like protein that binds tubulin is needed for CMF patterning transverse 
to the elongation direction and may well be involved in determining the location 
of the CSADs inside the plasma membrane. A change in patterning of cellulose 
synthases in the plasma membrane in our model would give rise to a different 
wall texture. How the geometrical model behaves in elongating cells is a task we 
still have to undertake.
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Plant cell walls have tremendous commercial value. Understanding and manip-
ulation of their properties will greatly enhance their application. We are not close 
to understanding the complete process. However, the future is bright. Now that we 
have mutants, GFP-constructs, and advanced microscopes, we have the tools to 
verify or falsify existing hypotheses and build up the basis of a consistent theory.

After writing this chapter new information about the movement of the cel-
lulose synthase complexes came from the laboratory of Somerville in Stanford 
(Paredez et al. 2006). The work of  Paredez et al. proves that the synthase 
complex indeed moves inside the plasma membrane, steered by the propulsive 
force of cellulose microfibril generation, its own product, and that in the cells 
examined, the microtubules are guide tracks. The work also shows that it is 
highly improbable that a direct attachment exists between the cellulose synthase 
complex and the cortical microtubule, since the complexes move along micro-
tubules bidirectionally. The microtubules could be fences for the complexes and 
once the complexes bump into them have to follow them, which brings us to the 
starting point of our hypothesis: “rosettes go straight unless obstructed.”

Indeed, in this recent work, it is shown in addition that when the cortical 
microtubules are completely depolymerized, cellulose synthase complexes move 
in highly ordered patterns!
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CELLULOSE-SYNTHESIZING COMPLEXES 
OF A DINOFLAGELLATE AND OTHER UNIQUE ALGAE
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Abstract
Cellulose-synthesizing terminal complexes (TCs) are observed as particle arrays on 
the fractured faces of membranes by freeze-fracture electron microscopy and assumed 
to be enzyme complexes that synthesize cellulose microfibrils. Several distinct TCs 
have been reported in various organisms from prokaryotes to animals. Among them, 
the dinoflagellate Scrippsiella hexapraecingula is only one species that has been known 
to have a TC so far in the protistian supergroup Alveolates. In S. hexapraecingula 
thecal plates in motile cells and a pellicle in nonmotile cells contain cellulose microfi-
brils. TC appears on the plasma membrane of the nonmotile cells and consists of two 
rows of particles. Microfibrils synthesized by these TCs are bundles composed of fine 
fibrils about 2 nm in diameter. The heterokontophytes are thought to be one of algal 
lineages that have been established through secondary endosymbioses. In the hetero-
kontophytes, three distinctive TCs synthesize thin, ribbon-like cellulose microfibrils in 
common, which include a single linear row type TC in the Eustigmatophyceae and the 
Phaeophyceae, a diagonal row TC type in the Xanthophyceae, and a 2–3 row TC type 
in the Phaeothamniophyceae. The diversity and evolution of TCs are discussed.

Keywords
Cellulose microfibril, cellulose-synthesizing terminal complex, dinophyte, heterokon-
tophyte, evolution, freeze fracture.

1 INTRODUCTION

Cellulose microfibrils are synthesized generally by plasma membrane-bound 
enzymes (Brown, Jr. 1985, 1996). Freeze-fracture investigations first demonstrated 
particle arrays in association with the tip of microfibril impression in the fractured 
plasma membrane (Brown, Jr. and Montezinos 1976). The particle arrays have 
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been called terminal complexes (TCs), which are assumed to function as cellu-
lose-synthesizing enzyme complexes. There is evidence now that a TC is the site 
of cellulose synthesis (Kimura et al. 1999). Several distinct TCs have been found 
in various organisms (Brown, Jr. and Montezinos 1976; Peng and Jaffe 1976; Wil-
lison and Brown, Jr. 1978; Zaar 1979; Mueller and Brown, Jr. 1980; Giddings et 
al. 1980; Mizuta et al. 1989; Itoh 1990; Tsekos and Reiss 1992; Tsekos et al.1996; 
Grimson et al. 1996; Sekida et al. 2004; Okuda et al. 2004), and species belong-
ing to the same phylogenetic group are considered to have the same type of TC 
(Brown, Jr. 1985; Okuda 2002). TCs are categorized into two main types, rosette 
and linear. Rosette TCs are found in charophycean green algae and land plants. 
Linear TCs occur in three types: as a single row in prokaryotes, brown algae and 
some red algae. They occur as multiple rows in glaucophycean algae, some red 
algae, chlorophycean and ulvophycean green algae, phaeothamniophycean algae, 
dinoflagellates, slime molds, and invertebrates such as tunicates (Kimura and Itoh 
1996). They also occur as diagonally arranged rows in xanthophycean algae. It 
has been pointed out that distinct TCs synthesize microfibrils with characteristic 
morphologies (Kuga and Brown, Jr. 1989). This suggests a relationship between 
the organization of TCs and microfibril assembly (Brown, Jr. 1996).

Dinoflagellates with ciliates and apicomplexans comprise the Alveolates that is 
one of the most biologically diverse supergroups of eukaryotic microorganisms 
(Cavalier-Smith 1993). Recently, a new TC was found in a species of dinoflagel-
lates first in the Alveolates (Sekida et al. 2004). The heterokontophytes include 
photosynthetic members belonging to another supergroup the Stramenopiles. 
Some distinct TCs have been known to occur in the monophyletic heterokonto-
phycean algae (Okuda et al. 2004). In this chapter, we focus on the structures of 
cellulose microfibrils and TCs in the two algal groups, dinoflagellates and het-
erokontophytes and discuss the evolution of TCs. Several elegant reviews related 
to cellulose microfibril assembly and TCs have been already published (Brown, 
Jr. et al. 1983; Brown, Jr. 1985, 1996; Emons 1991; Quader 1991; Tsekos 1999).

2 ASSEMBLY OF CELLULOSE MICROFIBRILS 
IN DINOFLAGELLATES

Structures of cell coverings in dinoflagellate cells are unique. Motile dinoflagel-
late cells possess a cell covering variously termed the theca, amphiesma or cortex 
(Dodge and Crawford 1970; Dodge 1971; Netzel and Dürr 1984). The plasma 
membrane enclosing the cell is the outermost component. Beneath the plasma 
membrane lies a single layer of flattened vesicles termed amphiesmal vesicles, 
which in armored dinoflagellates enclose the thecal plates. Some gonyaulacoid and 
peridinioid species undergo ecdysis prior to cell division, shedding the theca and 
flagella (Taylor 1987). After ecdysis, the motile cells transform into nonmotile cells 
or cysts and form thick cell coverings termed the pellicle or cyst wall (Swift and 
Remsen 1970; Morrill 1984; Bricheux et al. 1992; Höhfeld and Melkonian 1992).

Thecal plates contain microfibrils (Dodge and Crawford 1970) that may be 
cellulosic (Morrill and Loeblich 1983), and are made of materials supplied from 
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cytoplasmic vesicles (Wetherbee 1975). The results of several  histochemical 
treatments suggest the presence of cellulose in thecal plates (Loeblich 1970). 
However, Nevo and Sharon (1969) reported that the major component of  thecal 
plates in Peridinium consists of a mixed β-1,3- and β-1,4-glucan which differed 
from cellulose in its x-ray diffraction pattern. In nonmotile cells, the pellicle 
contains a sporopollenin-like substance and/or cellulosic components in some 
species (Morrill and Loeblich 1981, 1983), but the cyst walls of Pyrocystis spp. 
consist of cellulose microfibrils (Swift and Remsen 1970). Sekida et al. (1999, 
2004) confirmed the presence of cellulose in both thecal plates and pellicles in 
Scrippsiella hexapraecingula by electron diffraction analyses.

S. hexapraecingula is an armored, peridinioid species and possesses a simple, 
asexual life cycle, in which the motile cells alternate with the nonmotile cells 
diurnally in culture (Figure 12-1). This species forms two distinct cell coverings, 

Figure 12-1. Schematic drawing of life cycle stages of a marine dinofl agellate Scrippsiella hexa-
praecingula. (a) Motile cells during light period. (b) Transformation from motile to nonmotile stage, 
ecdysis occurring. (c) Cell division and formation of daughter cells. (d) New motile cells released 
from the parental cell coverings. p, pellicle; th, thecal plate
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amphiesmal vesicles containing thecal plates in the motile cells and pellicles in 
the nonmotile cells (Sekida et al. 2001a). According to Sekida et al. (2004), soon 
after the motile cells escaped from the pellicles of the nonmotile cells and began 
to swim, they start to produce incipient thecal plates in amphiesmal vesicles, 
which form as depositions of groups of granular materials stained with Cal-
cofluor White M2R (Figure 12-2). The number of granules increased, so that 
thin sheet-like thecal plates developed (Figures 12-3 and 12-4). No microfibril is 
present in plate materials during these early stages of thecal plate development 
(Figures 12-2–12-4). Individual thecal plates become close to each other with 
a shape specific to this species more than 30 min after the motile cells began to 
swim (Figure 12-5). Microfibrils then begin to be deposited in the thecal plates 
first (Figure 12-6). Most of microfibrils isolated from the thecal consist of sev-
eral fine fibrils 3 – 4 nm in diameter (Figure 12-7), whereas some other micro-
fibrils are flat, ribbon-like structures with a thickness of about 3 nm and a width 
of 10–20 nm (Sekida et al. 1999).

The microfibrils show a strong positive reaction to cellobiohydrolase I-conjugated 
colloidal gold (CBH-I gold) labeling, suggesting that they are cellulose in nature. 
This is further confirmed by electron diffraction analysis (Figures 12-13 and 12-14).

Figures 12-2 to 12-7. Thecal plate formation in motile cells of Scrippsiella hexapraecingula in images 
2–5. Fluorescence images of thecal plates stained with calcofl uor white M2R. Dorsal views of motile 
cells 5 min (2), 10 min (3), 15 min (4), and 30 min (5) after motile cells began to swim out of pellicles. 
A bar in 2–5 indicates 10 µm. Image 6: Replica of a mature thecal plate, showing the surface structure 
of the thecal plate exposed by extraction of amorphous materials. Note microfi brils deposited in 
the thecal plate with random orientations. Image 7: Microfi brils labeled with CBH-I gold particles, 
which were isolated from thecal plates.
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Figures 12-8 to 12-12. Pellicle formation in nonmotile cells of Scrippsiella hexapraecingula. Images 
8–10: Cross sections of nonmotile cells. Image 8: Thin pellicle (P) on the plasma membrane (npm) 
of a nonmotile cell just after ecdysis. Image 9: Pellicle (P) thickening in a nonmotile cell 15 min 
after ecdysis. Image 10: Thick pellicle (P) in a nonmotile cell 2 h after ecdysis. Image 11: Electron 
micrograph of freeze-fractured pellicle in a nonmotile cell 5–6 h after ecdysis. Note lateral association 
of some microfi brils. Image 12: Microfi brils labeled with CBH-I gold particles, which were isolated 
from thecal plates. Arrowheads show microtubules th, thecal plate.

In S. hexapraecingula, the pellicle develops at the outside of the plasma mem-
brane of nonmotile cells after ecdysis (Sekida et al. 2001a). Just after ecdysis, the 
cell produces an electron-dense, thin layer (Figure 12-8). Thirty minutes after 
ecdysis, an electron-transparent layer is deposited on the electron-dense, thin 
layer (Figure 12-9) and develops as the pellicle thickens to about 300 nm until 
2 h after ecdysis (Figure 12-10). The electron-transparent layer appears homo-
geneous in thin sections (Figure 12-10), but it actually contains closely packed 
microfibrils (Figure 12-11). Microfibrils isolated from the pellicle have diameters 
of 2–14 nm and consist of very fine fibrils (about 2 nm in diameter) (Figure 12-12), 
which are more slender than those in the thecal plates. The microfibrils are 
identified as cellulose by labeling with CBH-I gold (Figure 12-12) as well as by 
their electron diffraction pattern (Figures 12-13 and 12-15).

In S. hexapraecingula, amphiesmal vesicle membranes in the motile cells and 
the plasma membrane in the nonmotile cells were examined by freeze-fracture 
electron microscopy to determine whether they contained cellulose-synthesizing 
TCs (Sekida et al. 2004). According to Sekida et al. (2004), no microfibril impression 
was found in the protoplasmic face (PF) and the extracellular face (EF) of either 
the inner or outer amphiesmal vesicle membranes in the motile cells. No particle 
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aggregates that could be TCs were observed on the fracture faces in any of 200 
specimens examined. However, Sekida et al. (2004) found that TCs are present 
in the nonmotile cells 0.5–3 h after ecdysis but they are not observed more than 
4 h after ecdysis. In the nonmotile cells of S.hexapraecingula, microfibrils of the 
pellicle and their impressions on the EF of the plasma membrane are arranged 
with random orientations (Figure 12-17). Some microfibrils are associated lat-
erally with each other to form a band that is often curved. Particle arrays are 
found only in the PF of the plasma membrane (Figure 12-16). Since these parti-
cle arrays are associated with the ends of individual microfibril impressions, they 
are regarded as TCs (Sekida et al. 2004). This was the first to report the presence 
of TCs in dinoflagellates. The TCs consist of two rows of particles (Figures 
12-16, 12-18 to 12-21). The particles have diameters of 5–15 nm (an average of 
9.1 nm) and are not necessarily arranged at regular intervals. The number of par-
ticles ranges from 5 to 40 and averages 19. The TCs have a length of 62.5–290 nm 
(139.4 nm average) and a width of 15–31 nm (21.5 nm average). The TCs of 
S. hexapraecingula form two rows, and thus are of the linear multiple row type. 
However, the multiple rows of TCs of S. hexapraecingula differ from those of 
other species in two ways. S. hexapraecingula has two rows of TCs, while glauco-
phycean, chlorophycean, and ulvophycean green algae have three rows (Willison 
and Brown, Jr. 1978; Brown, Jr. and Montezinos 1976; Itoh 1990). The TCs of 
S. hexapraecingula are also irregularly spaced, while in some red algae, which 
have from 2 to 4 rows of TCs (Tsekos 1999), the TCs are almost regularly spaced. 
Thus, S. hexapraecingula has a new linear type of TC that has not been found in 
other organisms examined so far. In S. hexapraecingula, several TCs up to 7 are 
often associated laterally with each other and formed a cluster (Figures 12-16, 
12-18–12-21). These clusters may synthesize a band of microfibrils and consoli-
date to function as a single TC, because they were followed by parallel impres-
sions of microfibrils (below broken lines in Figure 12-16). This is consistent with 

Figures 12-13 to 12-15. Electron diffraction patterns of  cellulose microfi brils isolated from the 
tunicate Halocynthia as a standard cellulose sample (13), microfi brils isolated from thecal plates (14), 
and pellicles (15) of Scrippsiella hexapraecingula. Note the typical equatorial (110, 11−0, 200) and 
meridional (004) refl ections of cellulose I.



the case where individual rosette TCs form hexagonal arrays during secondary 
wall formation in zygnematalean green algae belonging to the Charophyceae 
(Giddings et al. 1980), and with the formation of multiple linear TCs in a slime 
mold (Grimson et al. 1996). The consolidation of TCs might be the result of 
parallel evolution in distinct phylogenetic groups.

3 OCCURRENCE OF DISTINCT TCs IN THE HETEROKONTOPHYTA

Heterokontophytes are a large phylogenetic group including at least eleven taxo-
nomic classes (Kawachi et al. 2002) and exhibit a great diversity in thallus organi-
zations, growth patterns, habitats and life histories, which may be equivalent to that 
in chlorophytes. Although a relatively small number of investigations on cellulose 
and TCs in heterokontophytes have been carried out, at least three distinct TCs 
have been reported so far in the four classes, the Phaeophyceae, the Xantho-
phyceae, the Phaeothamniophyceae, and the Eustigmatophyceae. The presence of 
cellulose was shown in several species of the Phaeophyceae (Cronshaw et al. 1958) 
and the Xanthophyceae (Parker et al. 1963) by x-ray diffraction and chemical anal-
yses. In the zygote of the phaeophycean alga Pelvetia, Peng and Jaffe (1976) found 

Figures 12-16 to 12-21. Electron micrographs of freeze-fractured plasma membranes of nonmotile 
cells in Scrippsiella hexapraecingula. (16) TCs (arrows) in the PF of the plasma membrane. Parallel 
microfi bril impressions seen below broken lines. (17) Microfi bril impressions in the EF of the plasma 
membrane. Note lateral association of some microfi brils (arrowheads). (18–21) Consolidation of 
TCs. Two (18), three (19), four (20) or seven (21) TCs consolidating as a cluster. A bar in 18–21 
indicates 100 nm.
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single linear particle rows associated with the tip of microfibril imprints in the 
freeze-fractured plasma membrane first. Peng and Jaffe (1976) regarded the linear 
particle rows as elements for orienting microfibrils. Later, in other eight species of 
the Phaeophyceae, similar linear particle rows have been confirmed to occur at the 
ends of microfibril imprints in the PF of the plasma membrane and then assumed 
to be TCs (Katsaros et al. 1996; Reiss et al. 1996; Tamura et al. 1996; Schüßler et 
al. 2003). Each of TCs in these phaeophycean algae consists of a single liner row 
of  particles 6–7 nm in diameter (Figure 12-22) and synthesizes a thin,  ribbon-
like cellulose microfibril with a uniform thickness (Figure 12-23). Individual 
particles constituting TCs may be composed of two closely packed subunits (Reiss 
et al. 1996). The number of TC particles varies between 10–100, concomitant 
with microfibrils with a variable width in the range of 2.6–30 nm in Sphacelaria 
(Tamura et al. 1996). A higher density of TCs has been shown in the apical area of 
tip growing cells in Syringoderma (Schüßler et al. 2003). The occurrence of short 
linear particle rows in Golgi vesicles suggests that TC precursors may be 
transported to the plasma membrane via these vesicles (Reiss et al. 1996).

Mizuta et al. (1989) found a TC on the PF of the plasma membrane in the 
xanthophycean alga Vaucheria hamata first, which is quite distinctive from TCs 
in phaeophycean algae. After Mizuta et al. (1989), TCs have been found in other 
two xanthophycean species Botrydium stoloniferum (Sekida et al. 2001b) and 
Botrydiopsis intercedens (Okuda et al. 2004). These xanthophycean algae have 
TCs composed of diagonal rows of particles (Figure 12-24) and assemble a thin, 
ribbon-like microfibril (Figure 12-25). The number of particles in an individual 
diagonal row and the number of diagonal rows constituting a TC vary (Table 
12-1). As shown in Table 12-1, there are slight differences in TC and microfibril 
structures among the xanthophycean species so far examined. The length of TCs 
in B. intercedens and V. hamata is longer than that in B. stoloniferum. However, 
TCs in B. intercedens consist of a smaller number of diagonal rows than those in 
V. hamata, since spacings between neighboring diagonal rows in B. intercedens 
are larger than those in V. hamata. In the TC of B. stoloniferum, the number of 
particles in diagonal rows at the both ends of the TC is about half  as much as 
that in the other diagonal rows, whereas the length of diagonal rows among a 
TC is almost the same in B. intercedens and V. hamata. Furthermore, cellulose 
microfibrils synthesized by TCs in B. intercedens and B. stoloniferum are thicker 
than those in V. hamata. According to Mizuta et al. (1989) and Mizuta and 
Brown, Jr. (1992a), Vaucheria TCs are separated into two types: TCs associated 
with microfibril impressions that are presumably active in microfibril formation; 
TCs unassociated with microfibril impressions that are presumably inactive in 
microfibril formation. The average number of diagonal rows in the former TCs 
is about 14, while in the latter TCs it is about 8. Such two types of TC also have 
been found in B. intercedens, but TCs unassociated with microfibril impressions 
usually appear in group (Okuda et al. 2004). In Vaucheria, TC assembly occurs 
directly on the plasma membrane from particulate precursors (globules) that are 
supplied by Golgi vesicles to the plasma membrane (Mizuta and Brown, Jr. 1992a) 



and may be inhibited by Tinopal LPW (Mizuta and Brown, Jr. 1992b). Unlike in 
Vaucheria, in B. intercedens diagonal rows of particles also appear in the PF of 
cytoplasmic vesicles different from Golgi vesicles (Okuda et al. 2004). The diago-
nal rows of particles are assumed to be TC precursors that may be loaded into 
the plasma membrane through the fusion of  the cytoplasmic vesicles (Okuda 
et al. 2004).

Bailey et al. (1998) established the class Phaeothamniophyceae in hetero-
kontophytes. Recently, a new type of TC was found on the PF of the plasma 
membrane in three species belonging to the Phaeothamniophyceae (Okuda et al. 
2004). The TC generally consists of three linear rows of particles in these species 
(Figure 12-26). However, Phaeothamnion confervicola and Stichogloea doederlei-
nii have also TCs composed of two linear rows of particles. In P. confervicola, 
asymmetric TCs sometimes occurred, where one row was shorter than the other 
two. Microfibrils in these three species are characteristic of a thin, ribbon-like 
structure (Figure 12-27). TCs consisting of 3 linear rows of particles also occur 
in glaucophycean (Willison and Brown, Jr. 1978), chlorophycean (Brown, Jr. 
and Montezinos 1976) and ulvophycean (Itoh 1990) green algae. However, the 
TCs of the phaeothamniophycean species differ from those of these other species 
in three ways. The TCs of the phaeothamniophycean species are observed only on 
the PF of the plasma membrane, while TCs are found only on the EF in Glauco-
cystis (Willison and Brown, Jr. 1978) and Oocystis (Brown, Jr. and Montezinos 
1976) and on both the PF and the EF in ulvophycean algae (Itoh 1990). The 
TCs of  the phaeothamniophycean species synthesize thin, ribbon-like microfibrils 
with 1–4 nm in thickness and 2–20 nm in width (Okuda et al. 2004), but in the 
ulvophycean algae much larger microfibrils are synthesized, for example, Valonia 
microfibrils being 20 nm wide and 17 nm thick in average (Kuga and Brown, Jr. 
1989). Finally, the length of the TCs of phaeothamniophycean species is rela-
tively short, ranging from 25–100 nm (Okuda et al. 2004). The TCs of Oocystis 
are about 500 nm long (Brown, Jr. and Montezinos 1976), and in Valonia the 
length of the TCs ranges 150–600 nm (350 nm average) during the primary wall 
formation and 255–799 nm (558 nm average) during the secondary wall forma-
tion (Itoh 1990). The dinoflagellate species Scrippsiella hexapraecingula has a 
TC only composed of two linear rows of particles (Sekida et al. 2004).

Okuda et al. (2004) reported the presence of TCs in the Eustigmatophy-
ceae first. The TC of the eustigmatophycean alga Pseudocharaciopsis minuta 
consists of a single linear row of particles on the PF of the plasma membrane 
(Figure 12-28). Microfibrils isolated from the cells of P. minuta may be flat, 
ribbon-like structures, but most of microfibrils are observed to consist of  several 
 fine fibrils 2–4 nm in diameter (Figure 12-29). This type of TC found in P. minuta 
 corresponds to that in phaeophycean algae in particle arrangement and forma-
tion of thin, ribbon-like microfibrils. Linear rows constituting TCs are occa-
sionally missing particles or consist of some shorter rows with a gap in both 
eustigmatophycean (Okuda et al. 2004) and phaeophycean (Reiss et al. 1996) 
algae.
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The fact that all heterokontophycean species so far examined synthesize thin, 
ribbon-like cellulose microfibrils is consistent with the postulation that hetero-
kontophytes constitute a monophyletic algal lineage evolved by the secondary 
endosymbiosis between a heterokontic protozoan and a chlorophyll c-contain-
ing eukaryotic alga (Kowallik 1993; McFadden 2001). This contrasts with the 
case of  the Chlorophyta, because in the Chlorophyta chlorophycean and 
ulvophycean algae synthesize much larger cellulose microfibrils than those 
synthesized by charophycean algae (see below). In heterokontophytes, each of 

Figures 12-22 to 12-29. Structures of TCs and cellulose microfi brils in heterokontophycean algae. TC 
(22) and microfi brils (23) in the phaeophycean alga Sphacelaria rigidula. TC (24) associated with a 
microfi bril impression (25) at the upper side of a broken line in the xanthophycean alga Botrydium 
stoloniferum. TC (26) associated with a microfi bril impression (27) at the upper side of a broken 
line in the phaeothamniophycean alga Phaeothamnion confervicola. TC (28) and microfi brils (29) in 
eustigmatophycean alga Pseudocharaciopsis minuta. Arrowheads showing thin microfi brils twisted. 
Each bar indicates 100 nm.



three distinct TCs known at present assembles thin, ribbon-like microfibrils. 
Therefore, a whole of  heterokontophytes may be a good example to give evi-
dence for that extant TCs had modified or evolved from a common original TC 
phylogenetically. The heterokontophyte algae consist of eleven major taxonomic 
groups: eustigmatophytes, dictyochophytes, pelagophytes, bacillariophytes, 
 synurophytes, chrysophytes, raphidophytes, pinguiophytes, xanthophytes, pha-
eophytes, phaeothamniophytes (Kawachi et al. 2002). Among them, phaeophytes, 
xanthophytes and phaeothamniophytes include multicellular forms with cell 
walls, and phaeophytes are thought to be the most evolved group in the Hetero-
kontophyta (Clayton 1989). According to recent gene sequence analyses on rbcL 
genes, the Eustigmatophyceae form the basal clade in the rbcL tree, and the 
Phaeophyceae, the Xanthophyceae and the Phaeothamniophyceae are included 
in the same clade (Bailey et al. 1998; Kawachi et al. 2002). Further the Phaeo-
thamniophyceae are sister taxa to the Phaeophyceae and Xanthophyceae clades 
according to Kawachi et al. (2002). Based on the rbcL tree, the Eustigmatophy-
ceae diverged earliest from the origin of chromophytes. This suggests that the 
origin had the same TC type of a single linear row as extant eustigmatophycean 

Table 12-1. Structural characteristics of TCs and cellulose microfibrils in xanthophycean algae 
Botrydiopsis interceden, Botrydium stolonifelum and Vaucheria hamata

 Botrydiopsis  Botrydium 
Characters intercedens stolonifelum*1 Vaucheria hamata*2

TC structure
 

  

TC length (nm) 137-[198]-333 30-[80]-130 100-[192]-360
TC width (nm) 53-[60]-71 23-[45]-68 50-[62]-80
Number of  3-[6.2]-8 3-[5.7]-9 6-[14]-25
 diagonal rows
Number of particles in 6-[10.5]-14 2-[5.7]-10 2-[6.7]-10
 each diagonal row
Spacing between  2.7-[6.3]-8.3 2.5-[3.9]-6.7 1.6-[2.5]-3.2
 neighboring 
 diagonal rows (nm)
Particle diameter (nm) 4.4-[6.3]-9.3 7.8×5.8 7×3.5

Microfibril structure 
  

Microfibril width (nm) 3-[7.7]-17.5 3-[12.6]-35 2-[20.8]-45
Microfibril  3.8-[4.4]-5 2.5-[4.9]-8.3 0.8-[1.6]-2.2
 thickness (nm)

Parentheses showing means values.
*1Data adopted from Sekida et al. (2001b).
*2Data adopted from Mizuta et al. (1989) and Mizuta and Brown, Jr. (1992a).
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algae. If  this would be true, the Phaeophyceae would have inherited the basic 
organization of original TCs since extant phaeophycean algae have the TC type 
of  a single linear row. The Phaeothamniophyceae have distinct TCs from 
the TCs of the Phaeophyceae and the Xanthophyceae. This suggests that the 
following events happened: When the Phaeophyceae, the Xanthophyceae and 
the Phaeothamniophyceae diverged from their common origin, the diagonal row 
TC type of the Xanthophyceae would have evolved independently from that of a 
single linear row. In the Phaeothamniophyceae, the 2–3 linear row TC type would 
have been acquired from a single linear row TC type.

4 DIVERSIFICATION IN CELLULOSE MICROFIBRIL ASSEMBLY

Cellulose is found widely in different phylogenetic groups such as prokaryotes, 
slime molds, glaucophytes, chlorophytes including land plants, rhodophytes, hap-
tophytes, chromophytes, fungi and invertebrates (Richmond 1991). Diverse TCs 
have evolved, although all the TCs have the same function in cellulose microfi-
bril assembly. TC organization may be related to microfibril structure, i.e., the 
mode of crystallizing cellulose molecules into a microfibril (Okuda et al. 1994). 
Microfibril features assembled by distinct TCs may fall into five groups (Figure 
12-30). A dinophycean species has a TC of random or two rows of particles, 
which produces a bundle composed of 2-nm microfibrils. A thin, ribbon-like 
microfibril is synthesized by a TC consisting of a single linear row of particles 
in the Phaeophyceae and in the gram-negative bacterium Acetobacter xylinum 
(Zaar 1979), by a TC of several diagonal rows of particles in the Xanthophy-
ceae, by a TC of 2–3 linear rows of particles in the Phaeothamniophyceae or by 
a TC of several transverse rows of particles in the Rhodophyceae (Tsekos and 
Reiss 1992). Large microfibrils are synthesized by TCs consisting of multiple 
linear rows of particles in some members of the Chlorophyceae (Brown, Jr. and 
Montezinos 1976) and the Ulvophyceae (Itoh 1990) and in a species in the Glau-
cophyta (Willison and Brown, Jr. 1978). A TC called a rosette in charophycean 
green algae and land plants synthesizes a microfibril with a diameter of 3.5 nm 
(Brown, Jr. 1996). Finally, large microfibrils in the tunicate Metandrocarpa uedai 
are synthesized by quite unique TCs and consist of almost pure cellulose Iβ 
cellulose crystalline (Kimura and Itoh 1996).

The presently known variations in TC organization and microfibril structure 
reflect a divergent evolution for cellulose synthases and their regulation. This 
suggests that some distinct origins that had acquired and evolved the orga-
nized enzyme structure essential for cellulose microfibril assembly occurred 
independently in different evolutionary lines. According to the endosymbi-
ont hypothesis based on gene sequences of  rbcL, the divisions Rhodophyta, 
Glaucophyta and Chlorophyta arose through the endosymbiosis of  a pho-
toautotrophic bacterium (a cyanobacterium) with a heterotrophic flagellate 
(McFadden et al. 1995). Members belonging to these divisions might have 
acquired the ability to synthesize cellulose from cyanobacteria (Figure 12-31), 
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Figure 12-30. Structures of cellulose microfi brils synthesized by distinct TCs. Note cross sectional 
views of cellulose microfi brils (oblique lines) and particle arrangement of TCs on the fractured face 
of the plasma membrane. (A) A bundle consisting of 2-nm fi ne fi brils, which is synthesized by a 
dinofl agellate TC (a). (B) A thin, ribbon-like microfi bril synthesized by each of phaeophycean and 
eustigmatophycean TCs (b), and rhodophycean (c), xanthophycean (d), and phaeothamniophycean 
TCs (e). (C) A large microfi bril synthesized by each of ulvophycean (f), chlorophycean (g), and glau-
cophycean TCs (h). (D) A 3.5-nm microfi bril synthesized by a rosette TC (i). (E) A microfi bril with a 
parallelogrammic section synthesized by a tunicate TC (j).
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since certain cyanobacteria produce cellulose (De Winder et al. 1990). Further, the 
phylogenetic tree based on gene sequences of 18S rRNA suggests that the other 
algal divisions arose form different heterotrophic flagellate ancestors, through 
the incorporation of  a primaeval photosynthetic, eukaryotic alga (McFadden 
et al. 1994).

The Heterokontophyta are suggested to have evolved when primaeval hetero-
konts incorporated rhodophyte-like algae as chloroplasts into the cells. The abil-
ity to synthesize cellulose in the Heterokontophyta might have brought from 
such rhodophyte-like algae, since the TCs of the Rhodophyta and the Hetero-
kontophyta assemble similar thin, ribbon-like microfibrils (Figure 12-31). The 
TCs of the dinoflagellate Scrippsiella seem to be primitive, because the microfi-
brils synthesized are aggregates or bundles consisting of fine 2-nm-fibrils. The 
Dinophyta consist of diverse species containing chloroplasts that originated 
from distinct photosynthetic eukaryotes such as rhodophyte-, heterokontophyte- 
and haptophyte-like algae (Yoon et al. 2002). However, the way of acquiring the 
ability to synthesize cellulose through endosymbiosis with photosynthetic cells 
cannot be applied to cases in cellulose-producing animal, fungi and slime molds. 
In the ancestors of these organisms, genes involved in cellulose synthesis might 
have been transduced from other cellulose-producing organisms with mediated 
by viruses independently (Brown, Jr. 1990).
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Abstract
Tunicates are well known as the only animals to produce cellulose. The cellulose 
microfibrils of the tunicates are generally large in width and are highly crystalline. 
They are composed of almost pure monoclinic cellulose I (the Iβ allomorph). Electron 
microscopic approaches were performed to clarify the site for cellulose biogenesis and 
the distribution and function of cellulose in the tunicates. A freeze-fracture investiga-
tion revealed a new type of cellulose-synthesizing enzyme complex (TC) on the plasma 
membrane of epidermal cells in several species of ascidians. The finding of TCs in a 
member of the animal kingdom indicates that cellulose assembly by TCs is a phenom-
enon common to all three major groups of organisms. The biogenesis of cellulose was 
also found in the vacuole of a unique cell, glomerulocyte that accumulates bundled 
cellulose microfibrils in the cell by tapering off  its vacuole. Cellulose microfibrils were 
found in several regions in the body of tunicates. A network form of cellulose micro-
fibrils derived from the glomerulocyte is distributed in the hemocoel. Another unique 
cellulosic structure, the tunic cord, is located in the siphons. These cellulosic structures 
act for mechanical support of the body. The most primitive tunicates, the appendicu-
larians, also produces highly crystalline cellulose. They make a highly ordered mesh 
structure with cellulose microfibrils and utilize the cellulose mesh as a feeding filter. 
In this chapter, we describe a variety of  cellulosic structures as well as cellulose 
biosynthesis in tunicates.
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1 INTRODUCTION

Various approaches utilized for studying cellulose biosynthesis have suggested 
that the synthesis and structure of cellulose is characterized by diverse features 
among the cellulose-synthesizing organisms. To obtain a unified view of cel-
lulose biosynthesis, it is important to review the biosynthesis of cellulose in the 
various cellulose-synthesizing organisms. Considerable progress has been made 
in the study of cellulose biosynthesis in plants and bacteria, and although it is 
known that a group of animals, the tunicates, makes cellulose, an understanding 
of the site and the mechanism of cellulose biosynthesis in this group of organ-
isms has not been very clear. Therefore, we have investigated the biogenesis and 
functions of cellulose in the tunicates.

Tunicata (commonly called urochordates, tunicates, sea squirts) is the subphy-
lum of filter feeders with input and output siphons. Like other chordates, tuni-
cates possess a notochord during their early stages of development. The name 
“Tunicata” is derived from the unique integumentary tissue, the tunic, which 
entirely covers the epidermis. Tunicates are well known as the only animals to 
produce cellulose (Richmond 1991). Cellulose formed as crystalline microfibrils, 
is a major component of the tunic, and the cellulose microfibrils are deposited 
in a multilayered texture with a bundled structure parallel to the epidermis. The 
subphylum Tunicata includes three classes; all species possess tunic in the classes 
Ascidiacea and Thaliacea. Animals in the third class of the Tunicata, the Appen-
dicularia, do not possess the tunic. However, appendicularians secrete a balloon-
like gelatinous structure called the house that acts as a feeding apparatus, and 
the house is constituted of cellulose microfibrils, (Kimura et al. 2001).

Ascidians are the major group of organisms in the Tunicata, and are found 
mostly on hard surfaces such as rocks, jetty pilings and coral rubble (Goodbody 
1974). They also grow on sea grasses and other vegetation in the sea grass lagoon. 
An ascidian is a complex animal; it usually has a circulatory system, a digestive 
system, a heart and other organs. It generates a one-way current through its 
body and part of the gut is modified to filter out planktons from this water flow. 
The entire animal is encased in a little bag which is the tunic. In fact, Ascidiacea 
means “a little bag” (Figure 13-1a, b). The biology and biochemistry of the tunic 
has been studied mainly in the ascidians, because they are the sessile forms of 
tunicates and are easy to culture. The other groups are pelagic tunicates. To date, 
it has been found that the tunic of ascidians and thaliaceans, and the house of 
appendicularians contain cellulose microfibrils of high crystallinity that act as 
skeletal structures in these tissues (Hirose et al. 1999; Kimura et al. 2001). Thus, 
cellulose production is a characteristic feature common to all tunicates. Furthermore, 
many interesting functions of cellulose have been shown in the tunicates. Here, 
we describe biogenesis and function of cellulose in the tunicates using electron 
microscopy and provide information on (1) the site of cellulose biosynthesis, 
(2) cellulose biosynthesis in the glomerulocyte, (3) new cellulosic structure in 
the tunicates, and (4) structure and function of cellulose in the appendicularian 
which is the most primitive tunicate.
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2 TEXTURE OF THE TUNIC IN THE ASCIDIANS

Early descriptions of the occurrence of cellulose in the tunicates were provided by 
Berrill (1950) and Endean (1955a, b, 1961). Berrill (1950) described that the tunic 
contains approximately 60% cellulose, 27% nitrogen-containing components and, 
in the fresh condition, approximately 90% water. The development of the tunic 

Figure 13-1. Light microscopic image of an ascidian (a) and a schematic representation of the struc-
tural plan of its body (b). An adult zooid of Metandrocarpa uedai (a) is approximately 5 mm in length 
and 3 mm in width. Ascidians of this small size are suitable for study using microscopic approaches. 
Cellulose is a major component of the outer protective tissue (tunic) of ascidians (b). Cellulose is 
also found in the basal region of the siphons and hemocoel in selected ascidians
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varies greatly in different groups of the tunicates. In colonial forms it may be thin 
and translucent, or highly colored, whereas in the Pyuridae it reaches its greatest 
development and contains numerous tunic cells originating in the epidermis or 
blood cells released from the blood vessels which ramify in the tunic.

The crystallographic identification of tunicin with cellulose I of plants was estab-
lished by Rånby (1952). It was shown by electron microscopic studies that the 
cellulose in the tunic is aggregated in the form of microfibrils similar to those of 
plant cellulose. Rånby (1952) also estimated the width of the cellulose microfibrils 
to be approximately 12 nm. Other investigations of the tunic were directed to the 
study of the manner of aggregation of the cellulose microfibrils and their orien-
tation in relation to the shape of the animal. Endean reported the presence of a 
network of fibers in the tunic of Pyura (Endean 1955a, b) and of Phallusia (Endean 
1961). Deck et al. (1966) noted some similarities between the texture of cellulose 
in the tunic of Perophora and that of plant cell walls. Detailed  information of the 
tunicate cellulose including its crystalline features (Belton et al. 1989; Yamamoto 
et al. 1989) and the ultrastructure of the microfibrils (Daele et al. 1992; Kimura 
and Itoh 1996, 1997; Helbert et al. 1998a, b) is now available. Summarizing these 
results, the appearance of the ascidian tunic is shown in Figure 13-2. Normally, 
the cellulose microfibril of tunicates is composed of the almost-pure cellulose 
Iβ allomorph with high crystallinity (inset in Figure 13-2b) and having a rectangu-
lar cross-sectional shape with 10–20 nm width (inset in Figure 13-2c). Hundreds 
of cellulose microfibrils are bundled in the tunic and the shape and dimension of the 
microfibril bundle varies depending on the ascidian species (Figures 13-2a–c). 
The microfibril bundles are deposited in a multilayered texture parallel to the outer 
face of the epidermis with random (Figures 13-2a, b) or cholesteric-like (helicoidal) 
orientation in the case of Halocynthia aurantium (Figure 13-2d).

The site of formation of cellulose has generally been accepted as being in 
the epidermal cells (Berrill 1950; Deck et al 1966). On the other hand, some 
researchers have identified blood cells in the tunic vessels with the amoeboid 
cells of the tunic and concluded that these amoebocyte cells (ferrocytes) may be 
involved in the formation of cellulose microfibrils.

3 CELLULOSE-SYNTHESIZING TERMINAL COMPLEXES
IN THE ASCIDIANS

Studies on the biogenesis of cellulose microfibrils in the tunicates have focused 
mainly on the tunic of ascidians. Results from studies with various species of 
ascidians have suggested that the epidermal cell is the most probable site for 
synthesis of tunic cellulose in the majority of ascidians (Millar 1951; Deck et al. 
1966; Dilly 1969; Cloney and Grimm 1970; Smith 1970; Terakado 1970; Wardrop 
1970; Stievenart 1971; Katow and Watanabe 1978; Torrence and Cloney 1981; 
Cloney and Cavey 1982; Robinson et al. 1983). However, these early studies did 
not show the details of the mechanism and the exact site of synthesis of cellulose 
in the epidermal cell of ascidians.
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In general, organisms that produce cellulose such as plants, bacteria, algae and 
slime molds, are known to synthesize and assemble cellulose microfibrils at mul-
timeric enzyme complexes (terminal complexes = TCs) that are embedded in the 
plasma membrane of the cell (Brown, Jr. 1996; Grimson et al. 1996). The num-
ber and arrangement of particles in the TCs, observed by freeze-fracture electron 
microscopy, varies among different organisms. It is suggested that the difference in 
structure of TCs results in the diversity of dimension and crystallinity of cellulose 
microfibrils. We have focused on the visualization and characterization of the TCs 
in the epidermal cells of selected ascidians using freeze-fracture techniques. Com-
pared with higher plant tissues, the visualization of TCs in the epidermal cells is 
rather difficult. This, because of the low probability of obtaining a fracture face 

Figure 13-2. Electron micrographs showing texture of cellulose microfibril in the ascidian tunic. 
Usually, the cellulose microfibrils are bundled by forming polylamellate arrangements in the tunic 
of ascidians. The dimensions of the microfibril bundles and their orientation are extremely different 
among species of the ascidians. (a) Scanning electron microscope (SEM) image of the innermost lay-
er of tunic in Metandrocarpa uedai after treatment with Updegraff  reagent. (Figure 1, from Kimura 
S. and Itoh T. 1996. New cellulose-synthesizing complexes (terminal complexes) involved in animal 
cellulose biosynthesis in the tunicate Metandrocarpa uedai. Protoplasma 194:151–163. Reproduced 
with kind permission of Springer Science and Business Media.) (b) SEM image of the innermost 
layer of tunic in Polyandrocarpa misakiensis after treatment with Updegraff  reagent. An inset image 
in (b) shows selected area electron diffraction pattern of cellulose microfibrils obtained from the 
tunic. Typical reflections of cellulose Iβ with high crystallinity are detected in the diffraction pattern. 
(c) Cross-sectioned image of tunic of M. uedai. Bundled cellulose microfibrils (cb) are deposited 
with polylamellate arrangements in the tunic. A diffraction contrast image of the cross-sectioned 
cellulose microfibril in M. uedai shows a typical parallelogram shape (inset of c). (d) In the case of 
Halocynthia aurantium, cholesteric-like (helicoidal) deposition of cellulose bundles is observed with 
SEM in an oblique section of the tunic
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of the epidermal cell membrane facing the tunic. Another difficulty is that the 
epidermis consists of only a single cell layer in the entire body of an ascidian.

The first successful observation of TCs in tunicates was achieved using a small 
colonial ascidian, Metandrocarpa uedai (Kimura and Itoh 1996). We found a new 
type of TC in the ascidians (Kimura and Itoh 1996; Kimura and Itoh 2004) and it 
was clear from our studies that cellulose microfibrils in the tunicates also are syn-
thesized at TCs. Furthermore, this evidence confirmed the role of TCs in cellulose 
synthesis in all groups of organisms. The TCs of M. uedai, categorized as linear TCs, 
were found only in the plasma membrane side of epidermal cells facing the tunic and 
never in the side that contained the tight junctions. Thus, the secretion of cellulose 
microfibrils occurs only into the tunic. Moreover, the TCs in M. uedai have a unique 
feature that is not found in conventional linear TCs. The TCs of M. uedai have a 
concave structure on the protoplasmic fracture face (PF face) of epidermal cell mem-
brane (Figures 13-3a, b). The concave region of the TC is packed with a number of 
membrane particles that are approximately 7 nm in diameter (Figure 13-3b).

Figure 13-3. Freeze-fracture images showing cellulose-synthesizing terminal complexes (TCs) of 
Metandrocarpa uedai. (a) Linear shaped TCs consist of two kinds of membrane particles, and they 
are located on the P-fracture face of the epidermal cell membrane facing the tunic. In the case of 
M. uedai, TCs are grouped in almost the same direction on the epidermal cell membrane. (Figure 
3a from: Kimura, S. and Itoh, T. 2004. Cellulose-synthesizing terminal complexes in the ascidians. 
Cellulose 11:377–383. Reproduced with kind permission of Springer Science and Business Media). 
(b) Almost all of the TCs of M. uedai have fairly deep membrane depressions filled with small 
membrane particles, and surrounded by large membrane particles in a single row (arrowheads). 
(c) Cellulose microfibril (cmf) of pseudo replica connecting with the terminus of a TC
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Furthermore, the concave region is surrounded by a single row of distinct 
membrane particles that are approximately 14 nm in diameter (arrowheads in 
Figure 13-3b). Thus, the TCs in ascidians consist of two types of membrane 
particles. Convex structures, complementary to TCs on the PF-face, are also 
observed on the exoplasmic fracture face (EF-face) of epidermal cell membrane 
where no particles surround the TCs. Interestingly, it was often observed that 
some TCs are directly connected with termini of microfibrils. It appears that 
the concave region of TCs is filled with an amorphous-like material which may 
assemble into cellulose microfibrils (Figure 13-3c). The amorphous-like material 
may contain glucan chains before crystallization into cellulose. Similar linear-
shaped TCs (Figure 13-4) are observed in different species of ascidians (Kimura 
and Itoh 2005). These observations indicate that the unique structure of ascidian 
TCs is an inherited characteristic common to the ascidians. We also investigated 
the detailed structure of TCs among individual species of ascidians with special 
attention to the large membrane particles that are found only in the ascidian TCs. 
As for the TCs of Metandrocarpa (Figure 13-3b) and Polyzoa (Figure 13-4b), the 
large membrane particles are clearly observed at the edge of the TC depression, 
and the orientation of the particles show a distinct single row. On the other 
hand, TCs of both Halocynthia (Figure 13-4a) and Perophora (Figure 13-4c) 
have only a few large particles with an indistinct row. These observations suggest 
that the large membrane particles of ascidian TCs may not participate directly in 
the biosynthesis and crystallization of cellulose microfibrils. However, the small 
membrane particles may play a direct role in the biosynthesis and crystallization 
of cellulose microfibril in the ascidians.

In general, cellulose microfibrils are often bundled by forming a polylamel-
late arrangement in the tunic of ascidians. The dimensions of the microfibril 
bundles and their orientation are extremely different among species of ascidians 
(Kimura and Itoh 2004). These microfibril bundles are observed not only in the 
middle and outer region but also in the inner region of the tunic. This suggests 
that the cellulose microfibrils are bundled immediately after synthesis at the TCs. 
Thus, grouping of TCs on the epidermal cell may be involved in the formation of 
microfibril bundles and support for this hypothesis is provided in Figures 13-2a 
and 13-3a. The grouping of TCs on epidermal cells coincides with the presence 
of cellulose microfibrils in the innermost layer of the tunic (Figure 13-2a) and the 
formation of microfibril bundles is most probably regulated by the arrangement 
of TCs on the plasma membrane. It is assumed that some anchor-like structure 
that determines the orientation of TCs is present in the cytoplasm of epidermal 
cells. At present, we have no definite information as to how the TCs are localized 
and arranged on the plasma membrane.

The pelagic tunicates consist of four groups; Pyrosomata, Doliolidae, Sal-
pidae and Appendiculariata. It has been known that pyrosomas, doliolids and 
salps have a tunic surrounding the body of the zooid. The existence of cellulose 
in selected pelagic tunicates has been also investigated (Belton et al. 1989; Hirose 
et al. 1999). Cellulose I microfibrils with high crystallinity and large width (up 
to 20 nm) are found in the tunic of three groups: Pyrosomas, doliolids and salps. 
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Figure 13-4. Freeze-fracture images of TCs in the epidermal cell membrane of Halocynthia roretzi 
(a), Polyzoa vesiculiphora (b), and Perophora japonica (c). (Figure 2 from: Kimura, S. and Itoh T. 
2004. Cellulose-synthesizing terminal complexes in the ascidians. Cellulose 11:377–383. Reproduced 
with kind permission of Springer Science and Business Media). The occurrence of TCs (arrowheads 
in each figure) is similar to that found in M. uedai and other ascidians. The TCs in these ascidians 
were found only on the plasma membrane of the epidermal cells, and they contained the deep mem-
brane depression filled with small membrane particles and surrounded by large particles (inset in 
each figure)
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The structural features of cellulose microfibrils in these pelagic tunicates are 
quite similar to that of  ascidians. This evidence indicates that the cellulose-
synthesizing ability is an inherited character common to ascidians and thaliaceans. 
It is also reported that the basic structures of the tunic and the epidermis of 
ascidians and thaliaceans are almost the same (Hirose et al. 1999). The tunic 
cellulose in the thaliaceans may be synthesized by TCs on the plasma membrane 
of epidermal cells similar to the ascidians.

4 A NOVEL CELLULOSE-SYNTHESIZING SITE IN THE TUNICATES

The glomerulocyte was first described by George (1939) as a blood cell in the budding
styelid ascidian, Polyandrocarpa tincta. The glomerulocyte is a large discoidal cell 
with the central perinuclear cytoplasm surrounded by a concentrically-arranged 
fiber structure. Mukai et al. (1990) studied the glomerulocyte of Polyandrocarpa 
misakiensis using electron microscopy and histochemistry, and showed that the 
fiber structure of glomerulocyte resembles the tunic fibers. These authors also 
reported that immature glomerulocytes are scattered with the epidermal cells 
of the zooids. Later, Hirose and Mukai (1992) demonstrated that the glomeru-
locytes are derived from epidermal cells. In 1995, the bundles of microfibrils in 
the glomerulocyte as well as the tunic were identified as cellulose I microfibrils 
using selected area electron diffraction analysis (Kimura and Itoh 1995). 
Furthermore, using ultrathin-sectioning techniques, it was found that individual 
cellulose microfibrils are primarily assembled in structures, tentatively identified 
as vacuole-like structures, and subsequently bundled at a tapering region within 
the vacuole-like structure in the glomerulocyte.

The glomerulocyte, usually scattered in epidermal tissue, and the disk plane is 
parallel to the outer surface of the tunic. Figures 13-5a and b show mature glo-
merulocytes in M.uedai. Most of the mature glomerulocytes of M. uedai contain 
thick bundles of microfibrils with 15 or more layers just under the cell membrane 
of the glomerulocytes (Figures 13-5a and b). The bundles of cellulose microfibrils 
are surrounded by a unit membrane structure, as observed with an electron micro-
scope. The diameter of glomerulocytes of M. uedai is approximately 12 µm in the 
long axis and 4 µm in the short axis. The size of glomerulocytes is similar among 
P. misakiensis (Mukai et al. 1990; Hirose and Mukai 1992) and P. tincta (George 
1939). In contrast, extremely large glomerulocytes are found in Polyzoa vesiculip-
hora (Kimura and Itoh 1997). The cellulose skeleton in the glomerulocyte is easily 
visualized after treatment with the Updegraff reagent (Updegraff 1969) or KOH 
solution to remove noncellulosic substances (Figure 13-5c). The size of glomeru-
locytes in Polyzoa is 50 µm in mean diameter, and their cellulose bundles are 1 µm 
in mean diameter. Cellulose microfibrils, 12 × 16 nm in mean width are packed at 
high density in each cellulose bundle, as observed following ultrathin sectioning.

In order to examine the process of development of cellulose bundles in the 
glomerulocyte, we investigated a series of developing glomerulocytes using ultra-
thin sectioning electron microscopy. An early stage of glomerulocyte development 
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Figure 13-5. Electron micrographs showing glomerulocytes in M. uedai. The glomerulocyte has a flat 
disc shape. Therefore, it appears circular in tangential section in (a) and elliptical in cross section in 
(b). (Figures 5b and 3b from: Kimura, S. and Itoh, T. 1995 Evidence for the role of the glomerulocyte 
in cellulose synthesis in the tunicate, Metandrocarpa uedai. Protoplasma 186:24–33. Reproduced with 
kind permission of Springer Science and Business Media). The outer zone of the cell, just under the cell 
membrane (cm) is occupied by many tube-like structures filled with cellulose microfibril bundles (mfb). 
The central zone of  the glomerulocytes is occupied by a nucleus (nu) and a large vacuole (v). The 
assembly of cellulose microfibrils gradually proceeds by tapering off of the glomerulocyte (circled line 
in a). (c) SEM image of cellulose bundles obtained from the glomerulocyte of Polyzoa vesiculiphora. 
The cellulose skeletons of glomerulocytes are clearly visible after treatment with Updegraff reagent 
that removes noncellulosic substances. (Figure 13 from: Kimura, S. and Itoh, T. 1997. Cellulose net-
work of hemocoel in selected compound styelid ascidians J Electron Microsc 46:327–335. Reproduced 
with kind permission of Oxford University Press). (d) An early developmental stage of the glomeru-
locyte in M. uedai. A large vacuole (v) with its tapering end is observed (circled line), and the cell has 
only initiated the bundling of microfibrils. (Figure 5a from: Kimura, S. and Itoh, T. 1995. Evidence for 
the role of the glomerulocyte in cellulose synthesis in the tunicate, Metandrocarpa uedai. Protoplasma 
186:24–33. Reproduced with kind permission of Springer Science and Business Media).
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is shown in Figure 13-5d. A large vacuole with its tapering end is observed in 
the glomerulocyte and in this stage, only the initiation of microfibril bundling 
is observed. The tapering end of the bundle is observed at the periphery of the 
cytoplasm along the cell membrane of the glomerulocyte. In the inflated region 
of the vacuole, numerous cellulose microfibrils are observed, and these are dis-
persed as single microfibrils within the inflated region of the vacuole. Further-
more, it is found that the single microfibrils are gradually bundled at the tapering 
region of the vacuole. These observations indicate that the unit membrane sur-
rounding the cellulose bundles is derived from the vacuole membrane, and the 
bundling of microfibrils occurs by tapering of the vacuole. The microfibril is 
first synthesized as a single fibril in the vacuole and bundled later by the unidirec-
tional tapering process of the vacuole. Further observations revealed the presence 
of microtubules in the tapering region of the vacuole. The microtubules surround 
the vacuole membrane and are oriented parallel to the direction of the tapering 
vacuole. Overall, the glomerulocyte provides the first account of the involvement 
of a vacuole-like membrane in cellulose synthesis among living organisms. The 
only known exception regarding the site of cellulose synthesis is in the hapto-
phycean alga, Pleurochrysis, which synthesizes cellulose microfibrils in the Golgi 
apparatus (Brown, Jr. 1969; Romanovicz 1982). The vacuole in the glomerulocyte
is therefore considered to be the second exception to the plasma membrane-
localized cellulose-synthesizing site common to most organisms.

5 OCCURRENCE OF A CELLULOSE NETWORK 
IN THE HEMOCOEL OF ASCIDIANS

Some ascidians possess two more cellulosic structures other than the tunic. 
These cellulosic structures have been observed by scanning electron microscopy 
after treatment with the Updegraff  reagent (Updegraff  1969) that removes non-
cellulosic substances. One of these cellulosic structures is a cellulose network 
that is distributed in the hemocoel (the tissue equivalent to a blood vessel of 
vertebrates) (Kimura and Itoh 1997), and the other is a coiled cord-like structure 
called the tunic cord (Kimura and Itoh 1998).

The cellulose network is an entangled bundle of cellulose microfibrils in the 
hemocoel. The diameter of each bundle is approximately 0.16 µm in M. uedai 
and P. misakiensis. However, the bundle is fairly large and approximately 1 µm in 
diameter in P. vesiculiphora. The pore size of the cellulose network is not constant 
and Figure 13-6 shows scanning electron microscope images of  the cellulose 
network from Polyandrocarpa. The cellulose network has been found in only a 
limited group of ascidians that possess the glomerulocyte as a common charac-
ter. In electron microscopic observations, a number of cellulose skeletons derived 
from glomerulocytes are observed in the cellulose networks (Figures 13-6b and c). 
Most of them show a distorted appearance due to the loosening of cellulose 
microfibrils to make the network (Figure 13-6c). The glomerulocytes are involved 
in the synthesis of cellulose microfibrils in their vacuole-like structures and the 
cellulose microfibrils are bundled by tapering-off  of the vacuole-like structures. 
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The tapering-off of the vacuole-like structure occurs continuously, so that only 
a single and long cellulose bundle is packed in the inner periphery of glomerulo-
cytes (Kimura and Itoh 1995). Therefore, it is considered that the glomerulocytes 
accumulate cellulose microfibrils like a winding thread of reel in the cell. It appears 
that this particular assemblage of cellulose is convenient for the formation of a cel-
lulose network in the hemocoel. After producing thick bundles of cellulose micro-
fibrils, the glomerulocytes are transferred into the hemocoel where they release 
ring bundles of cellulose or cellulose skeleton after their death. The bundles of cel-
lulose are untied in the hemocoel for making the cellulose network (Figure 13-7). 
Thus, these ascidians which have glomerulocytes, utilize cellulose not only for the 

Figure 13-6. Occurrence of cellulose network 
in the hemocoel. (a) An electron micrograph 
showing a cross section of Polyandrocarpa 
misakiensis from the dorsal side of its body. 
A thin tunic (tu) and epidermis (ep) with sin-
gle cell layer covers the body. The hemocoel 
(hc) is filled with blood cells. (Figure 2a from: 
 Kimura, S. and Itoh, T. 1995. Evidence for the 
role of the glomerulocyte in cellulose synthe-
sis in the tunicate, Metandrocarpa uedai. Pro-
toplasma 186:24–33. Reproduced with kind 
permission of  Springer Science and Business 
Media). (b) SEM image of the hemocoel of 
P. misakiensis. The cellulose networks (fine 
network structure) and cellulose skeleton of 
glomerulocyte (arrowhead) are barely observed 
before treatment with Updegraff  reagent. 
(c) After removal of the noncellulosic mate-
rial by Updegraff  reagent, numerous fibrous 
 structures (cellulose networks) and cellulose 
skeletons of glomerulocytes become visible
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protective tissue of the tunic but also for the network structure in the hemocoel. 
These observations provide further information for understanding the role of cel-
lulose microfibrils in the cellulosic organisms including plants.

However, the role of  the cellulose network in these ascidians is enigmatic. 
A possible explanation is that the cellulose network forms a skeletal structure for 
other extracellular matrix components in the hemocoel. Observations made by 
scanning electron microscopy suggest that the cellulose network and noncellu-
losic fine meshwork structure form a cross-linked meshwork structure (Kimura 
and Itoh 1997). These observations are similar to those indicating a relation-
ship between collagen fibers and other matrix materials in the connective tissues 
of animals. The distribution of the cellulose network is almost uniform in the 
hemocoel. It is possible that the cellulose fibers are immediately connected to 
other matrix components once they are released from the cellulose skeleton of the 
glomerulocyte. Apart from all this, a few interesting questions still remain to be 
addressed, such as why do only these ascidians contain cellulose in the hemocoel? 
To understand in detail the role of cellulose in the hemocoel, it will be neces-
sary to first characterize the noncellulosic fibrous materials in the hemocoel. 
Moreover, a comparative study of the composition of the extracellular matrix 
components in these and other ascidians that have no cellulose in their hemocoel 
will also be required.

Figure 13-7. A schematic illustration showing the step-wise involvement of glomerulocytes in the 
formation of a cellulose network in the hemocoel: (1) glomerulocytes are transferred into hemocoel; 
(2) bundles of cellulose skeleton are released in the hemocoel; (3) cellulose microfibrils of the skel-
eton are untied to make cellulose network. Tu = tunic, ep = epidermis, gl = glomerulocyte, ae =atrial 
epitherium, b = blood cell (See Color Plate of this figure beginning on page 355)
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6 STRUCTURE AND FUNCTION OF THE TUNIC CORD 
IN THE ASCIDIANS

The tunic cord is a distinctive structure in P.misakiensis, first described by Mukai 
et al. (1990). The tunic cord was studied using light microscopy coupled with 
histochemical techniques, and it was shown that the stainability of tunic cords 
was very similar to the tunic. These observations led to the suggestion that the 
tunic cords probably act as connectors between the tunic and the mantle (Mukai 
et al. 1990). In 1998, the ultrastructure and chemical nature of tunic cords was 
investigated using electron microscopic techniques (Kimura and Itoh 1998).

The tunic cords which are mainly composed of  cellulose, are easily observed 
by scanning electron microscopy after treatment with the Updegraff  reagent. 
The tunic cord is a new cellulosic structure that follows the tunic and the 
cellulose network in the hemocoel of  P. misakiensis. It is a cord-like coiled 
structure that is 5–30 µm in diameter and 0.1–5.0 mm in length, as observed in 
both the light microscope and the scanning electron microscope (Figure 13-8). 
The tunic cords originate and elongate from the dorsal tunic, and their termi-
nal ends have a swollen and ornamented structure (Figure 13-8d). Scanning 
and transmission electron microscopy coupled with electron diffraction analy-
sis show that the tunic cords are composed of  bundled microfibrils of  cellulose 
Iβ of  high crystallinity. Cellulose microfibril bundles are packed in the entire 
region of  the tunic cord at high density. The cellulose microfibril features are 
very similar between the tunic cord and the tunic, except that the tunic cord 
contains no tunic cells at all. The tunic cord is surrounded by a single layer of  
epidermal cells, and these could be involved in producing cellulose micro-
fibrils. We believe that the basal region of  tunic cords is an active elongation 
region. The tunic cords are often connected to internal tunic of  siphons. The 
connections are similar to eyelet structures (Figures 13-8a and 8b). Moreover, 
the tunic cords are highly coiled in shape, like a spring (Figure 13-8c). These 
features of  tunic cords suggest some role for the opening and closing of  the 
siphon of  the ascidian. However, tunic cords show the same coiled shape in all 
stages, even during the siphon opening.

Short tunic cords are often observed in the internal tunic with tight connections 
and no coiled structure (Figure 13-8b). One possible function of the tunic cords 
may be to provide physical support by connecting the dorsal and internal tunic of 
the siphon through the hemocoel. The rim of the internal tunic continues to the 
atrial epithelium with a single cell layer (Figure 13-1b). This region is considered 
to be weak in terms of mechanical strength that is required for opening and clos-
ing of the siphon. Since the short tunic cords are seen in the eyelet structures, both 
the dorsal and the internal tunic could be tightly connected by tunic cords dur-
ing expansion and shrinkage of the zooid by eyelet structures. However, it is still 
unclear as to why only P. misakiensis have tunic cords among the ascidians. Further 
examination and structural comparisons including the siphons and hemocoel of 
P. misakiensis and other ascidians will be required to answer this question.
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7 OCCURRENCE OF HIGHLY CRYSTALLINE CELLULOSE 
IN THE MOST PRIMITIVE TUNICATE, THE APPENDICULARIANS

The appendicularians (also called larvaceans), another group in the Tunicata, are 
unusually delicate and difficult to see or capture, and most are only a couple of 
millimeters in size. They are a pelagic, tadpole-like class of zooplankton ( Figure 
13-9a). Molecular phylogeny based on 18S rDNA sequences suggests that the 
appendicularians share an ancestor with other groups of tunicates (Wada and 
Satoh 1994; Wada 1998). However, the appendicularians do not possess the 
tunic; they secrete a balloon-like gelatinous structure called a “house” that acts 
as a feeding apparatus (Figure 13-9b) (Flood and Dibel 1998). It is  possible 

Figure 13-8. SEM images of the tunic cords in P. misakiensis after treatment with Updegraff reagent. 
(a) Numerous tunic cords in random arrays are located on the inner surface of dorsal tunic. (b) A mag-
nified image of a siphon, highlighted by a circle in (a). Tunic cords are often connected to the rim of 
the internal tunic just like an eyelet structure. Most of the tunic cords are coiled (c) and the apical end 
is observed as a swollen and ornamented structure (d). (Figures 11, 5, and 7 from: Kimura, S. and Itoh, 
T. 1998. A new cellulosic structure, the tunic cord in the ascidian Polyandrocarpa misakiensis. Proto-
plasma 204:94–102. Reproduced with kind permission of Springer Science and Business Media).
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that the house corresponds to a kind of tunic in the appendicularians and we 
have investigated whether the house contains cellulose (Kimura et al. 2001). 
The house of an appendicularian, Oikopleura rufescens, is a typical oikopleurid 
house, which is a spherical, gelatinous structure that possesses two inlet filters 
as a filter feeding mesh structure (Figure 13-9b). Electron diffraction analysis 
shows the presence of highly crystalline cellulose Iβ similar to the tunic cellulose 
of ascidians, in purified house (Figure 13-10c). The presence of cellulose in the 

Figure 13-9. SEM image of the zooid 
of an appendicularian, Oikopleura rufe-
scens (a) and macrophotograph of its 
house (b). The zooid of O. rufescens is 
tadpole-shaped. It has a small trunk that 
is 0.8 mm in length and a long tail that is 
5 mm in length. The house of O. rufescens 
is a typical oikopleurid house which is a 
spherical, gelatinous structure that pos-
sess two inlet filters (circled line in b)

Figure 13-10. Ultrastructure of the inlet filter in the house of O. rufescens. (a) SEM image of the inlet 
filter shows a highly ordered meshwork structure like an elaborately woven textile. A stitch of the 
meshwork (circled line in a) is composed of orthogonally arranged bundles of cellulose microfibrils. (b) 
Cellulose microfibrils in the house are bundled, and (c) consist of highly crystalline cellulose Iβ similar 
to that of ascidians (inset in c). (Figure 2 from: Kimura, S., Ohshima, C., Hirose, E., Nishikawa, J., 
and Itoh, T. 2001. Cellulose in the house of the appendicularian Oikopleura rufescens.  Protoplasma 
216:71–74. Reproduced with kind permission of Springer Science and Business Media).
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house indicates that the cellulose-synthesizing ability is a characteristic common 
to all tunicates, i.e., ascidians, thaliaceans, and appendicularians. The crystalline 
features and dimensions of cellulose microfibrils in appendicularians are similar 
to those observed in the ascidians and thaliaceans (Belton et al. 1989; Daele 
et al. 1992; Okamoto et al. 1996; Hirose et al. 1999).

The inlet filter of  the house of  O.rufescens builds up a highly ordered 
meshwork structure like an elaborately woven textile (Figures 13-10a and b). 
The meshwork is extremely precise, with errors in the interval between woof 
threads of the inlet filter of less than 1.7 µm. To make the house, the Oikopleurid 
appendicularians synthesize house rudiment in the trunk region, and expand a 
new house after escaping from the old one (Flood and Deibel 1998). It is of interest 
that the mechanism responsible for constructing such a highly ordered meshwork 
of house rudiment is a simple process of expansion. However it remains to be seen 
as to how the cellulose bundles in the house rudiment are formed and packed.

8 ORIGIN OF CELLULOSE SYNTHASE IN THE TUNICATES

Molecular phylogeny based on the 18S rDNA sequences suggested that tunicates 
are a monophyletic group and that the appendicularians diverged early from the 
tunicates (Wada and Satoh 1994; Wada 1998). The occurrence of cellulose in 
appendicularians indicates that the common ancestor of all tunicates already 
possessed the ability to produce highly crystalline cellulose I. From these obser-
vations, it would appear that other animals close to the tunicates, such as cephalo-
chordates, vertebrates and hemichordates, might also produce cellulose or possess 
the cellulose-synthesizing genes. However, many questions remain to be addressed 
regarding the evolutionary significance of cellulose synthesis in the animal king-
dom. The sequencing of the genome of an ascidian, Ciona intestinalis in 2002 was 
a grand achievement and it provided information for understanding cellulose bio-
synthesis in the tunicates (Dehal et al. 2002). Phylogenetic analysis of the cellulose 
synthase from C.intestinalis (Ci-CesA) and cellulose synthases from other sources 
suggested that the Ci-CesA gene was probably acquired by horizontal transfer 
from bacteria (Matthysse et al. 2003; Nakashima et al. 2004). Recently, Sasakura 
et al. (2005) analyzed a recessive mutant of Ci-CesA in C.intestinalis and showed 
that Ci-CesA has three functions: cellulose biosynthesis, proper formation of the 
tunic, and a role in metamorphosis. These functions suggest that cellulose acts 
not only as a structural polymer for mechanical support of the body, but it may 
also have some physiological functions in the tunicates.

9 SUMMARY

Electron microscopic analyses revealed the structure, assembly, bundling and 
functions of cellulose in the tunicates. For the first time, cellulose-synthesizing 
enzyme complexes (TCs) of new type and shape were found on epidermal cells, 
just under the tunic, in several species of ascidians. Current evidence supports 
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the view that assembly of cellulose microfibril by TCs is a universal phenom-
enon in the biological kingdom. Investigations of ascidian TCs also revealed a 
direct connection of TCs with the termini of microfibrils and these were suc-
cessfully visualized for the first time among cellulose-producing organisms. The 
glomerulocyte is another cell that synthesizes cellulose in ascidians. Cellulose 
biosynthesis in the glomerulocyte occurs in the vacuole, and cellulose micro-
fibrils are bundled by tapering of the vacuole. This process occurs continuously 
and as a result, several layered cellulose bundles are deposited in the cell. The 
glomerulocyte also provides the first account of  the involvement of  vacuole in 
the synthesis of cellulose among cellulose-producing organisms. The bundles 
of cellulose microfibrils, synthesized in the glomerulocyte, are released into the 
hemocoel where they form a cellulose network. This network may act as a skel-
etal structure in the hemocoel. The cellulose network is the second cellulosic 
structure of tunicates, apart from the tunic. The third cellulosic structure, the 
tunic cord, was found in the ascidian, Polyandrocarpa for the first time. The tunic 
cords have a specialized structure that is coiled cord-like in shape with  swollen 
and ornamented terminal ends. The terminal ends of tunic cords are often 
connected to the internal tunic of the siphons with eyelet structures. The function 
of the tunic cord may be to provide mechanical support between the tunic and 
the mantle. Highly crystalline cellulose was found for the first time in the most 
primitive tunicate, the appendicularian, where it is a major component of the 
appendicularian house which is a feeding apparatus of the organism. In the house, 
cellulose microfibrils form a highly ordered meshwork structure like a woven 
textile. The finding of  cellulose in the appendicularian indicates that cellulose-
synthesizing ability is a characteristic common to all tunicates.
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Abstract
Rosette TCs that are visualized exclusively by freeze-fracture electron microscopy have 
long been thought of as “putative” cellulose-synthesizing terminal complexes (TCs). 
We succeeded in directly demonstrating that the TCs contain cellulose synthases by 
the application of novel techniques combined with both freeze-fracture and immuno-
gold labeling. Since the purification of cellulose synthases has not succeeded in higher 
plant cells, we cloned GhCesA using cotton cDNA libraries and prepared polyclonal 
antibodies against the GhCesA protein. We were successful in applying SDS-FRL 
techniques to plant cells for the first time by using mixtures of cellulases and pec-
tolyases to digest cell walls after freeze replication and immunogold labeling. Using 
SDS-FRL, the antibodies of cellulose synthases specifically labeled the rosette TCs 
in the plasma membrane of higher plant cells. This provided direct evidence that the 
rosettes contain the catalytic subunit of the cellulose synthase. In this chapter, we have 
analyzed the mechanism of labeling compared with actual dimensions of rosettes, 
gold particles, and antibodies.

Keywords
cellulose biosynthesis, fracture labeling, GhCesA, rosette, terminal complexes, Vigna 
angularis.
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1 INTRODUCTION

It is well known that the rosette and linear terminal complexes (TCs) can be 
observed by the freeze-fracture replication technique. The structures revealed by 
this technique are known as “putative” cellulose-synthesizing TCs. Kimura et 
al. (1999) demonstrated that TCs in vascular plants contain cellulose synthases 
using a novel technique of sodium dodecyl sulfate (SDS)-solubilized freeze frac-
ture replica labeling (SDS-FRL). The localization of the cellulose synthase to the 
TC was accomplished almost 40 years after the hypothesis of Roelofsen (1958) 
in which he stated that enzyme complexes could be involved in cellulose bio-
synthesis. It has been more than 30 years since the discovery of the first TC by 
Brown, Jr. and Montezinos (1976) and in particular, 26 years after the  discovery 
of rosette TCs in plants by Mueller and Brown, Jr. (1980).

Until recently the only way to visualize linear and rosette TCs depended on the 
application of the freeze-fracture replication technique. We have now succeeded 
in visualizing the components of TCs by applying freeze replica labeling tech-
niques coupled with the solubilization of plant materials with SDS. In contrast, 
it has not been possible yet to prepare and purify cellulose synthases from plant 
cells. Success with the SDS-FRL technique in localizing cellulose synthases to 
the rosette TCs in plants was based on the ability to clone and express a region 
of the cotton cellulose synthase (GhCesA) and to obtain polyclonal antibodies 
against this region of the cellulose synthase. These antibodies allowed specific 
labeling of the cellulose synthases in the rosette TCs on the plasma membrane 
of Azuki beans (Vigna angularis) (Kimura et al. 1999). Similarly, polyclonal 
antibodies raised against a 93-kd protein, obtained during purification of cel-
lulose synthase activity from the bacterium Acetobacter xylinum, was found to 
be useful in labeling the linear TCs in this bacterium by the SDS-FRL technique 
(Kimura et al. 2001). Based on these experiments we now have direct proof that 
the rosette TCs contain cellulose synthase subunits that catalyze cellulose bio-
synthesis, and linear TCs in A. xylinum contain subunits of cyclic-di-guanylic 
acid (c-di-GMP) binding proteins that activate cellulose biosynthesis.

In the present article we will discuss the difficulties associated with under-
standing the composition of  the TCs and the application of  the SDS-FRL 
technique in unraveling the contents of the TCs.

2 THE CELLULOSE-SYNTHESIZING MACHINERY 
(TERMINAL COMPLEXES)

Roelofsen (1958) first suggested that native cellulose might be assembled, polym-
erized and crystallized by the action of a large enzyme complex located at the 
growing tip of the microfibril. Interestingly, Dobberstein and Kiermayer (1972) 
visualized ordered particle complexes within “f-vesicles” of the Golgi apparatus 
in the green alga Micrasterias denticulata, and these particles were implicated in 
the biosynthesis of cellulose. This work is significant historically, because what 
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was later to be beautifully imaged by freeze fracture was first observed in sec-
tioned material. Preston (1964) presented the ordered granule hypothesis based 
on the his observations of freeze-dried replicas of the innermost cell wall layer 
after plasmolysis in the marine algae Valonia and Chaetomorpha. Three-layered 
and rectangular enzyme particle-complexes were thought to be involved in 
cellulose biosynthesis, and according to this model, cellulose microfibrils were 
thought to be synthesized in three different directions. It is well known now that 
microfibrils are synthesized unidirectionally with parallel or antiparallel directions 
(Brown, Jr. 1978; Itoh and Brown, Jr. 1984).

More than 10 years after the presentation of Preston’s hypothesis, Brown, Jr. 
and Montezinos (1976) first discovered a plasma membrane particle complex 
associated with the ends of cellulose microfibrils in the alga, Oocystis apiculata. 
This complex was a linear multimeric structure, termed as a linear terminal com-
plex (TC), and it consisted of three rows of subunit particles. The complex was 
found to be intimately associated with microfibrils, as clearly evidenced by impres-
sions of microfibrils leading from and associated with the complex. In the same 
year, Brown, Jr. et al. (1976) also observed a single row of particles in the outer 
membrane of A. xylinum and showed that this type of particle row is the cellulose-
synthesizing machinery that is involved in cellulose biosynthesis. In 1980, Mueller 
and Brown, Jr. found a different arrangement of particles, a cluster or rosette of 
six particles, associated with the terminus of cellulose microfibril impressions on 
the P-fracture face of the plasma membrane in root tip cells of maize that were 
actively involved in cellulose synthesis. In the same year, Giddings et al. (1980) 
found octagonal arrays of rosettes in the plasma membrane of M. denticulata, and 
these arrays are involved in the synthesis of banded cellulose microfibrils in this 
alga. Since then, numerous studies have implicated rosette TCs (frequently called 
rosettes) in cellulose microfibril assembly (Emons 1991, 1994; Herth 1984, 1985a, 
b; 1987, 1989; Herth and Weber 1984; Hotchkiss and Brown, Jr. 1987, 1988; 
Hotchkiss et al. 1989; Itoh 1990; Itoh and Brown, Jr. 1984; Mizuta et al. 1989; 
Mueller and Brown, Jr. 1982; Rudolph et al. 1989; Tsekos 1999; Tsekos and 
Reiss 1992; Okuda et al. 1994; Brown, Jr. 1996). As shown in Figure 14-1, differ-
ent types of TCs have been identified in cellulose-producing organisms; however, 
TCs are categorized into two types, linear and rosette. Almost all species of land 
plants that include vascular plants, Pterophyta and Bryophyta have solitary rosette 
TCs. On the contrary, a variety of linear and rosette types of TCs are found in 
Protista. Different arrangements of linear rows of subunit particles form linear 
TCs and different groupings of rosette TCs from single to more than ten rosettes 
organized in regular arrays are observed in this group of organisms (Tsekos 1999; 
Grimson et al. 1996).

A. xylinum is the only organism in Monera that shows TCs with a single row of 
particles. To date, genes for cellulose synthesis have been identified in many bacterial 
species including A. xylinum, Agrobacterium tumefaciens, Rhizobium spp. (Ross et 
al. 1991); Escherichia coli, Klebsiella pneumoniae,  Salmonella typhimurium (Zogaj 
et al. 2001); and cyanobacteria (Nobles et al. 2001). In particular,  Acetobacter 
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and Agrobacterium have been used as model organisms for studying cellulose 
bio synthesis from a molecular biological and biochemical perspective. However, 
in spite of great progress in understanding cellulose biosynthesis in Agrobacterium, 
the TCs in this bacterium have not been well characterized. The inability to visualize 
TCs in Agrobacterium may be due to the difference between the actual fractured 
 membrane and the location of TCs particles. The occurrence of cellulosic micro-
fibrils has also been reported in cyanobacteria, but the presence of TCs is not 
confirmed in this group of organisms. Cyanobacteria would be a key group to 
understand the structure and function of TCs in relation to evolution because the 
origin of green plants is traced back to these organisms.

Animalia Fungi Plantae
(Land plant)

Protista

Monera

Ascidian

Vascular plants

Bryophyta

Cyanobacteria

Pterophyta

Zygnematales
Chlorophyceae

Xanthophyceae

Phaeophyceae

Rhodophyta

Acetobacter

Dictyosterium Charophyta

?

?

Figure 14-1. Different morphological forms of cellulose-synthesizing terminal complexes in five dif-
ferent biological kingdoms. (Figure 1 from: Itoh, T. 2002. Immunogold labeling of terminal cel-
lulose-synthesizing complexes-demonstration coupled by freeze fracture and immunogold labeling 
techniques. Regulation of Plant Growth and Development (in Japanese) 37:44–50. Reproduced with 
kind permission of The Japanese Society for Chemical Regulation of Plants.)
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Furthermore, we have found specific types of linear TCs in ascidians that are 
members of the animal kingdom and that are phylogenetically apart from plants 
(Kimura and Itoh 1996). In short, almost all cellulosic organisms have shown the 
presence of TCs. However, TCs have not been observed in any kind of cellulosic 
fungi. It has long been thought that Oomycetes are a cellulose-synthesizing fun-
gus; however, recent advances in molecular phylogeny show that Oomycetes clus-
ter with the stramenophiles group in protista together with Heterokonta, based on 
the morphology of zoospore and analysis of the 18S rRNA sequence (Peer and 
Wacher 1997; Saunders 1997). This means that fungi are the only group of organ-
isms that do not show the occurrence of TCs as well as cellulose biosynthesis.

Before 1999 only indirect evidence was available for the involvement of TCs 
in cellulose biosynthesis. Firstly, TCs could be observed at the terminus of cellu-
lose microfibril impressions. Secondly, the linear TCs in Oocystis apiculata could 
be observed as a pair in different developmental stages of TC growth, suggest-
ing that individual TCs in a pair may move in opposite directions by producing 
cellulose microfibrils (Brown, Jr. 1978). Thirdly, the length of linear TCs was 
shown to increase during the transition from primary wall to secondary wall 
formation in Valonia and Boergesenia (Itoh and Brown, Jr. 1988). There was 
no direct evidence to prove that cellulose synthases are localized in TCs on the 
plasma membrane until 1999 when Kimura et al. demonstrated that rosette TCs 
are labeled by CesA antibodies using freeze replica labeling techniques.

3 ADVANCES IN THE UNDERSTANDING OF CELLULOSE 
SYNTHASES

Research on cellulose biosynthesis has greatly advanced with the use of the bacte-
rium A. xylinum as an experimental material. This bacterium produces a ribbon-
like cellulose product at the surface of the cell. In 1987, c-di-GMP was shown to 
accelerate cellulose biosynthesis (Ross et al. 1987) and it is now possible to dem-
onstrate in vitro cellulose-synthesizing activity in membrane and purified fractions 
obtained from this bacterium. Cellulose synthases are supposed to be attached to 
the terminus of cellulose microfibrils and based on the heavy weight of the cel-
lulose, product entrapment was used to purify cellulose synthases from the other 
proteins in a manner similar to that applied for purification of chitin synthases 
(Kang et al. 1984). Two proteins that are required for cellulose synthesis were 
isolated and purified from A. xylinum by two groups in 1990 and 1991. One of 
these proteins was identified as the catalytic subunit of cellulose synthase (Lin 
et al. 1990), and the other protein was shown to bind c-di-GMP and activate the 
catalytic subunit (Mayer 1991). The gene encoding the cellulose synthase cata-
lytic subunit of A. xylinum was identified by determining the partial amino acid 
sequence of the cellulose synthase catalytic subunit and by analysis of mutants 
defective in cellulose production. At present, a number of proteins are suggested 
to be involved in cellulose biosynthesis in A. xylinum. Genes encoding these pro-
teins are organized in an operon. The cellulose-synthesizing operon contains four 
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structural genes bcsA, bcsB, bcsC, and bcsD. In addition, other genes such as those 
that encode for an endoglucanase and a protein of an unknown function are 
also required for cellulose biosynthesis. The bcsA gene encodes for the cellulose 
synthase catalytic subunit and the bcs B gene encodes for the c-di-GMP-binding 
protein that activates the cellulose synthase. (Wong et al. 1990). The bcsC and 
bcsD genes are thought to be involved in the secretion of cellulose microfibrils by 
controlling either crystallization or polymerization.

The identification of genes that encode cellulose synthases in A. xylinum made 
possible the molecular biological approach for identification of cellulose-synthase 
genes in plants. The screening for cellulose-synthase genes in plants was actively 
pursued using antibodies and nucleic acid probes derived from A. xylinum. 
However, it was not found possible to isolate the cellulose synthase genes from 
plants using the A. xylinum gene as a probe (Delmer and Amor 1995). In parallel 
with these experiments, amino acid sequence analysis was performed to identify 
conserved regions in enzymes that catalyze formation of β-1,4 linkages including 
cellulose synthase, hyaluronan synthase and chitin synthase (Delmer and Amor 
1995; Saxena et al., 1995). In 1996, Pear et al. performed random sequencing of 
cDNA libraries made from cotton fibers during secondary wall formation and 
isolated cDNA clones that encoded amino acid sequences that contained the 
conserved regions identified in the A. xylinum cellulose synthase.

The cotton cellulose-synthase (GhCesA) genes isolated by Pear et al. (1996) were 
found to be homologous to the CesA genes identified in Arabidopsis by analysis of 
mutants affected in cellulose biosynthesis. (Arioli et al. 1998; Taylor et al. 1999). 
Recently, it was confirmed that the GhCesA proteins show cellulose-synthesizing 
activity and it is suggested that although cellulose is directly synthesized from 
the precursor UDP-glucose, a lipid intermediate sitosterol-β-glucoside works as a 
primer for cellulose synthesis (Peng et al., 2002; Read and Basic, 2002).

4 HOW TO PROVE IF THE ROSETTE OR LINEAR TC 
IS THE CELLULOSE-SYNTHESIZING MACHINERY?

So far the evidences to suggest that TCs contain cellulose synthases were all 
indirect. In many cases, rosette TCs can not be visualized easily by freeze 
fracture replication technique even during stages of active cellulose biosynthesis 
in some plant cells. Therefore, we had to await for advances in immunocyto-
chemical techniques coupled with freeze-fracture electron microscopy to demon-
strate directly that rosette TCs contain the catalytic subunit of cellulose synthase 
and the linear TCs in A. xylinum contain the c-di-GMP-binding protein that 
activates cellulose synthesis.

However, we had to overcome two major difficulties before applying the freeze-
fracture technique coupled with immunogold labeling. First, it has been believed 
that conventional freeze-fracture technique does not allow for immunogold 
labeling. This is because the replica membrane made of platinum and carbon does 
not show any reaction with the antibody. This difficulty was overcome by utilizing 
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the SDS-solubilized freeze-fracture replica labeling technique first developed by 
Fujimoto (1995). The most important point about the immunochemical reaction 
as applicable to replica membrane is that the inner half  of the cell membrane that 
is physically fixed by platinum-shadowing during freeze fracture will not dissolve 
with SDS. According to Fujimoto et al. (1996), artificial membranes produced 
by a mixture of  α-phosphatidylcholine and L-α-phosphatidyl-L-serine and 
100% L-α-phosphatidyl-L-serine did not dissolve after they were strengthened by 
a platinum-carbon replica membrane.

Second, it has not been possible to isolate and purify cellulose synthases from 
higher plants and so it has been difficult to prepare antibodies against this pro-
tein. This problem was overcome by expressing a fragment of the cotton CesA 
cDNA that encoded the catalytic region of a cotton cellulose synthase in E. coli 
and using the recombinant protein for obtaining polyclonal antibodies.

5 LABELING OF FREEZE FRACTURE REPLICAS

The authors applied the fracture labeling technique termed SDS-FRL to plant 
cells for the first time (Kimura et al. 1999). This technique was initially devel-
oped for animal cells by Fujimoto (1995) to bridge the gap between biochemistry 
and the unique morphology that is revealed by splitting the bimolecular leaflet of 
membranes. However, the application of this technique to plant cells has been 
difficult because the cell wall remains after the SDS treatment and obscures 
evaluation of the replicas of the fractured face of the membrane. The harsh acid 
treatments customarily used for conventional freeze-fracture techniques will dis-
solve completely not only the cell wall materials but also the bulk of the antigens 
present in the cytosol and the plasma membrane that may be recognized by 
specific antibodies.

The authors overcame this difficulty by treating the tissue attached to the rep-
licas with a cellulase mixture commonly used for obtaining plant protoplasts. 
Figure 14-2 shows the comparison between conventional freeze-fracture and 
SDS-FRL techniques. The procedures of freeze-fracturing (a) followed by shad-
owing (b) are the same in both techniques. In the conventional freeze-fracture 
technique, plant tissues attached to the replica membrane are dissolved com-
pletely after chromic acid (Figure shows sulfuric acid and does not show the 
labeling of steps) treatment (c), including cell wall and cytoplasmic materials. In 
contrast, replica membrane attached to plant tissue are treated by a mixture of 
cellulase, pectolyase and proteinase inhibitor (c’) in SDS-FRL technique. The 
replica membrane is further treated with SDS after dissolving the cell wall. After 
washing, the replica membrane is labeled with the CesA antibody or preimmune 
serum (d). Following labeling, the replica membrane is washed and treated with 
a secondary antibody conjugated to colloidal gold (10nm). The replica mem-
brane is washed with PBS after this step, fixed with 0.5% glutaraldehyde, washed 
with distilled water twice, and placed on Formvar-coated grids for observing 
under transmission electron microscope. Using this protocol,the rosette TC was 
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labeled with CesA antibodies on the P-fracture face of cells in the elongating 
hypocotyls of Azuki bean (Figure 14-3).

It was observed that 74% of gold particles were attached to rosettes or within 
20 nm from the edges of rosette particles. Individual rosette was labeled with 1–4 
gold particles, but usually with 1–2 gold particles (inset of Figure 14-3).

Labeling of  the linear TCs of  A. xylinum was performed using an antibody 
raised against the 93-kd protein that is suggested to be the c-di-GMP-binding 
protein. Procedures for labeling of  the linear TCs of  A. xylinum are similar 
to that utilized for labeling of  the rosette TCs of  plants except for the added 
steps for digestion of  the peptidoglycan. The digestion of  the peptidoglycan by 
lysozyme prior to SDS solubilization was found to be a prerequisite for freeze-
fracture labeling of  membrane proteins in A. xylinum. Lysozyme digests the 
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Chromic acid treatment

Antibody labeling

Shadowing

Membrane
protein
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membrane
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Gold-conjugated
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d
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Figure 14-2. Comparison of SDS-FRL and conventional freeze-fracture techniques (a) freeze frac-
turing, (b) shadowing, (c) chromic acid treatment, (c′) Cellulase and SDS treatment, (d) antibody 
labeling. (Figure 2 from: Itoh, T. and Kimura S. 2001. Cellulose synthases are localized in terminal 
complexes. Journal of Plant Research: 114:483–489. Reproduced with kind permission of Springer 
Science and Business Media and the Botanical Society of Japan).
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peptidoglycan and therefore allows the cell debris to be removed, which is done 
by harsh acid treatments in conventional freeze-fracture. The replicas obtained 
by freeze replica labeling appear similar to those obtained by conventional 
freeze-fracture techniques. The linear TCs of  A. xylinum exhibit ordered parti-
cle arrays within single or double rows. The bacterial cell in Figure 14-4a shows 
the PF-face of  its outer membrane (OM) and a single row of  TC subunits with 
a cellulose ribbon attached at its terminus (arrow). Upon closer examination, 
the gold particles are observed to be attached along a single row of  TCs. In 
the case of  A. xylinum, almost all of  the fractured planes occur through the 
outer membrane. In other words, the fractured cytoplasmic membrane is rarely 
observed in A. xylinum although it is more commonly observed in other Gram 
negative bacteria (Beveridge, 1999). The frequency of  cytoplasmic membrane 
fractures is less than 5% based on the observation of  more than one hundred 
cells. Even in the case where we successfully visualized the fractured plane of  
the cytoplasmic membrane, only part of  this membrane was exposed. Further-
more, TC structures were never observed on the cytoplasmic membrane (CM) 
of  A. xylinum. Figure 14-4b and 14-4c show a fractured plane occurring in the 
OM. Antibody labeling of  TCs was not observed in a typical row of  particles 
(Figure 14-4b). However, TCs showing a line of  depressions or pits with an 
indistinct particle arrays were positively labeled (arrows, Figure 14-4c).

Figure 14-3. Numerous rosette TCs were labeled. Only one (dotted circle) of ten clearly visible rosette 
TCs is not labeled (upper left). Four (dotted circle) of twelve clearly visible rosette TCs are not labeled 
(lower left). A higher magnification of a rosette TC labeled with three gold particles is shown in up-
per right of the figure. A higher magnification of two rosette TCs each labeled with single gold par-
ticle is shown in middle right of the figure. A higher magnification of a rosette TC labeled with single 
gold particle is shown in lower right of  the figure. (Itoh, T., Kimura, S., and Brown, Jr. R.M. 2004. 
Theoretical considerations of immunogold labeling of cellulose-synthesizing terminal complexes. 
Cellulose 11:385–394. Reproduced with kind permission of Springer Science and Business Media).
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Evidence for understanding the topology of the bacterial membranes is fur-
thermore obtained from a very rare case of freeze fracture which shows a distinct 
row of TC particles and pits in a single line at the same time on the PF-face of 
OM (Figure 14-5). The TCs in this region of the pits were exclusively labeled 
with antibodies. Two different features associated with the linear rows on the 
PF- face of OM are noted: (i) a pit or depressed region with indistinct particles 
(Figure 14-5b); and, (ii) a distinct, single row of particles (Figure 14-5c). The 
gold particles are localized only in the former, but not in the latter. In addition, 
these same TC particles can be found associated with the outer leaflet of the OM 
in all cases; however, TCs on the E-fracture face are never labeled in any case 

Figure 14-4. Fracture-labeled images (PF face, panels A to C; EF-face, panel D) showing reaction with 
the c-di-GMP-binding protein (93-kDa protein) antibody. Panel A and C show a typical fracture-
labeled image of A. xylinum. The TC appears to be a single row along the longitudinal axis of the 
bacterial cell. A ribbon (arrow) of cellulose microfibrils is attached to the end of the TC row (Panel A). 
The 93-kDa protein antibody is distributed along the TC row on the PF face of the OM. The labeled 
TCs are visible as a row of slight depressions (or pits) with indistinct particles and small holes that may 
be due to particle displacement (Panel C). The TCs showing a distinct particle row on the PF face of 
the OM are not labeled with antibodies (Panel B). Panel D shows TCs with double rows on the EF face 
of the OM. The TCs on the EF face of the OM are never labeled by the antibodies (Figure 2a from: 
Kimura, S., Chen, H P., Saxena, I.M., Brown, Jr. R.M., and Itoh.T. 2001. Localization of c-di-GMP-
binding protein with the linear terminal complexes of Acetobacter xylinum. J Bacteriol 183:5668–5674. 
Reproduced with kind permission of the American Society for Microbiology).
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(Figure 14-4d). These membrane particles often appear complementary with the 
pit-like structures or depressions in the PF-face of OM.

6 SPECIFIC LABELING OF ROSETTE TCS

According to preliminary western blot analysis, the antibody to the recombinant 
cellulose synthase recognized an antigen of 130kd from three vascular plants - cotton, 
Arabidopsis and Vigna radiata. These results suggest that the catalytic subunit 
is conserved among a number of vascular plants. The antibody also recognized 
proteins obtained from cotton fibers during primary and secondary wall devel-
opment. The specific labeling of rosette TCs on the P-fracture face of plasma 
membrane by the CesA antibody therefore provides direct proof that the rosette 
TC contains the catalytic subunit of cellulose synthases.

Labeling of the rosettes with gold-conjugated secondary antibody showed that 
the gold particles were present not only on the rosette TCs but also within 20 nm 
from the edge of the rosettes. The distance of 20 nm from the edge of the rosettes 
is within the range of  the sum of  the lengths of  the primary plus secondary 
antibodies that has been determined to be 27 nm (Sarma et al. 1971). In fact, the 
actual distance from the antigens, cellulose synthases, may extend to more than 

Figure 14-5. Fracture labeled image showing two types of TCs structure revealed on the PF-face 
of the OM. The distinct TC particles (right half of  Figure 14-5a, Figure 14–5c) and depressions 
(or pits) with particles (left half  of Figure 14-5a, Figure 14-5b) are visualized in a single row on the 
same PF-face of the OM. Moreover, the labeling of gold particles can be seen only in the region with 
depressions (arrows in Figure 14-5a and 14-5b). (Figure 5a is Figure 3 from: Kimura, S., Chen, H P., 
Saxena, I.M., Brown, Jr. R.M., and Itoh,T. 2001. Localization of c-di-GMP-binding protein with 
the linear terminal complexes of Acetobacter xylinum. J Bacteriol 183:5668–5674. Reproduced with 
kind permission of the American Society for Microbiology).
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27 nm as the proteins within the rosette particles are denatured by SDS treat-
ment. However, the authors have been conservative and used the distance of 20 
nm between the gold particle and the rosette for quantitative analysis. When pre-
immune serum was used as the primary antibody, less than 2% of the rosette TCs 
were labeled with gold particles, which supports the specificity of the CesA anti-
bodies. When the preimmune data is compared with data where the CesA antibod-
ies were used the results are even more distinct. When we measured the distance 
from the center of the gold particle to the edge of the nearest rosette TC, it was found 
that 84% of the gold particles were closer than 20 nm (Figure 14-6). These results 
demonstrate that the antibodies to cellulose synthase specifically label a morpho-
logical structure that has been independently identified as associated with the 
end of cellulose microfibrils and suggested to be the site of the enzyme complex 
(Mueller and Brown, Jr., 1980).

It is also important to note that there is no specificity of antibody labeling on 
the E-fracture face of plasma membrane in V. radiata. This reinforces the concept 
that the catalytic region of the cellulose synthase lies truly on the cytoplasmic side 
of the plasma membrane, an observation that is congruent with the site of the 
catalytic domain predicted from sequencing data (Pear et al. 1996).

Figure 14-6. Frequency distributions of the number of gold particles associated with the immune 
serum containing antibodies to cellulose synthase and the preimmune control serum as a function 
of the measured distance to the center and the edge of the nearest rosette TC (left). Schematic 
diagram for the measurement of the distance between gold particles and rosette TC (right) is also 
shown (green:rosette, pink:primary antibody to cellulose synthase, blue:secondary antibody, red:
gold particle the 93 kDa antibody-labeled particles. (a) Schematic diagram for the measurement of 
the distance between gold particles and linear TCs. The distance (double arrowheads) between the 
edge of gold particles and the linear TCs is indicated by the dotted line. (b) Frequency distribution of 
the number of gold particles associated with the 93 kDa protein antibody is shown as a function of 
the measured distance (nanometers) to the linear TC. Total number of gold particles measured was 
277, taken from 30 different cells (See Color Plate of this figure beginning on page 355)
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7 SPECIFIC LABELING OF LINEAR TCs

The distribution of gold particles associated with linear TCs in A. xylinum is 
shown in Figure 14-7. The distance between the TCs and gold particles was cal-
culated by measuring the vertical distance between the edge of gold particles and 
a linear row of TC particles (Figure 14-7a, double arrowheads). For frequency 
analysis, 277 gold particles were randomly sampled from 30 different cells that 
had a single row of TCs. We neglected the measurement of this distance where 
the bacterium had double rows of TCs. Seventy five percent of the 277 gold par-
ticles were found within 20 nm of the linear row (shown as a dotted line in Figure 
14-7a) of TCs. Most gold particles were found within 10–14 nm, with a median 
distance of 9.3 nm from the linear row (Figure 14-7b).

8 THE MECHANISM OF LABELING OF CELLULOSE SYNTHASES

The key point of antibody labeling in SDS-FRL is to label the cytoplasmic 
region of cellulose synthases using the modified freeze-fracture technique com-
bined with cell wall digestion and SDS treatment. Transmembrane proteins 
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present in the rosette TC and that have large regions exposed to the cytoplas-
mic side were labeled by this method. SDS treatment is a prerequisite for this 
method to work and it is also important that the rosette TC proteins stay attached 
to the replica membrane. It is extremely important to note that Fujimoto et al (1996) 
 demonstrated by analysis of membrane proteins and lipids that these compo-
nents are not removed by SDS treatment from the inner half  of the fractured 
plasma membrane. This suggests that the semimembrane lipoprotein complex 
may be enzymatically active. The suitability of this idea can be demonstrated if  
the inner half  of fractured plasma membrane synthesizes in vitro cellulose upon 
addition of UDP-glucose and we are in the process of testing this idea.

Another point in understanding the mechanism of CesA antibody labeling is 
to determine the number of gold particles that can be associated with a single 
TC. The diameter of both the gold particles and antibodies is 10 nm. Therefore, 
the diameter of  the complex of  gold particle and antibodies is approximately 
30 nm (lower left, Figure 14-8). The diameter of a rosette TC is 25 nm. The 
actual image of a rosette labeled with these gold particles is shown in upper right 
of Figure 14-8. When we drew a Figure using the above mentioned dimensions, 
the illustration as shown in the middle right of Figure 14-8 was obtained. The 
lower right of Figure 14-8 shows the side view. It is surprising to see such a close 
match between the actual image (upper right of Figure 14-8) and its illustration 
(or modified) (middle right of Figure 14-8).

9 FUTURE PERSPECTIVES ON SDS-FRL AND RESEARCH 
IN CELLULOSE BIOSYNTHESIS

Immuno-gold electron microscopy applied to SDS-FRL is a superb technique to 
demonstrate the localization of membrane-associated proteins not only in plant 
cells but also in bacterial cells. Now that it has been confirmed that the rosette 
TCs of higher plants contain the catalytic subunit of cellulose synthases, the 
question is how many CesA genes are involved in cellulose biosynthesis in indi-
vidual plant species. About ten CesA genes have been identified in Arabidopsis 
(Richmond 2000; Holland et al. 2000) and interactions among three different 
CesA proteins is shown to be required for cellulose synthesis in Arabidopsis (Taylor 
et al., 2003) and rice (Tanaka et al. 2003). These findings suggest that three 
different CesA genes have a role in cellulose synthesis at the same time. However, 
it is not known whether the three different CesA proteins are present in the same 
TC or not. In order to prove these possibilities, we need to prepare antibodies 
against several different CesA proteins that can be labeled with different sizes 
of gold particles allowing for double- or triple-labeling in this application of 
SDS-FRL.

The specific labeling of c-di-GMP-binding protein to a single row of cellu-
lose-synthesizing TCs in the outer fractured membrane of A. xylinum should 
allow localization of other proteins in these complexes (Kimura et al., 2001). In 
the near future, it will be possible to localize crystallization proteins and pore 
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proteins that control the dimensions of the cellulose microfibril (Saxena et al. 
1994) using SDS-FRL.

The application of this technique will also probe the localization of other 
proteins which are hypothesized to be components of rosette TCs in plant cells 
(Doblin et al. 2002; Joshi et al. 2004), the membrane-anchored glucanase (Lane 
et al. 2001; Mølhøj et al. 2001; Sato et al. 2001; Szyjanowicz et al. 2004; Rober 
et al. 2005), sucrose synthase (Amor et al. 1995; Salnikov et al. 2001), and callose 
synthase (Cui et al. 2001; Zonglie et al. 2001a, b). A number of these proteins 
are important for cellulose synthesis. Recently, an Arabidopsis mutant defective 
in the COBRA protein was isolated (Roudier et al. 2005). This mutant exhib-
its disorganization of the orientation of cellulose microfibrils and subsequent 
reduction of crystalline cellulose. It is suggested that the COBRA protein is 
a GPI-anchored protein localized on the plasma membrane. This means that 
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COBRA protein is involved in the regulation of cellulose microfibril arrays and 
in the future it may be possible to determine the localization of this protein by 
SDS-FRL.

Generally speaking, SDS-FRL is a superb technique to visualize the localiza-
tion of any kind of protein that resides not only in the plasma membrane but 
also the membranes of cell organelles. The authors hope that SDS-FRL will be 
applied in different fields to understand the function of not only plant cells but 
also other organisms in general.
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CELLULOSE SHAPES
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Abstract
This chapter surveys the shapes of cellulose molecules. New, high-resolution experi-
ments on the various crystalline polymorphs are reviewed, and their similar twofold 
helical shapes are compared. Conversion between cellulose I and II is discussed, 
including interdigitation and chain-folding as possible mechanisms. Information on 
molecular shape from cellotriose and tetraose is also reviewed along with data for 
derivatives and complexes. To convert crystallographic data from disaccharides such 
as cellobiose, the usual descriptors of disaccharides, the torsion angles ϕ and ψ, are 
converted to the helical polymer descriptors, n and h. Evidence is also gathered from 
crystals of complexes of proteins and cellodextrins. Once the experimental informa-
tion is consolidated, it is shown how theoretically calculated energies for the vari-
ous shapes can contribute to a coherent, overall picture of the possible shapes of the 
molecule in both crystalline and noncrystalline regions. Almost all of the studies of 
related molecules indicate that cellulose is a very extended molecule with between two 
and three residues per turn. Some of those molecules were slightly right-handed, but 
most were left-handed.

Keywords
conformation, diffraction, helix, molecular mechanics, quantum mechanics, screw axis, 
x-ray.

1 INTRODUCTION

The polysaccharides cellulose, starch, and callose all have equivalent chemical com-
positions, e.g., C6H11O5−(C6H10O5)x-2−C6H11O6, where x indicates the hundreds or 
thousands of glucose residues in each molecule. They differ in the details of the 
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attachment of one glucose residue to the next with, respectively, β-(1,4)-, α-(1,4) 
and β-(1,3) linkages. Although molecular weight is also a factor, their different 
linkage geometries lead to individual three-dimensional shapes that are the basis 
for most of the properties that distinguish these molecules and their roles from 
each other. For example, we wear cellulose, in the form of cotton or rayon, and 
we eat starch, and not vice versa. In particular, the most frequently occurring 
shapes of these flexible molecules determine the way that the molecules associ-
ate to form larger structures that again will have specific properties. Knowledge 
of molecular shapes is useful in many ways because the shapes can be altered to 
change properties. Knowledge of shape is also vital to understanding cellulose 
biosynthesis because that process results in elaborate structures. These structures 
give important clues as to what occurs during biosynthesis.

This chapter provides an overview of the shapes of cellulose molecules. New, 
high-resolution experimental determinations of the shapes of cellulose in crystals 
are available, as well as many more experiments of  varying quality for cel-
lulose and its derivatives and related molecules. We will take advantage of this 
evidence. Once the experimental information is consolidated, we will show how 
theoretically calculated energies for the various shapes can contribute to a coher-
ent, overall picture of the possible shapes of the molecule in both crystalline and 
noncrystalline regions.

2 CELLULOSE POLYMORPHY AND CRYSTAL STRUCTURES

It is not immediately obvious that most cellulose is crystalline, but its long 
chains of  glucose residues associate in crystallites that consist of  some 5,000 
to as many as 300,000 glucose residues. This is in contrast to crystals of  small 
compounds such as cellobiose that contain 1015 or more molecules. Those 
crystals yield very accurate structural information when studied with x-ray or 
neutron diffraction. However, even the small crystals of  cellulose diffract such 
radiation, creating patterns of  spots whose positions reveal the periodicity of  
the repeated arrays of  atoms. The intensities of  the spots contain information 
about the positions and types of  atoms within the repeated unit. In Figure 
15-1, we have superimposed six different chain segments that are composed of  
five glucose residues that have been replicated from the atomic coordinates in 
recent, high-resolution reports. Except for the O6 positions, the differences are 
not substantial.

Not all cellulose is crystalline. Less-ordered cellulose is more chemically reac-
tive and has different physical properties. Therefore, it is necessary to understand 
both the crystalline and noncrystalline phases. Various treatments can be applied 
to destroy the crystallinity, but less-ordered cellulose also occurs naturally. For 
example, a given cellulose molecule will often pass through several crystallites, 
as in ramie (a bast fiber). In ramie, crystallites are long enough to accommodate 
approximately 300 glucose units (Nishiyama et al. 2003b), but the cellulose 
molecules in ramie are much longer than that.
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By definition, cellulose between the crystallites is noncrystalline, but the degree 
of disorder can vary. A fairly ordered but noncrystalline cellulose might have all 
chains aligned in the same direction and similar chain shapes. The noncrystal-
linity would arise from irregular spacing between the chains. On the other hand, 
a highly disordered, amorphous cellulose could have, within each molecule, ran-
domly varied shapes, and similarly random relationships with other chains. Even 
in crystalline regions, the small crystallites have large fractions of the cellulose 
chains on the crystallite surfaces, and atoms on the surface may not conform 
to the internal periodicity. Distortions of the crystallites from outside forces 
also occur, such as curvature in the structure of the cell wall. Such departures 
from long-range order limit the diffraction data from celluloses of  commercial 
importance, such as cotton or wood.

2.1 The polymorphs

Polysaccharides usually crystallize in numerous forms, or polymorphs, that 
depend on the history of  the sample. At first glance the various cellulose 
forms give four different diffraction patterns, and the polymorphs were 
named I–IV. Now we know that, despite the similarities of  patterns and over-
all molecular shape, there are important differences in chain-packing within 
these groups. Cellulose I is the predominant native structure. Cellulose made 
by bacteria and algae has a high proportion of  the subgroup cellulose Iα, 
and cellulose from higher plants is mostly Iβ (Atalla and VanderHart 1984; 
Sugiyama et al. 1991).

Cellulose II can be obtained by dipping cotton, flax or other fibers in cold, 
concentrated NaOH with subsequent rinsing. Although that laboratory process 
is often called mercerization, commercial mercerization is done at higher tem-
peratures and with dilute NaOH. It does not result in much, if  any, conversion to 

Figure 15-1. The six different chain shapes from the crystal structures of the cellulose polymorphs 
I, II, and IIII, superimposed at their C1, O4, and C4 atoms to show the differences in the molecular 
shapes. Indicated for the five-residue segments are the linkage torsion angles, ϕ and ψ. There are two 
unique chains in both the Iβ and II structures (with O6 tg) and one each from Iα and IIII (with O6 gt). 
The single-chain Iα structure has two sets of ϕ and ψ values because of its lower symmetry. Atomic 
numbering is indicated; the reducing end is to the right and the nonreducing end is on the left (See 
Color Plate of this figure beginning on page 355)
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cellulose II. Cellulose also takes the II form after dissolution and regeneration, 
as in the manufacturing of rayon. Solutions of 65% nitric acid can also swell cel-
lulose and convert it to cellulose II (Katz and Hess 1927; Chedin and Marsaudon 
1954). Finally, there are instances of biosynthesis of cellulose II, e.g., by bacteria 
in low temperature surroundings (Hirai et al. 2002) or by bacteria that have 
undergone mutation (Kuga et al. 1993).

Cellulose III results from treatment of cellulose with amines of various sorts, 
with supercritical ammonia being especially effective. There are two different 
structures, one made from cellulose I, called IIII, and the other from cellulose 
II, called IIIII. Although their structures apparently have similarities, they are 
different. They revert to their initial forms under certain conditions. Cellulose 
IV results from treatments at temperatures above 240°C. Again, there are two 
subgroups, IVI and IVII. The most recent information on IVI is that it is very 
closely related to cellulose Iβ (Wada et al. 2004a).

2.2 High-resolution structure determinations

In the past few years, there have been advances in the detailed understanding 
of the crystalline structures through x-ray and neutron diffraction experiments. 
These advances were possible because synchrotron x-ray beams are much more 
powerful than ordinary laboratory beams, giving double or triple the amount of 
diffraction data. Neutron diffraction permits location of deuterium atoms so the 
“hydrogen bonding” systems can be worked out on samples that have had the 
hydroxyl hydrogen atoms substituted with deuterium atoms. Also, new methods 
have been used to prepare samples that are much more crystalline, also leading 
to more diffraction data.

So far, highly detailed structures have been published for cellulose Iα ( Nishiyama 
et al. 2003a), Iβ (Nishiyama et al. 2002), mercerized II (Langan et al. 2001), and 
IIII (Wada et al. 2004b). Although it is fair to say that there is more to learn about 
these structures, and that controversies are not completely settled (Sternberg 
et al. 2003), the information presented on these structures so far is very strong. 
The cellulose I structures have an especially complex, disordered hydrogen bond-
ing system. Besides the hydrogen bonding, strong van der Waals forces are in 
play to hold the crystals together (Ford et al. 2005). As mentioned above, super-
imposed chain segments for cellulose Iα, Iβ, II, and IIII are shown in Figure 15-1, 
and their crystal packing is displayed in Figure 15-2. Cellulose Iβ and II have two 
chain monoclinic unit cells. Cellulose Iα has a one-chain triclinic unit cell, and IIII 
has a one-chain monoclinic unit cell. All of the structures have an intramolecular 
hydrogen bond between O3-H and O5 of the preceding glucose residue.

2.3 The dominant twofold shape in crystals

When monomeric units in a molecular chain (e.g., the glucose residues in cel-
lulose) are regularly repeated, i.e., in crystals, they form shapes that can be 
described mathematically as helices. Helices of cellulose in crystals are described 
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with n, the number of monomeric glucose units per turn of the helix, and h, 
the rise per glucose unit along the helix axis (see Figure 15-3). In the four main 
crystalline polymorphs, cellulose has approximate or exact twofold screw-axis 
symmetry, i.e., n = 2. From the highly detailed papers cited in the previous 
paragraph, the crystallographic repeats along the molecular axes (the helix pitch, 
P = n × h), are 10.40 Å in Iα, 10.38 Å in Iβ and 10.31 Å in II and IIII. Therefore, 
the h values are 5.20 Å, 5.19 Å, and 5.155 Å, respectively. The chains have the shape 
of a flat ribbon that permits a very dense crystal packing similar to the packing 
of bricks in a wall. The densely packed crystallites appear to account for the 
strong and nearly insoluble nature of cellulose fibers. Twofold screw-axis sym-
metry relates successive glucose residues by rotation of 180º and simultaneous 
translation along the chain axis. Thus, the cellulose chain can be generated by 
repeatedly applying the twofold screw symmetry operator to a glucose residue 
in these crystals. As we will see below, twofold shapes are not the only likely ones 
for cellulose molecules.

If the chain symmetry is essentially the same in all polymorphs, what are the dif-
ferences? One difference is the chain packing, with parallel (cellulose I and IIII) and 
antiparallel (cellulose II) arrangements. In Iα (see Figure 15-2), the central, hori-
zontal sheet of three chains is shifted up towards the viewer by half a glucose resi-
due compared to the bottom sheet of two chains, and the top sheet of two chains 
is shifted up another half glucose residue compared to the central sheet. These 
translations are different from the scheme in Iβ, in which the top and bottom rows 
of chains in the figure have no relative shift; only the central chain is shifted up 
by half a glucose residue. The similar hydrogen bonding schemes of Iα and Iβ are 

Figure 15-2. Views of the chain packing perpendicular to the molecular axes for cellulose Iα, Iβ, II, 
and IIII. The unit cells and seven chains are shown for each. Hydrogen atoms are not shown. The 
unit cells show the relationships of four chains and contain fractions of them; two-chain cells have an 
additional chain within their boundaries (See Color Plate of this figure beginning on page 355)
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different from the scheme in cellulose II, which is close to that of IIII. Small varia-
tions in shapes of the glucose rings and the orientations of the −CH2OH groups 
are shown in Figure 15-1. Twofold or pseudo-twofold chain shapes are also known 
for IIIII, IVI, and IVII, but high-resolution studies are as yet not available.

2.4 Topological nightmare

By far the most remarkable result from the above work has been the confirma-
tion of parallel chain packing for both cellulose I structures and for cellulose 
IIII (Wada et al. 2001, 2004b), along with the finding that the chains are packed 
antiparallel in cellulose II. A crystal composed of parallel chains has all mol-
ecules pointed in the same direction, while antiparallel crystals have alternate 
chains in opposite directions. Thus, parallel structures have all the reducing ends 
of the molecules at one end of the crystal, and antiparallel structures have half  
the reducing groups at each end. Because laboratory mercerization converts par-
allel cellulose Iβ to antiparallel II despite retention of the fiber structure, there 
has been much controversy since these conclusions were first proposed based on 
much less data (Kolpak and Blackwell 1976; Stipanovic and Sarko 1976; Kolpak 
et al. 1978). Suspicion regarding fiber diffraction results is understandable. In 
the past, there have been several problematic determinations of cellulose struc-
ture. See, for example, a paper by one of the current authors, who found that 
parallel structures of cellulose did not fit literature x-ray data for ramie as well 

Figure 15-3. Schematic left- and right-handed helices with four monomeric units per turn and 
13 units altogether in each. The pitch, ψ, of the helix is indicated, as is the rise per residue along the 
helix axis, h (See Color Plate of this figure beginning on page 355)
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as an antiparallel structure (French 1978) or the incorrect tg O6 positions in the 
above early proposals for cellulose II.

However, even prior to the new high-resolution diffraction work, there was cor-
roboration by other techniques (Hieta et al. 1984; Chanzy and Henrissat 1985; 
Koyama et al. 1997) plus insight on the possible process of conversion (Nishiyama 
et al. 2000). Most researchers now agree that cellulose Iβ has parallel chains. 
Single-chain unit cells as found for Iα and IIII, by definition, characterize parallel 
chain structures. Therefore, the main question among those who have not accepted 
the parallel-to-antiparallel conversion is whether converted cellulose II could some-
how retain the parallel packing of cellulose I (Kroon-Batenburg et al. 1996). That 
proposal avoids a necessity for the seemingly impossible parallel-to-antiparallel 
conversion with retention of the fibrous form.

There are several examples of  structures where the antiparallel packing of  
cellulose II can be inferred without thorough crystal structure determination. 
Bacterial cellulose that was treated in concentrated NaOH for several days lost its 
long, fibrous form (Shibazaki et al. 1997). In the case of loosely packed, primary 
wall cellulose crystallites from parenchymal sugar beet cell walls, treatment with 
alkali >12% causes loss of  the fibrous form. In both cases, the original long, 
needle-like crystallites became globular (Dinand et al. 2002). These conversions 
are consistent with chain-folding. Also, cellulose II formed by bacteria at low-
temperature is in a “band” in which the cellulose molecular axis is perpendicular 
to the axis of the band (Hirai et al. 2002). The crystalline dense bands are narrower 
than the length of cellulose molecules, so such cellulose must be folded. At room 
temperature, the same bacterium produces cellulose I with the familiar fibrillar 
form. Another example of a folded cellulosic backbone is furnished by lamellar 
cellulose triacetate crystals grown from dilute solution (Manley 1960, 1963).

2.5 Interdigitation

The conversion of  fibrous cellulose from Iβ to II is apparently special, occur-
ring only for fibers that have substantial amounts of  secondary cell wall mate-
rial inside an intact primary wall such as found in seed (e.g., cotton) or bast 
(e.g., flax or ramie) fibers. Even keeping cotton or ramie fibers under tension 
while they are immersed in NaOH prevents the crystal structure change. These 
findings are consistent with the “interdigitation” hypothesis (see Shibazaki 
et al. 1997; for a recent paper) that has been advanced to explain the conversion. 
It is based on the idea that these dense secondary cell walls contain crystallites 
that are internally composed of  parallel chains. In turn, the crystallites them-
selves are antiparallel to adjacent crystallites. Upon swelling in NaOH, the 
chains in the adjacent crystallites intermingle, producing crystallites that have 
antiparallel chains and lower potential energy. The constraints of  an intact 
primary wall during NaOH treatment are thought to prevent massive folding 
of  the cellulose but still allow the interdigitative movements of  the extended 
molecules.



264 Alfred D. French and Glenn P. Johnson

3 OTHER CELLULOSIC POLYMERS

Derivatizing or complexing cellulose sometimes results in other helical shapes. 
One complex, soda cellulose II, has a chain conformation with n = 31 (Whitaker 
et al. 1974). The crystal structures of the derivatives deviate from the twofold 
shape more often. These structures have not been determined with the same 
high resolution as the above recent studies but they have helices with two to 
three residues per turn. Among the structures are trinitrocellulose (Meader et al. 
1978), with five glucose residues in two turns (n = 2.51), the nitromethane com-
plex of cellulose triacetate (Zugenmaier 1985) which has 8 residues in 3 turns 
(n = −2.67) and triethylcellulose, which has n = −3 (Zugenmaier 1983, 1986). 
All are extended, with h > 5 Å. From this standpoint, then, the shapes in non-
crystalline regions could range continuously between two and three residues per 
turn. Older literature (Hess and Trogus 1931) reports cellulose derivatives with 
four residues per turn but those proposals need to be re-evaluated in the light of 
current knowledge. One of the most interesting molecular shapes of a cellulose 
backbone is reported for xanthan, a gum that has a three-monosaccharide side 
chain on every other glucose unit in the backbone. In the native state, the mol-
ecule is reported to form a double helix, composed of strands that each repeat 
after five cellobiose units, in 47.4 Å (Chandrasekaran and Radha 1997). Other 
details are not known. The double helix can be disassociated, and a “onefold 
helix” has been proposed (Millane and Wang 1990) for interactions with other 
polysaccharides. In that proposed structure, the backbone has essentially the 
same shape as crystalline cellulose.

Very short cellulose chains, such as cellotetraose (Gessler et al. 1995), with 
four glucose residues, and methyl cellotrioside (Raymond et al. 1995), with just 
three glucose residues and a terminal methyl group on O1, have been crystal-
lized and their structures determined. Based on their powder diffraction pat-
terns, which are sharper but otherwise nearly identical to those of cellulose II, 
their structures (see Figure 15-4) should be similar to cellulose II. This is another 
observation that supports antiparallel cellulose II, as the short chains in these 
structures are also antiparallel.

4 INFORMATION FROM SMALL MOLECULES IN SELF-CRYSTALS 
AND PROTEIN–CARBOHYDRATE COMPLEXES

Another way to learn of the likely molecular shapes for cellulose depends on 
extrapolation of the shapes that are found in crystal structures of molecules 
such as cellobiose (Chu and Jeffrey 1968), α-cellobiose complexed with NaI and 
H2O (Peralta-Inga et al. 2002), cellobiose octaacetate (Leung et al. 1976) and 
related compounds (French and Johnson 2004a). Similar, although less accurate, 

1 As will be discussed later, the Na cellulose II and trinitro structures are probably left-handed 
(n = −3 and −2.5, respectively), but were originally reported as right-handed.
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information can be obtained from complexes of molecules such as cellotetraose 
or lactose (4-O-β-D-galactopyranosyl-D-glucopyranose) with proteins. Through 
packing forces, crystals can distort similar molecules in different directions. 
However, our thinking is that the main determinants of the shape of a polysac-
charide arise from intramolecular forces that are essentially the same as those for 
a disaccharide. Many short molecules are suitable for extrapolation. Small mol-
ecule atomic coordinates are contained in the Cambridge Structural Database 
(Allen 2002) and the protein–carbohydrate complexes are in the freely accessible 
Protein Data Bank (Berman et al. 2002), making it feasible to perform compre-
hensive searches.

So far, we have been describing the cellulose shapes in terms of the polymeric 
descriptors, n and h. These parameters do not apply to small molecules that are 
not helices. Instead, the most important shape variables for the small molecules 
are ϕ and ψ, the linkage torsion angles indicated in Figures 15-1 and Figure 15-5. 
To proceed, we need to present a conversion of ϕ and ψ to n and h,2 after which 

Figure 15-4. Views of the methyl cellotrioside (Raymond et al. 1995) and cellotetraose-ethanolate 
(Gessler et al. 1995) crystal structures. There are four unique cellotrioside molecules, with eight 
 values of ϕ and ψ. Cellotetraose crystals contain two unique molecules, and have six values of ϕ and ψ. 
Only half  of the trioside unit cell is shown. TAQYAL and ZILTUJ are the Cambridge Structural 
Database “refcodes” for these structures (See Color Plate of this figure beginning on page 355)

2 The conversion is performed using equations developed by Shimanouchi and Mizushima (1955).
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we will operate primarily in ϕ,ψ space. Another reason to operate in ϕ,ψ space is 
that it is not convenient to calculate the energy based on n and h. We will return 
to the extrapolations from small molecules after we discuss the conversion and 
examine the cellulose, methyl cellotrioside and cellotetraose structures in terms 
of ϕ,ψ space.

5 THE j,y TO n,h CONVERSION MAP

For a specific set of atomic coordinates for the glucose residue and a fixed link-
age bond angle, τ, there is an exact conversion from ϕ, and ψ to values of n and 
h, as shown in Figure 15-63 (similar maps were presented in 1968 by Rees and 
 Skerrett). The reverse conversion is ambiguous at best. Figure 15-6 shows that 
for a given n and h, there are two values of ϕ and ψ.

The generalized shape of the ring of β-D-glucose is a chair with carbon atom 
4 high and carbon 1 low, denoted 4C1 (see the nonreducing ring in Figure 15-5). 
However, all experimentally determined rings vary from the ideal shape to one 

3 Figure 15-6 shows a two-dimensional representation of φ,ψ space. Each axis encompasses a full 
360º, but the starting and ending values are shifted from what the reader might expect. We do this 
because much of the previous and current work defines the φ and ψ torsion angles based on the 
hydrogen atoms, e.g. φH = H1′-C1′-O4-C4, and ψH = C1′-O4-C4-H4. Further, the values of those 
torsion angles are usually −180º to +180º. That convention places most of the observed structures of 
all disaccharides in a more-or-less central region of the φ,ψ map. In our case, however, we are going 
to plot the φ,ψ values found in crystal structures. The most common technique for determining the 
structure of molecules in crystals is x-ray diffraction, and the positions of hydrogen atoms in many 
x-ray studies are not accurately determined. Therefore, we define the torsion angles based on only 
carbon and oxygen atoms, i.e. φO5 = O5′-C1′-O4-C4, and ψC5 = C1′-O4-C4-C5. The numeric values 
(−300º to +60º) that we have used permit the favored regions of φ,ψ space to be located in the same 
position as when the axes were defined based on φH and ψH, ranging from −180º to +180º. Also, the 
important n = 2 line crosses φ,ψ space through the middle of the diagram.

Figure 15-5. The α-cellobiose disaccharide with the geometry found in the crystal structure of the 
hydrated NaI complex (Peralta-Inga et al. 2002). The O6 and O6′ atoms are in gg positions. No 
intramolecular hydrogen bonds are formed in this structure (See Color Plate of this figure beginning 
on page 355)
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degree or another, and τ values in small molecules range from 113.7º to 117.7º 
(French and Johnson 2004a). The interpretation in Figure 15-6 of ϕ and ψ to 
give n and h values is done with purely geometric manipulations based on a 
selected glucose ring geometry (the nonreducing ring of β-cellobiose) and an 
assumed glycosidic bond angle (116º). In terms of an overall conversion, it is 
only a qualitative picture, because of the variations in ring geometry and τ that 
are found in the different crystal structures. (Examples of conversion to n and h 

Figure 15-6. A conversion between ϕ and ψ and n and h. This plot was obtained with the geometry 
of the nonreducing ring of crystalline β-cellobiose (Chu and Jeffrey 1968) and a covalent bond angle 
of 116º. Models constructed of four glucose residues were stepped through all of ϕ and ψ space in 
20º increments and the n and h values were calculated with the equations of Shimanouchi and Mit-
sushima (1955). A spreadsheet for those calculations is provided by French and Johnson 2004a, who 
also discuss helix theory in greater detail. Lines of constant n, ranging from −5 to +5 residues per 
turn, are solid, and the lines of iso-h, which range from 0 to 5, are dashed (several lines are omitted 
for clarity). Negative values of n denote left-handed helices, and positive values are for right-handed 
structures. Structures with n = 2 can be described as neutral. There are transitions in helix handed-
ness when crossing the n = 2 line and when crossing the h = 0 line
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from experimentally observed ϕ, ψ, τ and exact monomeric geometries are pro-
vided in French and Johnson (2004a)).

The variations in the values of n and h due to the variations in ring shape and 
τ are one reason that these conversion maps have seen little use in recent work. 
Still, because of the similarity of the ring shapes and the limited range of τ, these 
approximations are reasonable.

A key feature of Figure 15-6 is the corner-to-corner diagonal line that denotes 
structures having twofold symmetry. Structures close to that line, but above or to 
the right of it have left-handed shapes, denoted by negative values of n, and those 
below or to the left of the line are right-handed. (French and Johnson 2004a, explain 
why the value of n changes from positive to negative at 2 instead of 0.) In the central 
region, the values of n are generally low and h is near the maximum. Helices with 
high h are “extended,” and those with minimal values are “collapsed.”

There is another interesting situation in Figure 15-6. Moving in either direc-
tion from the central diagonal, the absolute values of n increase and the values 
of h decrease. At the point where h becomes zero, the helix deteriorates into a 
circle. Just as is the case along the center diagonal n = 2 line, there is a reversal of 
helix handedness when crossing the lines of h = 0. For longer chains, h = 0 is not 
possible because it would cause severe atomic overlap, but such structures could 
occur for short chains or in a short segment of the molecule that otherwise has 
linkages that lead to extended shapes.

One way to produce a fold in a cellulose chain is to give a short segment of the 
chain the shape that results in a helix with a small h, while the glucose residues 
on either side of that section have linkages that give an extended shape, as shown 
in Figure 15-7. Any structures near the h = 0 lines could lead to folding. Such 
bulb-shaped folds may, however, not fit well with neighboring folds, and more 
study is needed.

6 CRYSTAL STRUCTURES IN j, y SPACE

6.1 Cellulose and its oligomers

Figure 15-8 shows the locations of ϕ and ψ values for cellulose Iα, Iβ, II, and IIII. 
Also indicated are the values from the crystal structures of methyl cellotrioside 
(Raymond et al. 1995) and an ethanol complex of cellotetraose (Gessler et al. 1995).

The distribution of the crystal structures slightly off  the n = 2 line reflects 
minor variations in the monomeric geometry as well as slightly different glyco-
sidic bond angles for cellulose Iβ, II, and IIII. The deviations do not indicate an 
absence of twofold screw symmetry. Cellulose Iα, cellotrioside and cellotetraose 
structures also fall near the n = 2 line despite the absence of exact twofold screw-
axis symmetry. In the cellulose I structures, the O6 atoms are in the tg position 
(see Figure 15-1), allowing an intramolecular hydrogen bond with O2 in the next 
residue. All of the other structures in Figure 15-8 have O6 in the gt position (see 
Figure 15-1). All make O3–O5′ hydrogen bonds, and the structures with O6′ in 
the gt position also have long O3–O6′ hydrogen bonds.
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6.2 Small molecules

The range of  linkage conformations from small molecule crystal structures 
(Figure 15-9) is greater than in Figure 15-8. A few of  these structures are as 
close to the twofold line as are the linkages in Figure 15-8, but most are some-
what farther away from the line. The most distant are above and to the right, 
indicating left-handed helices with up to nearly three residues per turn. There 
is also one linkage geometry (Ernst and Vasella 1996) that would fall near the 
bottom edge of  the full map in Figure 15-6 (not shown). It has a hydrogen 
bond between O3 and O2′ and could also correspond to the shape in a fold. 
This geometry, applied to three successive linkages, was the basis for the fold-
ing in Figure 15-7. The small-molecule based structures are discussed in more 
detail in French and Johnson (2004a). Structures that have hydroxyl groups 
and that have ψ values lower than −122º on Figure 15-9 have O6 in the gt 
position, at least on the nonreducing ring. Like cellulose II, they also form 
intramolecular, interresidue hydrogen bonds, with O3 donating simultaneously 
to O5′ and O6′. In group of  seven structures above −122º, there are no intra-
molecular, interresidue hydrogen bonds. Some of  those molecules possess the 
requisite hydroxyl groups but form inter- instead of  intramolecular hydrogen 

Figure 15-7. Drawing of a cellulose chain seg-
ment in a folding conformation. The ϕ and ψ 
values are indicated. This bend was energy 
minimized with MM3. The lower portions 
retain the linkage geometries of  crystalline 
cellotetraose (Gessler et al. 1995) (See Color 
Plate of this figure beginning on page 355)
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bonds. Other molecules in that group were chemically substituted and could 
not form hydrogen bonds.

6.3 Protein–cellodextrin complexes

More structural data for cellulose-type linkage geometries are available from 
crystals of proteins that are complexed with either cellulose fragments or mol-
ecules that contain a lactose moiety. Figure 15-10 shows a complex of cellote-
traose and an endoglucanase (Sakon et al. 1996), as well as the structure of the 
fragment in more detail. That protein is an enzyme that catalyzes the hydrolysis of 
cellulose  molecules, but it also has nonhydrolytic binding sites. Other proteins do 

Figure 15-8. The locations in ϕ,ψ space of the linkage torsion angles from diffraction studies of cel-
lulose Iα, Iβ, II, and IIII. Also shown are the lines of approximate conversion of ϕ and ψ to n and 
h from Figure 15-6. Only the small, occupied portion of ϕ,ψ space is shown. There are two sets of 
ϕ and ψ values for each structure except IIII. Also included are the eight conformations for the methyl 
cellotrioside (tri) and the six for cellotetraose (tetra). All fall near the idealized twofold (n = 2) line
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not break down cellulose but do bind it. Because the carbohydrate in these struc-
tures is surrounded by amino acid residues and water molecules, it is in a very 
different environment than when it is crystallized with like molecules in the small 
molecule crystals of the previous paragraph. While linkage distortion may be a 
feature of catalytic action (French et al. 2001b), we imagine that the various pro-
teins mostly accommodate either a very low-energy form of an isolated cellulose 
molecule or can bind to a part of a cellulose crystal. Even well-determined protein 
crystal structures are generally less accurate than the small molecule structures 

Figure 15-9. The locations of the small molecule crystal structures in ϕ,ψ space, along with the iso-n 
and iso-h contours from Figure 15-6
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but comparable to the best cellulose structures from fiber diffraction studies. 
Hydrogen positions are not usually reported.

Figure 15-11 shows the locations in ϕ,ψ and n,h space of the cellodextrin mol-
ecule linkages in protein complexes. The range of structures is quite similar to 
the range of the small molecule structures, but some of the structures are further 
away from the twofold axis line. Some of these linkage conformations correspond 
to helices with just over three residues per helix turn. Only one of these structures 
has a linkage with a pronounced (more than 2.5 residues per turn) right-handed 
character.

6.4 Lactose–protein complexes

Figure 15-12 shows the distribution of the geometries of lactose moieties from 
protein complexes. There is a much wider range of these structures (notice the 
difference in values on the axes), although most are in the same location as the 
above small-molecule and protein complex structures.

Figure 15-10. A cellotetraose fragment complexed with one of the two halves of an endoglucanase, 
1ECE, plotted from the coordinates in the Protein Databank. Also shown is a stick representation 
of the tetraose without the surrounding protein. Two of its linkages have a twofold conformation, 
but the central linkage corresponds to a threefold helix with h < 5 Å, an unusual conformation (See 
Color Plate of this figure beginning on page 355)
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Several of these geometries correspond to right-handed helices with between 
2 and 3 residues per turn, but most lead to left-handed cellulosic structures. 
Further, this same majority has a distribution of positions that is very similar to 
that of the small molecule conformations and the conformations in the protein 
cellodextrin complexes. Whether the lactose–protein complexes are less accu-
rately determined or there are special causes for the wider spread of the data is 
under study as this is written.

7 COMPUTERIZED ENERGY CALCULATIONS 
BASED ON MOLECULAR MODELS

The surveys above include 315 experimental determinations of the linkage geo-
metry, so the question of the shape of the cellulose molecule might be considered 
to be answered. Almost all of the linkage geometries are in a small region of ϕ,ψ 
space that corresponds to cellulose molecules with two to three residues per helix 

Figure 15-11. The locations of the conformations of cellodextrins in protein complexes in ϕ,ψ space, 
along with the approximate iso-n and iso-h contours from Figure 15-6



274 Alfred D. French and Glenn P. Johnson

turn and h values of 5 Å or more. The latter value indicates that helices are extended 
to nearly the length of the glucose molecule (5.42–5.57 Å). What can computer-
ized theoretical determinations add to this story? In fact, there are several areas of 
input. An issue is whether new shapes are likely to be discovered. Also, what is the 
magnitude, in terms of energy, of any distortions caused by different condensed 
phase environments? A particularly important question regards the shapes of cel-
lulose in solution. One way to resolve these questions is to calculate the energy of 
cellulose molecules distorted into the different shapes. These distortions are not 
unlike stretching a spring. The stretched spring shape has higher potential energy, 
and is therefore less likely to occur without the application of an external force. 
For example, some time ago, it was proposed that folding conformations for cellu-
lose chains have such high energies that they would be unlikely (Simon et al. 1988). 
Our calculated energies for folded chains are lower than the energies of  Simon 
et al., suggesting that folds are plausible after all.

The conformations from protein–lactose complexes in Figure 15-12 illustrate 
two ways that theoretical energy calculations can be useful. The observed points 
are literally sprinkled all over the map, while the other β-1,4 linkages were in 
a much smaller region of ϕ,ψ space. Because of possible inaccuracies or even 
errors in the determinations of carbohydrate structures in protein complexes,4 
it would be useful to have a tool for checking the plausibility for the structures 
that are distant (in ϕ,ψ space) from the other structures. In deciding whether 
an experimentally determined structure is a reasonable result, it should have a 
relatively low energy, perhaps slightly higher than the more frequently found 
structures. Secondly, if  a correctly determined conformation does truly have a 
high energy, there may be special features of these complexes, such as catalytic 
sites in hydrolytic enzymes, that are distorting the molecules.

Looking further at Figure 15-12, it would be useful to have some idea of 
other low-energy regions that are not populated by observed structures, and 
the barriers between a particular isolated structure and the majority conforma-
tion. Finally, computerized models are an important aide to thinking about why 
observed structures occur. For example, is the twofold conformation found in all 
of the pure cellulose polymorphs an intrinsically ideal form, or is it the result of 
intermolecular forces resulting from crystallization?

One approach to these questions is to construct an energy surface or map. 
Such maps show the relative value of calculated potential energy at all loca-
tions in ϕ,ψ space. The regions of lowest energy, e.g., within the 1 kcal/mol con-
tours, should contain a large fraction, perhaps the majority, of structures that 
are already observed if  the maps are to be considered predictive. To make such a 
map, the values of ϕ and ψ for the molecule in question are stepped over a grid 

4 We do not know why the lactose–protein complex structures have a much wider range of confor-
mations. At this time we cannot say that they are less accurately determined than the complexes of 
proteins and cellodextrins.
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based on increments of some size, say 20º. In modern work, the geometry of the 
cellobiose molecule is optimized (except for the values of ϕ and ψ) by automati-
cally adjusting the atomic positions until the energy is a minimum for each ϕ,ψ 
point. The energy depends substantially on the orientations of the exo-cyclic 
groups (−OH and −CH2OH). To be confident that the lowest possible energy is 
achieved at each ϕ,ψ point, it is necessary to calculate the energy for numerous 
likely combinations of orientations of these groups. A thorough check of all 
possible orientational combinations would increase the required computer time 

Figure 15-12. The locations in ϕ,ψ space of the conformations of the lactose linkages in protein 
complexes along with the approximate iso-n and iso-h contours from Figure 15-6
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for such analyses to the point that it has been a barrier for even simple methods 
of calculating the energy.

For the maps to be useful, the energy calculations must accurately account 
for all important interactions. We recently discussed a number of approaches 
that we have exploited over the past few years (French and Johnson 2004b). The 
underlying foundation in our preferred methods is provided by electronic struc-
ture theory, also called quantum mechanics, or QM. QM energies are based on 
such fundamental properties as the speed of light and the mass of an electron, as 
well as on defined restrictions on the spatial distribution of the electrons (called 
the basis set). Because the methods are based on fundamental constants, they are 
often described by the Latin phrase, ab initio. At higher levels of QM calcula-
tions, there are fewer restrictions on the electron distribution and more complete 
descriptions of the electron–electron interactions are used. The problem with the 
really high levels of theory is that molecules as large as disaccharides demand 
more computational resources (time and memory) than are available.

One affordable way to use high level QM is to study only a characteristic 
fragment of the molecule in question. Herein, we have used a fragment that starts 
with cellobiose (itself  a fragment of cellulose) but has all of the hydroxyl and 
hydroxymethyl groups replaced with just hydrogen atoms. The resulting struc-
ture consists of two tetrahydropyran rings, with a linkage oxygen atom. This is 
advantageous because it reduces the number of electrons in the model, substan-
tially shortening the computation time. Because there are no −OH and −CH2OH 
groups, only one structure must be considered at each ϕ,ψ point, an even bigger 
reduction in required time compared to cellobiose.

The energy surfaces for the analog have some important traits. The first, as 
shown in Figure 15-13, is that they are quite predictive for the experimental crys-
tal structures, despite the inability of the analog to form any hydrogen bonds. 
Most of the structures fall within the 1 kcal/mol contour, roughly corresponding 
to the probability for a Boltzmann distribution at room temperature in which 
82% of the structures will have an energy5 less than 1 kcal/mol. Further, there is 
relatively little unoccupied space within the large area surrounded by the 1 kcal/mol 
contour. The fair amount of  unoccupied space in this case, given the large 
number of experimentally observed conformations, is evidence of the impor-
tance of the missing hydrogen bonding and steric interactions in the simplified 
analog model (French and Johnson 2004b).

5 Technically, the Boltzmann distribution applies to particles in an ideal gas, not to molecules in 
crystal structures. However, we have considered the group of related molecules in crystals to be 
subject to random distortions from crystal packing effects in each separate crystal structure. The 
energies of the particles in the ideal gas depend on the temperature through Boltzmann’s constant 
or the ideal gas constant. If  a Boltzmann-type distribution holds for distortions in crystal structures, 
the actual value of the constant, or the effective temperature, is unknown. This subject is discussed 
further in French et. al. (2000). 
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A second point of interest of these QM analog surfaces is that they are relatively 
invariant with different levels of QM theory. The map shown in Figure 15-13 is 
quite similar to the map in our earlier work (French et al. 2001a) that was based 
on a lower level of theory. Therefore, the size and shape of the lower energy 
contours are not expected to change much if  even higher levels of theory were 
to be used. That is not the case for the full disaccharide, in which the hydrogen 
bonding and steric effects are rather dependent on the level of theory (French 
et al. 2002). Thirdly, these QM analog maps are being used to test empirical force 
fields that can carry out conformational analyses thousands of times faster. 

Figure 15-13. A QM energy surface covering ϕ,ψ space for the cellobiose analog, THP-O-THP (see 
text). Also shown are all of the observed linkage conformations in Figures 15-8, 15-9, 15-11, and 
15-12, as well as the conformation of a heavily modified cellobiose (Ernst and Vasella 1996) at the 
bottom of the map. This surface was calculated with B3LYP/6-311++G** theory based on B3LYP/ 
6-31G* geometries (see French and Johnson 2004b)
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Despite the apparent simplicity of these analogs, reproduction of these analog 
QM surfaces with general empirical force fields is difficult (Lii et al. 2005).

Finally, these QM analog energy surfaces can be used in a simple hybrid 
 modeling method. Hybrid methods use a higher level of theory for the most 
critical parts of a molecule, and a lower level theory for the remainder of the 
molecule. In our nonintegral hybrid method (French et al. 2001b), QM theory is 
used for the tetrahydropyran-based analog, and the MM3 molecular  mechanics 
program (Allinger et al. 1990) was used for the interactions of the hydroxyl 
and hydroxymethyl groups. A dielectric constant of 3.5 was used in the MM3 
calculations to simulate a condensed phase. The main effect of increasing the 
dielectric constant is the reduction of the strength of hydrogen bonding (French 
and  Johnson 2004b). The QM::MM3 hybrid energy surface with all the crys-
tal  structures except the protein-lactosyl moiety complex structures is shown 
in  Figure 15-14. The same map with the protein–lactosyl complexes is plotted in 
Figure 15-15. Other hybrid maps for cellobiose have a somewhat larger 1 kcal/
mol contour (French et al. 2005).

These particular hybrid surfaces have a much smaller 1 kcal/mol contour than 
Figure 15-13, principally because of the presence of the C6 group in the model. 
In contrast to Figure 15-13, there is no low-energy, but lightly populated, space 
at the top of the 1 kcal/mol contour. Despite the smaller area within the 1 kcal/
mol contour of  Figure 15-14, many of  the structures still fit within the 
1 kcal/mol contour. The major group outside of  the 1 kcal/mol contour in 
Figure 15-14 is located along the twofold screw-axis line. That group is com-
posed of cellulose and cellotetraose (see Figure 15-8) as well as a few of the 
small molecule structures, most of which do not have O1 hydroxyl groups. This 
suggests that crystal packing is responsible for the twofold conformation found 
for a number of the cellulosic structures, but that the energy of deformation for 
twofold screw symmetry is relatively low. The experimental ϕ,ψ points in Figure 
15-15 are more randomly dispersed and some correspond to such high energies 
as to be interesting from the view point of either being substantially deformed 
or erroneously determined.

The 1 kcal/mol contours in Figures 15-14 and 15-15 are to the right of the two-
fold screw-axis line, as are most crystal structures. Thus, based on both experi-
ment and theory, it is reasonable to expect that most cellulose structures that are 
deviate from twofold symmetry will be left-handed helices.

8 SUMMARY

The shapes of pure, crystalline cellulose in several polymorphs are now known 
in substantial detail, thanks to the experimental efforts of Chanzy, Langan, 
Nishiyama, Sugiyama, and Wada, who of course, benefitted from the work 
of many predecessors over the years. The details of the hydrogen bonding are 
in their original publications. Despite the many possible shapes for the cellu-
lose  molecule, only small variations occur in known crystals that contain only 
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 cellulose. This conclusion includes the cellodextrins whose crystal structures are 
also known, i.e., methyl cellotrioside and cellotetraose. All of these structures 
have very dense packing that is permitted by the ability of the cellulose chain to 
take a twofold structure, even when the symmetry is not exact.

This extremely narrow distribution of structures is expanded considerably 
when the cellulose chain is considered to be a collection of β-1,4-linked glucose 
residues that have one of the geometries found in our survey of related small 
molecule crystals, such as cellobiose or cellobiose acetate. These extrapolated 
structures compare well with the experimentally determined cellulose derivatives 
and complexes if  the latter are taken to be left-handed. Previously, we calculated 

Figure 15-14. A QM::MM3 hybrid energy surface for cellobiose (see text). The dielectric constant 
was set to 3.5, reducing the strength of the hydrogen bond in the water dimer to about 2.35 kcal/mol 
each. Plotted in the ϕ,ψ space are the conformations of all of the above crystal structures except the 
lactose–protein complexes
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the exact helical parameters for the extrapolated structures, and in the present 
work we show a general, approximate conversion from the ϕ and ψ values. In 
some cases, there is twofold screw symmetry in the polymer chains, and pseudo 
twofold screw symmetry in the disaccharide, but in other cases n = −3 or some-
thing intermediate, such as n = −2.67 or −2.5. The only known exception to the 
population of extended molecules comes from a model based on extrapolation of 
a very heavily substituted cellobiose molecule. It has a conformation that could 
account for chain folding, a phenomenon documented in several experiments. 
That structure falls in a low-energy minimum at the bottom of our maps.

The data on likely linkage conformation in cellulose were expanded con-
siderably by including the less accurately determined linkage geometries from 

Figure 15-15. The same energy surface as in 15–13, but with the lactose–protein complexes plotted 
instead
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carbohydrate molecules that are complexed with proteins. It might have been 
expected that the cellobiose linkage geometry would be different when it exists 
in interactions with amino acid residues and water molecules. A major dif-
ference was that there are relatively few conformations in protein complexes 
near the twofold screw-axis line, an indication that twofold structures might be 
slightly distorted. However, other questions arise with these structures, includ-
ing the much larger range of  the ϕ and ψ values, especially for the complexes 
of  lactose moieties.

These issues are brought into focus by studies of the theoretically calculated 
conformational energy. Based on our energy calculations, it appears that some 
lactose linkages do have rather high energies, compared to the many geometries 
that fall inside the 1 kcal/mol contour. Other insights from the energy surfaces 
include the feasibility of chain folding. Minima near the centers of the map edges 
have relatively low energy, and the minimum at the top or bottom of our map 
is populated by one experimental example from the small molecule single crys-
tals. A somewhat analogous example of folding occurs in cyclic molecules made 
from amylose (Gessler et al. 1999). In crystals of a cycloamylose with 26 glucose 
residues, 24 of the linkages have conformations in the central, lowest minimum 
on an energy map for its disaccharide fragment, maltose. The  remaining two 
linkages are in a secondary minimum at the bottom of the energy surface. Those 
two linkages permit folds.

If  an isolated cellulose molecule is under conditions where each linkage 
can take the lowest energy conformation, then the molecule might appear as 
in Figure 15-16. It is made by extrapolating the linkage geometry found in 
crystalline β-cellobiose (Chu and Jeffrey 1968), which happens to be at the 
overall minimum on our hybrid energy surface. It also is in the center of  the 
range of  conformations found in the various crystal structures. This model 
has about 2.4 glucose residues per turn, O6 in the gt position, and substantial 
hydrogen bonding from the O3 hydroxyl hydrogen atom to O5′ and O6′ on 
the adjacent residue. This particular hydrogen bonding arrangement was very 
common in our study of  disaccharides (French and Johnson 2004a). Similarly, 

Figure 15-16. A cellulose segment with the lowest energy, as indicated by the combined information 
from the crystal structure surveys and the point of minimum energy on the QM::MM3 hybrid energy 
surface (See Color Plate of this figure beginning on page 355)
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from the agreement among the small molecules, the protein complexes and the 
energy surface, we can predict that the linkage geometries in either the solid 
but noncrystalline state or in various kinds of  solutions would have a statisti-
cal distribution of  the conformations. These conformations would individually 
extrapolate to left-handed helices with two to three residues per turn, with the 
occasional right-handed or folding example. These results are consistent with 
the results of  Umemura et al. (2004) who found average n values of  −2.61 
to −2.65 for cellotetra- to cellohexaose in aqueous solution by computerized 
molecular dynamics simulations.

It is often said that cellulose has a cellobiose repeating unit. In the minds 
of some workers, that statement conveys the shape that results from twofold 
screw-axis symmetry. In this work, we propose that the ideal shape for cellulose 
does not have a twofold structure and that a range of shapes should occur. To 
the extent that the cellulose molecule can take various shapes, it is unjustifiably 
limiting to define cellulose in terms of a particular shape.
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CHAPTER 16

NEMATIC ORDERED CELLULOSE:
ITS STRUCTURE AND PROPERTIES

TETSUO KONDO*

Bio-Architecture Center (KBAC) and Graduate School of Bioresource and Bioenvironmental 
Sciences, Kyushu University, 6-10-1, Hakozaki, Higashi-ku, Fukuoka 812-8581, Japan

Abstract
The authors developed a unique form of β-glucan association, “nematic ordered 
cellulose” (NOC) that is molecularly ordered, yet noncrystalline. NOC has unique 
characteristics; in particular, its surface properties provide with a function of tracks 
or scaffolds for regulated movements and fiber production of Acetobacter xylinum 
(=Gluconacetobacter xylinus), which produces cellulose ribbon-like nanofibers with 
40–60 nm in width and moves due to the inverse force of the secretion of the fibers 
(Kondo et al. 2002). This review attempts to reveal the exclusive superstructure-
property relationship in order to extend the usage of this nematic-ordered cellulose 
film as a functional template. In addition, this describes the other carbohydrate 
 polymers with a variety of hierarchical nematic-ordered states at various scales, the 
so-called nano/micro hierarchical structures, which would allow development of new 
functional-ordered scaffolds.

Keywords
cellulose, hierarchical structure, nematic order, orientation, template.

1 INTRODUCTION

Interfacial surface structure and interaction of  materials at the nanoscale 
have attracted much attention in the field of  nanotechnology (Drexler 1992). 
Microbiological systems have been investigated as a microscale process (Zhao 
et al. 1998); however, recent studies showing the unique interaction of  bio-
logical systems with entirely synthetic molecular assemblies have prompted 
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consideration of  a new generation of  approaches for controlled nanoassembly 
(Whaley et al. 2000).

In biological systems, skeletal materials such as cell walls, bones, and shells are 
made primarily of a nanoscale building block of polysaccharides, proteins, and 
inorganic salts. The assembly of these building blocks facilitates the production 
of a hierarchical framework structure. Materials with hierarchical structures 
produced by organisms are mainly based on how the comprising components 
are biosynthesized and subsequently how they would be self-assembled. Once 
the structures are established, it is difficult to modify them into another form 
with a different function for an appropriate purpose.

In this sense, it is of importance in cellulose science including cell wall formation 
to understand various states on how molecules can be associated, and thereby 
how the higher hierarchical structure can be organized from molecular scales to 
micrometer scales through nanometer scales. In particular, interfacial surface 
structures and interactions are greatly important in fabrication of a hierarchical 
structure for 3D-materials built up from the molecules. 

Cellulose comprises the major polymer of plant cell walls and has had a long 
history as a natural polymer material. The biomacromolecule, which is a β-1,4-
glucan homopolymer, normally is classified according to how the β-glucan chains 
associate. We expand the concept how various states of molecular association 
can be categorized in cellulose. A major consideration is that the predominant 
crystalline state of cellulose is included as a component in the ordered state. This 
means that the ordered state also contains noncrystalline ordered states. The cat-
egory “ordered” is in contrast to the “nonordered” state which to date has been 
considered as “amorphous cellulose” for lack of a useful way to characterize the 
product. It should be noted that in our concept, the amorphous state being catego-
rized as the “nonordered” state, should be distinguished from the “noncrystalline” 
state of cellulose. Thus, in this classification, it becomes crucial whether the state 
is “ordered” or “nonordered.” Namely, it may be advantageous to first prioritize 
whether or not the cellulose is in the ordered or nonordered domain, rather than 
determine if  it is crystalline or noncrystalline. Figure 16-1 demonstrates the sche-
matic representation of  our concept. In this idea, a noncrystalline state in 
the ordered domain should have intermediates from amorphous to crystalline states, 
and these are important in determining further states of aggregation, which may 
lead to the crystalline state. Of course, the crystalline states are important, but 
so far, too much attention has been paid only for crystalline structures. A key 
concept here is that we should consider crystalline states as a subdivision of the 
broader concept of ordered domains.

Based on the above concept, we developed a new supramolecular associ-
ated form of  glucan chains, nematic ordered cellulose (NOC), which is highly 
ordered, but not crystalline (Kondo et al. 2001). NOC has unique character-
istics; in particular, its surface properties provide with a function of  tracks or 
scaffolds for regulated movements due to the inverse force in production of  
nanocellulose fibers of  Acetobacter xylinum (Kondo et al. 2002). When the 
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interaction between the produced cellulose fibers called “bacteria cellulose 
ribbons” and specific sites of  the oriented molecules on the unique surface 
of  NOC is very strong, such ordered cellulose can be used as a template for 
the construction of  nanocomposites, and the growth direction of  the secreted 
cellulose is controlled by the epitaxial deposition of  the microfibrils. Our pro-
posed method is predicted to provide a novel type of  nanotechnology using 
biological systems with molecular nanotemplates to design 3D-regulated struc-
tures. In order to extend the usage of  this NOC film as a functional template, 
the present article will review the unique structure in relation to the exclusive 
surface properties of  NOC, starting from how β-glucan association is initi-
ated and established by uniaxial stretching of  water swollen cellulose gel films 
(Kondo et al. 2004).

2 STRUCTURE OF NEMATIC ORDERED CELLULOSE

2.1 What is nematic ordered cellulose; NOC?

Prior to NOC, it will be required to know the characteristic feature of a cellulose 
molecule (Figure 16-2): cellulose owns an extended structure with a 21 screw 
axis composed by the β-1,4-glucosidic linkages between anhydroglucose units. 
Thus, it would be natural to accept the dimer called “cellobiose” as a repeating 
unit. The present three kinds of hydroxyl groups within an anhydroglucose unit 
exhibit different polarities, which contribute to formation of various kinds of 
inter- and intramolecular hydrogen bonds among secondary OH at the C-2, 

Figure 16-1. Our concept of glucan chain association for cellulose
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secondary OH at the C-3 and primary OH at the C-6 position. In addition, 
all the hydroxyl groups are bonded to a glucopyranose ring equatorially. This 
causes appearance of hydrophilic site parallel to the ring plane. On the contrary, 
the CH groups are bonded to a glucopyranose ring axially, causing hydrophobic 
site perpendicular to the ring as shown in Figure 16-2. These effects lead to for-
mation of hydrogen bonds in parallel direction to a glucopyranose ring, and to 
Van der Waars interaction perpendicular to the ring.

Another important feature for the hydroxyl groups is the type of hydroxymethyl 
conformation at the C-6 position, because the conformation of C(5)–C(6) and 
the resulting interactions including inter- and intramolecular hydrogen bonds in 
the present cellulose structure may differ from that in crystallites and also it 
is assumed to make up the extent of  crystallization, as well as the final mor-
phology of  cellulose. In the noncrystalline regions, the rotational position of  
hydroxymethyl groups at the C-6 position may be considered as indeterminate 
or totally nonoriented, which are not identical with those in the crystallites. 
Therefore, it was important to confirm the type of  O(6) rotational position 
with respect to the O(5) and C(4) in a β-glucan chain, by employing CP/MAS 
13C NMR (Horii et al. 1983). The type of  hydroxymethyl conformations is 
gauche-trans (gt), trans-gauche (tg), or gauche- gauche (gg) at the C-6 positions 
in carbohydrates. As for the noncrystalline states, they are considered as the gg 
conformation (see Figure 16-8).

Now, when the dissolved cellulose molecules are self-aggregated in water to 
form a gel presumably by a minimum amount of restricted engagements among 
hydrophobic sites of the ring above described, then it is stretched to reach NOC. 
Figure 16-3 illustrates structural characteristics of NOC in relation to the situ-
ation of OH groups explained in the following: NOC is prepared by uniaxial 
stretching of water-swollen cellulose from the N, N-dimethylacetamide (DMAc)/
LiCl solution (the details are described in Section 5), and thereby, the cellulose 
molecular chains tend to be oriented toward the stretching axis (Togawa and 
Kondo 1999). Further, the hydroxymethyl groups at the C-6 position that are 
equatorial-bonded to the anhydroglucose unit are vertically stuck up against 
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the surface, which indicates that the neighboring anhydroglucose ring planes 
are facing with each other. Simultaneously the stuck up OH groups in the indi-
vidual molecular chains are also aligned like tracks along the stretching axis. 
On the contrary, the lateral order of the OH groups among the neighboring 
chains is not well coordinated because of the slipped molecular chain situation 
with each other. The uniaxial stretching also caused this situation. Therefore, 
the hydrophilic and polarized OH groups are totally to be oriented as molecular 
tracks only in the stretching direction across the entire NOC surface. Between 
the hydrophilic molecular tracks, the hydrophobic site due to the anhydroglucose 
plane was also appeared, resulting in both hydrophilic and hydrophobic tracks next 
to each other across the NOC surface. These amphiphilic molecular tracks 
enhance the unique surface properties of NOC as described later.

The NOC structure was basically indicated by the high-resolution transmis-
sion electron microscope (TEM) image. The NOC template with molecular 
ordering was shown in Figure 16-4 (Kondo et al. 2001). The high-resolution 
image obtained from the TEM shows a preferentially oriented direction on the 
surface. These observations confirmed the mean width of  a single glucan 
chain corresponding to its known dimensions as viewed from its narrow axis 
of the anhydroglucose ring. The average chain width was 0.462 nm (standard 
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deviation = ± 0.0517 nm). Thus, the true width seems to be ~ 0.4–0.5 nm when 
taking into account the negative stain. The average distance between two paral-
lel chains was 0.660 nm (standard deviation = ± 0.068 nm), which is wider than 
values for any crystalline cellulose. The average width of 0.462 nm from the top 
view is wider than that of 0.45 nm of the narrow axis in the anhydroglucose 
ring predicted from the space-filling model. This suggests tilting of the glucose 
planes of a cellulose molecule with a angle of 29.3° to the vertical axis against 
the surface of NOC as shown in the bottom image of Figure 16-3. It should be 
noted that the contact angle of a water drop of water on the NOC surface is 
~ 72°, indicating fairly hydrophobic (Togawa and Kondo, unpublished). Prior to 
stretching for NOC preparation, the water-swollen cellulose exhibits ~50° as the 
contact angle. Thus, the surface condition of it is totally altered by stretching to 
provide tilting of the glucose planes for exposure of the specific hydrophobic site 
as shown in Figure 16-3.

The atomic force microscope (AFM) image analyses of the NOC surface 
without the negative stain demonstrate that well-aligned molecular aggregates 

Figure 16-4. High-resolution TEM of NOC, the molecular ordering template (left). The film was 
negatively stained by uranyl acetate and spans a region of the copper support grid. Note the indi-
vidual glucan chains that are separated by an average distance of 0.66 nm (arrows). In the enlarged 
image, the arrangement of glucan chains are clearly resolved with 0.46 nm in width. (right) Schematic 
diagram of NOC showing the arrangement of glucan chains and the linear spacing of the cellobiose 
units (circled). The polymer chains lie on their narrow axes
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with a width of 4–6 nm and a height of ~6 nm in average are oriented uniaxially 
(Figure 16-5). The AFM resolution of the image is not at the molecular level. 
Without negative staining with uranyl acetate, it may be difficult to obtain a high 
resolution AFM image of the NOC surface, particularly the glucan chain images 
shown in the TEM micrograph of Figure 16-4, because of the surface flexibility 
when the AFM tip approaches close enough to observe the NOC surface.

The orientation parameter calculated from wide-angle x-ray diffraction (WAXD) 
photographs (Figure 16-6) became 0.88, which indicated a high degree of orien-
tation. This means that the deviation (g ) angle.  of molecular orientation to the 
stretching direction was 0.0° < g < 10.5°. However under these conditions, 
the crystallinity did not significantly follow the increase of the orientation by the 
stretching (Togawa and Kondo 1999). Simultaneous orientation and crystalli-
zation did not occur as often seen with crystalline polymers (Ward 1997). The 
crystallinity was ~14.8 and 16.8% before and after stretching, respectively. Infrared 
spectra of deuterated samples also supported a low crystallinity of the film based 
on the ratio of the remaining hydroxyl groups in the drawn films that corresponds 
to the crystallinity index.

Figure 16-6 shows wide-angle x-ray diffraction (WAXD) intensity curves in both 
equatorial and meridional directions of NOC together with cellulose II fibers. In the 
equatorial diffraction of NOC, typical crystalline diffraction patterns representing 
cellulose II (Figure 16-6a) were not observed. The diffuse intensity equatorial profile 
for NOC (Figure 16-6b) indicated that it contains considerably more “amorphous” 
regions. The meridional scan of WAXD was employed to analyze the order along 
the stretching direction for NOC. Meridional intensities of cellulose are affected by 
the disorder of the neighboring chains that is symmetrical for the chain axis. In gen-
eral, cellulose polymorphs provide almost the same meridional patterns; namely 
two strong distinct reflections of the (002) and (004) planes (2θ = 17.2°, d = 
0.516 nm; 2θ = 34.7°, d = 0.259 nm, respectively; see the right of Figure 16-6a). 

Schematic image of
the surface of NOC template

4-6 nm27-28 nm

6-7 nm

1 mm

Figure 16-5. Atomic force micrographs showing the surface of the nematic ordered cellulose (NOC) 
template with a schematic representation
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The present results demonstrate that NOC, which is highly ordered but noncrys-
talline, gives a totally different profile for the meridional scan as shown in Figure 
16-6b. More reflections were found in the meridional direction when compared 
with cellulose II crystals. The characteristics are considerable line broadening of 
the meridional reflections in the profile of NOC. This indicates that the structure 
of the NOC film along the chain direction may have a certain disorder that causes 
the ordered, but noncrystalline regions. It may be considered that the situation 
is not a perfect disorder in the molecular chain direction, but some registrations 
may exist. Considering the crystallinity of the film sample (16.8%), the meridi-
onal direction profile should contain the contribution due to cellulose II crystals. 
When the contribution of the crystallite is subtracted from the meridional direc-
tion profile in Figure 16-6b, each reflection in the same figure would tend to have 
the similar shape and intensity as shown in Figure 16-7. Thus, we should consider 
the states of the structure for NOC to be ordered states that are neither crystalline 
nor amorphous.

Parallel to the x-ray diffraction, NOC also exhibited a diffuse pattern in the 
TEM electron diffraction mode, similar to that from x-ray diffraction of Figure 
16-6 (not shown here).

As already described, the type of hydroxymethyl conformation at the C-6 
position is assumed to provide the extent of crystallization, as well as the final 
morphology of cellulose (Horii et al. 1983; Kondo and Sawatari 1996; Togawa 
and Kondo 1999). The conformation of C(5)–C(6) and the resulting interactions 
including hydrogen bonds in NOC differ from that in crystallites.

CP/MAS 13C NMR may suggest the type of hydroxymethyl conformations, 
gt, tg, or gg at the C-6 positions in carbohydrates as shown in Figure 16-8. Horii 
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Figure 16-6. WAXD photograph of NOC together with equatorial (left) and meridional (right) intensity 
curves of the WAXD for cellulose II fibers (a) and NOC (b). The term, “a.u.” indicates arbitrary unit
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et al. (1983) indicated that C-6 carbon resonance occurs only as a singlet near 
64 ppm in the case of the gt conformation whereas a resonance band near 66 ppm 
appears when the tg conformation is present within the crystalline structures. 
According to these researchers, the chemical shifts fall into three groups of  
60–62.6, 62.5–64.5, and 65.5–66.5 ppm, which are related to gg, gt, and tg con-
formations, respectively. The chemical shift of the C-6 for cellulose II (Dudley 
et al. 1983; Horii et al. 1985; Isogai et al. 1989) indicated the gt conformation, 
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Figure 16-7. Calibrated meridional intensity curve of the WAXD for NOC. The term, “a.u.” indicates 
arbitrary unit
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which may agree with recent results from the neutron fiber diffraction analysis 
(Langan et al. 1999). As for the noncrystalline states, they are considered in the 
gg conformation. Therefore, it is easy to predict that NOC could have gg confor-
mation of the hydroxymethyl group at the C(6) position.

In Figure 16-9, the CP/MAS 13C NMR spectra for our NOC sample, as well as 
amorphous (a noncrystalline state without any preferred orientation) cellulose pre-
pared from cellulose-SO2-dimethylamine-dimethyl sulfoxide solution (Isogai and 
Atalla 1991) and CF11 cellulose powder (Whatman International Ltd.) are shown 
in the range from 50 to 80 ppm where chemical shifts at the C (6) position appear.

The chemical shift of CF11 appears at 65 ppm, corresponding to tg confor-
mation, indicating that CF11 is native cellulose. Our NOC sample exhibits a 
broader signal similar to amorphous cellulose within the range of the type of the 
hydroxymethyl conformation, gg, which also supports our suggestion that NOC 
is noncrystalline even though it is well ordered.

2.2 Nematic ordered a-chitin and cellulose
˙
/a-chitin blends

2.2.1 Nematic ordered a-chitin

Figure 16-10 shows high-resolution TEM(CHRTEM) images of molecular 
assembly in the stretched samples of α-chitin and cellulose. /α-chitin blend with 
a composition of 25/75 that were prepared by the same manner for NOC and 
subsequently negatively stained with uranium acetate. They exhibited occur-
rence of the orientation of molecular aggregation as seen in white lines, but were 
not resolved at the individual molecular chain scale, unlike the high-resolution 
TEM image of NOC (Kondo et al. 2001). By image analyses of the two TEM 
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Figure 16-9. CP/MAS 13C NMR spectra of NOC, amorphous cellulose, and native cellulose powder 
(Whatman CF11)
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 photographs in Figure 16-10, the average width and distance between two paral-
lel lines were obtained as listed in Table 16-1 in comparison of NOC data.

The crystal lattice parameters for native crystalline α-chitin were reported 
as a = 0.474 nm, b = 1.886 nm, c = 1.032 nm, and α = β = γ = 90°, respectively 
(Minke and Blackwell 1978). Since the average distance between any two lines in 
well-ordered states in Figure 16-10a was 1.88 ± 0.27 nm, this value coincides with 
the lattice dimension of b-axis. Therefore, considering that the stretching direc-
tion corresponds to the molecular chain axis (c-axis), the top view of the TEM 
image of Figure 16-10a indicates that the b-c plane of α-chitin microfibril may 
be aligned parallel as white lines with a distance of 1.62 ± 0.21 nm on the surface. 
In other words, by the same preparation method for NOC, α-chitin molecules may 
be self-assembled to form a microfibril, and further the individual microfibrils tend 
to be arranged parallel with the distance of 1.62 ± 0.21 nm. This indicates presence 
of another nematic ordered state with a different scale in α-chitin.

2.2.2 Nematic ordered cellulose/a-chitin blends

Figure 16-10b and the corresponding data in Table 16-1 exhibit a case of the 
stretched film of the cellulose/α-chitin blend with a composition of 75/25 (w/w) 
in the same manner for NOC.

Figure 16-10. HRTEM images of single molecular chains in the order structure of the stretched 
water-swollen gel films at the drawing ratio of 2.0 of (a) α-chitin and (b) cellulose/α-chitin (25/75) 
blend. The double arrows indicate the stretching direction

Table 16-1. The average width and distance between two parallel lines analyzed by TEM images

 (nm)

 Cellulose (NOC)* α-Chitin Cellulose/α-Chitin 75/25

Line width 0.46 ± 0.05 (chain width) 1.88 ± 0.27 1.38 ± 0.18
Distance between two lines 0.66 ± 0.07 1.62 ± 0.21 1.65 ± 0.27

*From Kondo et al. (2001).
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The white dots or lines in Figure 16-10b indicate molecular chains or molec-
ular aggregates. Some parts are well oriented parallel to the stretching direc-
tion, and the molecular aggregates are entirely ordered along the stretching axis. 
The average line width as shown in Table 16-1 is narrower than that for nematic 
ordered pure α-chitin, indicating that the intermolecular interaction between 
cellulose and α-chitin may be engaged. Possibly each molecular chain is facing 
with each other against the surface by a hydrophobic interaction such as a van 
der Waals force. On the other hand, the average distance between two parallel 
lines was not significantly different between the two stretched films from α-chitin 
and the cellulose/α-chitin blend. Therefore, it is considered that the cellulose/ 
α-chitin molecular aggregates in the stretched film are aligned similarly to nematic 
ordered α-chitin.

To deal with the above case in comparison of the NOC, we employed WAXD 
measurements in order to understand the molecular ordering occurring during 
stretching of the blended films of the water swollen cellulose/α-chitin (50/50) gel. 
Water-swollen gel-like cellulose films formed after slow coagulation and the sub-
sequent solvent-exchange were transparent and composed of ~ 93 wt% of water 
and 7 wt% of cellulose prior to stretching. When stretching the water-swollen 
film uniaxially, drops of water extruded from the film as the orientation of the 
film increased. The films stretched at the changing drawing ratio were provided 
for WAXD measurements.

Figure 16-11 shows WAXD photographs of the fiber structure. It suggests 
that the undrawn cellulose films after dried in a stretching device showed some 
orientation by natural shrinking, and with increase in drawing ratio of the 
samples, the rings were becoming arcs at the equatorial direction. Figure 16-12 
shows WAXD photographs for the stretched cellulose/α-chitin (50/50) films at 
the desired drawn ratio.

When compared with that for cellulose shown in Figure 16-11, clearer Debye 
rings appeared even in undrawn films after dried. Like the cellulose case, with 
increase in drawing ratio of the samples, the rings were becoming arcs at the 
equatorial direction. Similarly, such arcs appeared also at the meridional direc-
tion. WAXD intensity curves in both directions indicate more clearly that some 
ordered crystallites, to some extent, were formed prior to stretching (data not 
shown, see Kondo et al. 2004). Through the stretching, the two peaks at 2θ = 9.3 
and 19.5 in the equatorial direction were becoming narrower and sharper, while 
the meridional reflections were not significantly changed after the stretching. 
These results indicate that the intermolecular interaction between cellulose and 
α-chitin may cause molecular aggregations leading to some crystallization, and 
as a result, crystallites with a certain size were formed. Then, by stretching, the 
crystallites tend to be ordered parallel to the drawing axis.

The series of α-chitin used as a component for preparation of nematic ordered 
states have indicated that unlike NOC, at first the molecules tend to be aggre-
gated prior to stretching, and then by the stretching the nematic ordered states 
of the aggregates were formed (Kondo et al. 2004). Namely, the nano/micro-
hierarchical structures are supposed to be built up.
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2.3 Another type of nematic ordered cellulose: 
honeycomb-patterned cellulose

Recently, a honeycomb-patterned cellulose triacetate film was successfully fab-
ricated by casting of water-in-oil (W/O) emulsion on the substrate, and the sub-
sequent deacetylation yielded a honeycomb-patterned cellulose film without 
deformation as shown in Figure 16-13 (Kasai and Kondo 2004). In the film 
forming process, when cellulose triacetate started to be precipitated as a hon-
eycomb-patterned film, the honeycomb frames were supposed to be simultane-
ously stretched by natural drying of water droplets as a mold. This stretching 
effect of natural dry presumably resulted in an alignment of cellulose molecular 
chains along the honeycomb frames, similarly to formation of NOC-typed form 
(Kasai et al., unpublished).

Figure 16-11. WAXD photographs for stretched cellulose films at the desired drawn ratio: 
(a) undrawn water-swollen film after dried at a fixed state; (b) draw ratio 1.5; (c) draw ratio 1.7, and 
(d) draw ratio 2.0
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Figure 16-12. WAXD photographs for stretched cellulose. /α-chitin (50/50) blended films at the 
desired drawn ratio: (a) undrawn water-swollen film after dried at a fixed state; (b) draw ratio 1.5; (c) 
draw ratio 1.7; and (d) draw ratio 2.0

3 PROPERTIES OF NEMATIC ORDERED CELLULOSE

3.1 The exclusive surface property of NOC and its unique application

As already described, NOC is considered as the template having the exclusive sur-
face of a certain nano/micro structure. Namely, the OH groups together with the 
neighboring hydrophobic sites tend to be oriented as molecular tracks only in one 
direction across the entire NOC surface. These amphiphilic ordering tracks on the 
NOC surface were expected to induce an epitaxial deposition of substances such 
as organic and inorganic compounds. This is a unique application of NOC with a 
specific surface property to induce other substances to be oriented.

The ordering amphiphilic tracks of hydrophilic OH groups and hydrophobic 
polarity in NOC, for example, could induce an epitaxial deposition of biosynthesized 
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cellulose nanofibers secreted from the gram-negative bacterium, A. xylinum 
(=Gluconacetobacter xylinus), along the same axis of the tracks in NOC (Kondo 
et al. 2002). When active A. xylinum cells are transferred to the oriented sur-
face, they synthesize cellulose ribbons parallel to the molecular orientation of 
the substrate. This is evidenced by direct video imaging of the motion of the 
bacteria as they synthesize the cellulose ribbon. The movement of A. xylinum in 
relation to cellulose biosynthesis was reported (Brown, Jr. et al. 1976). The cell 
movement (at a constant rate of 4.5 µm/min at 24°C) is the result of an inverse 
force imposed by the directed polymerization and crystallization of the cellulose. 
It is also well known that the bacterium rotates on its own axis.

This bio-directed epitaxial nanodeposition can be studied over time and under 
varied conditions including different substrates. For example, in Figure 16-14, 
a time-course analysis of an NOC template shows a bacterium moving in con-
tact with a stretched NOC substrate.

Midway through this series, the cell, “jumps off” of the oriented substrate, and 
continues to secrete its cellulose ribbon but now in the form of a spiral that is the 
normal pattern of formation when not in contact with any organized substrate 
(Thompson et al. 1988). When the interaction between the bacterium and the sur-
face of NOC is strong enough, the bacterium follows the track of the molecular 
template. As the polymer orientation of the NOC is not necessarily perfect, the 
bacterium may jump off the track at a structural defect (Figure 16-14 stage 3). After 
the bacterium leaves the track (Figure 16-14 stages 3–6), two forces, the inverse 
force of the secretion and the close interaction of adjacent microfibrils, affect the 
bacterium, possibly resulting in the synthesis of a spiral ribbon of microfibrils. In 
addition, the bacterium begins to rotate on its own axis. This rotation is the vis-
ible result of ribbon twisting which occurs to relieve strain induced by the absence 
of interaction with the substrate. When the ribbon is assembled in direct contact 

Figure 16-13. Light micrograph of honeycomb-patterned cellulose films from cellulose triacetate 
together with the surface topographic AFM image. (Scale bars are 50 µm.)
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with the oriented molecular NOC substrate, ribbon twisting is prevented, thus sug-
gesting a control of this oriented solid surface over the final physical interaction 
of polymer chains immediately after synthesis and during the early stages of 
crystallization.

Cellulose ribbon interaction is more clearly shown by field emission scanning 
electron microscopy (FE-SEM) in Figure 16-15. In this experiment, the motion 
of the same sample is observed using light microscopy and then the sample is 
prepared for FE-SEM observations. In Figure 16-14 stage 1–2, the time-course 
sequence demonstrates an intense, directed nanodeposition that is exclusively lin-
ear and without cell rotation as the bacterium follows the track. This is confirmed 
by the ribbon structure shown by the FE-SEM images in Figure 16-15, a–c which 
reveal no twisting and a more perfect alignment with the substrate. Likewise, 
when the bacterium “jumps off” the track, the cellulose ribbon is twisted. On 
the other hand, when Acetobacter is cultured on the surface of a nonstretched 
cellulose swollen gel substrate (precursor for NOC), it moves in a random man-
ner including spirals (data not shown). An FE-SEM image on the nonoriented 
substrate is shown in Figure 16-15e. The image suggests a random of microfibrils 
with the substrate surface. When Acetobacter cells are placed on an agar surface 
as a control, their interaction seems to be reduced, and twisted ribbons are always 
deposited, also in a random fashion (Figure 16-15f). It should be noted that this 
regulated movement of the bacterium was not observed in the synthetic polymers 

25mm25mm25mmNOC orientation1 2 3

4 5 6

Typical bacterial movement on NOC

25mm25mm25mm

Figure 16-14. Successive images showing the motion of a bacterium as it secretes a cellulose ribbon 
using real-time video analysis. In (1), the bacterium is attached to and synthesizing its cellulose on 
the monomolecular rail track. In (2), the bacterium has jumped the track and is beginning to change 
its orientation. (3) to (5), the bacterium is generating the first complete spiral. In (6), the bacterium 
is on the second rotation of a spiral
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having OH groups such as poly (vinyl alcohol), but only in nematic ordered states 
of carbohydrate polymers (Kondo et al. 2002). The authors have been recently 
successful to have the bacterium followed on the honeycomb- patterned cellulose 
frame having NOC states, resulting in 3D honeycomb cellulose  structure (Kasai 
et al. unpublished).

The rate and direction of  the movement correspond to those of  the fiber 
production. The fibers were reported to produce at a rate of 2 µm/min at 25°C 
(Brown, Jr. et al. 1976). However, A. xylinum produced the fiber faster on 
NOC templates at a rate of 4.5 µm/min at 24 °C. This gap was considered due 
to difference of the strength of the interaction between the biosynthesized fiber 
and the NOC surface. This also indicated that the NOC surface promoted the 
secretion rate of the fibers. More to importance, the regulated movement of the 
bacteria due to the ordered surface of NOC may trigger the development a 3D 
structure of hierarchical architecture from the nano to the microlevels. There-
fore, we have been attempting to regulate the 3D architecture of materials using 
the  nanofibers secreted by A. xylinum as a building block.

4 THE FUTURE

In biological systems, skeletal materials such as cell walls, bones, and shells are 
made primarily of a nanoscale building block of polysaccharides, proteins, and 
inorganic salts. The assembly of these building blocks facilitates the production 

Figure 16-15. FE-SEM images of the cellulose ribbon deposition process. (a–c) examples of bacteria 
synthesizing cellulose ribbons on the oriented molecular track of NOC. In 15A, a bacterium shows 
a flat ribbon immediately behind its site of synthesis. (b) and (c) demonstrate the tight association 
between the molecular track and the cellulose ribbon. (d) is an example where the bacterium has just 
jumped off  the track and following a spiral path. (e) demonstrates random cellulose deposition on 
the surface of a nonstretched NOC precursor. (f) shows random cellulose deposition on the surface 
of agar
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of a hierarchical framework structure. The formation dynamics observed in this 
study could be applicable to the design of nanoscale controlled, hierarchically 
structured materials with specific properties. We have employed a  biological system 
combined with a polymer platform having NOC-like surface in order to directly 
fabricate hierarchically ordered materials from the nanolevel up to the micron 
level. Therefore, such a surface property would greatly extend the  possibilities of 
usage of cellulose to new areas. Thus, if  a micropatterned film having a similar 
characteristic as NOC can be fabricated, the obtained 3D cellulose materials will 
be widely appreciated and used.

5 MATERIALS AND METHODS

5.1 Materials

Bleached cotton linters with a degree of polymerization (DP) of 1,300 were used 
as the starting cellulose sample. The cellulose was first dried under vacuum at 
40°C. N,N-dimethylacetamide (DMAc) purchased from Katayama Chemicals 
Co. Ltd. (99 + %) was dehydrated with molecular sieve 3A and used without fur-
ther purification. Lithium chloride (LiCl) powder (Katayama Chemicals Co. 
Ltd.) was oven-dried at least for 3 days at 105°C. Methylcellulose with a degree 
of substitution (DS) of 1.6 and polyvinyl alcohol (PVA) with a DP of 2,000 
were purchased from Shin-Etsu Chemical Co. Ltd. and Katayama Chemicals 
Co. Ltd., respectively. Cellulose acetate with a DS of 2.45 (L-70) and purified 
chitin were provided by Daicel Chemicals Co. Ltd. and Katakura Chikkarin, 
respectively.

NOC was prepared by stretching a water-swollen cellulose film which had been 
coagulated from a DMAc /LiCl solution. Dissolution of cellulose and prepa-
ration of the template was accomplished by a previously described procedure 
using a solvent exchange technique (Togawa and Kondo 1999).

5.2 Water-swollen cellulose film from the DMAc/LiCl solution

LiCl dried at 105°C was dissolved in anhydrous DMAc to give a concentration 
of 5% (w/w) solution. Dissolution of cellulose was basically followed by a previ-
ous swelling procedure using a solvent exchange technique (Togawa and Kondo 
1999). Prior to swelling, the cellulose sample was disintegrated into fragments 
or small pieces by a mechanical disintegrator and dispersed into water which 
increased the surface area making it easier to dissolve. The treated cellulose was 
soaked in water overnight, then squeezed and filtered to remove the water. The 
cellulose was then immersed in methanol, and again squeezed and filtered to 
remove excess methanol. After four repetitions of the methanol treatments, an 
exchange with acetone was performed once. Following the treatments with water, 
methanol, and acetone described above, the sample was solvent-exchanged with 
DMAc twice in the same procedure and soaked in the same solvent overnight. 
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Another two repetitions of the above soaking and squeezing treatments with 
DMAc treatments were performed on the sample. Following the final squeeze, 
the cellulose was ready to be dissolved. The cellulose swollen by DMAc was dis-
solved in the DMAc/LiCl solution with constant stirring at room temperature 
for 3 weeks at most. As the viscosity of the solution depends on the DP of the 
polymer, ∼1% cellulose with a DP of 1,300 was suitable for handling. After a 
week, when no change in viscosity was noted in the solution, 1–3% LiCl was 
added to the solution, and then it was heated up to 50–60°C for several hours. 
The resulting solution was then centrifuged and filtered to remove any insoluble 
portion. The actual concentration (wt%) of cellulose in the solution was deter-
mined by weighing a small portion of the dried cellulose film. At this stage, the 
molecules are almost completely dispersed.

The slow coagulation to prepare the gel-like film from a DMAc/LiCl solution 
was carried out according to the following manner. The solution was poured into 
a surface-cleaned glass Petri dish with a flat bottom and placed in a closed box 
containing saturated water vapor at room temperature. In this manner, saturated 
water vapor slowly diffused into the solution and precipitated the cellulose. The 
sample was allowed to stand at room temperature for several days until the pre-
cipitation under a saturated water vapor atmosphere was sufficiently complete to 
obtain the gel-like film. The precipitated gel-like film was washed with running 
distilled water for several days to remove the solvent, and a water-swollen trans-
parent gel-like film was obtained. The films were stored in water until needed. It 
should be also noted that in the entire procedure from preparation of the solu-
tion until starting the slow coagulation with water vapor, rapid operation was 
required, otherwise the water vapor in the atmosphere would easily penetrate 
into the solution and cause precipitation of cellulose II crystals.

5.3 Preparation of NOC from water-swollen cellulose films

Drawn cellulose films were prepared by stretching water-swollen gel-like films. 
These films were cut into strips ∼30 mm long and ∼5 mm wide. These water-swollen 
strips then were clamped in a manual stretching device and elongated uniaxially 
to a draw ratio of 2.0 at room temperature. As the water-swollen films were gel-like, 
they could neither be clamped too tightly nor too loosely in the first stage of 
stretching. The entire drawing process was completed while the specimen was 
still in a wet state. Following air-drying, the drawn specimen in the stretching 
device was vacuum-dried at 40–50°C for more than 24 hours. The thickness of 
the dried films was about 80 µm.

5.4 Preparation of NOC template in Schramm-Hestrin (SH) medium

The never-dried NOC template was put into Schramm-Hestrin (SH) medium 
(Hestrin and Schramm 1954) at pH 6.0, and the solvent was exchanged and 
finally maintained in a Petri dish until used for the study.
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Other noncrystalline ordered substrates were prepared in the same manner 
from different polymers. Nematic ordered blend films of cellulose and its derivatives 
were prepared as follows: DMAc/LiCl was used as the common solvent for all 
samples to be mixed. Solution concentrations were 1 wt% for cellulose and 5 wt% 
for the cellulose derivatives. All solutions were filtered and stored in a closed 
container. Separately prepared solutions of the cellulose and its  derivatives were 
mixed at room temperature in the desired proportions. The  relative  composition 
of the two polymers in the mixed solutions was 70/30, 50/50, and 30/70 by weight 
(cellulose/the derivatives). After stirring for more than 3 days, the mixed solu-
tions were used to prepare nematic ordered blend films by coagulation. The slow 
coagulation to prepare the gel-like film from a DMAc/LiCl solution was carried 
out according to the above. The solution was poured into a surface-cleaned glass 
Petri dish with a flat bottom and placed in a closed box containing saturated eth-
anol vapor at room temperature. In the blend solution, saturated ethanol vapor 
slowly diffusing into the solution was employed to precipitate the cellulose/cellu-
lose derivative blend gel, instead of water vapor for NOC. It was allowed to stand 
at room temperature for a few days until precipitation under a saturated ethanol 
vapor atmosphere was complete to obtain the gel-like film. The precipitated gel-
like film (at this stage fixation of the film appeared to be complete) was washed 
thoroughly with ethanol to remove the solvent, and then the film was put in 
water to exchange the solvent in order to obtain a water-swollen transparent gel-
like film. This water-swollen cellulose/the derivative blended film was stretched 
in the same manner for NOC to be formed into nematic ordered blended films.
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CHAPTER 17

BIOMEDICAL APPLICATIONS OF MICROBIAL 
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Abstract
Microbial cellulose (MC) is a very versatile biomaterial. Even though it has already 
been successfully deployed in such diverse scientific endeavors as electronics, acoustics, 
and fuel cells, it is particularly well suited for the creation of unique biomedical devices 
which can significantly improve the healing process. Because of the increased  interest 
in tissue engineered products for the regeneration of damaged or diseased organs, 
 microbial cellulose may become an essential material for a diverse array of medical 
treatments. Microbial cellulose from Acetobacter xylinum recently has been shown 
to be very beneficial in the treatment of superficial second degree and deep dermal 
 second degree burns. In a clinical study performed on 34 patients, the MC wound 
dressing  materials were directly applied on fresh burns covering up to 9–18% of the 
body surface. The following analyses were considered during the trials: macroscopic 
observations of the wound and wound exudates, epidermal growth, microbiological 
tests, and histopathological studies. The wounds are all very well isolated from the 
outside environment by application of the MC membranes. Due to the unique 3-D 
nanostructure, MC membranes virtually replicate the wound surface at the nano-scale 
level and create optimal moist conditions for wound healing and skin regeneration. In 
shallow wounds, MC dressing promoted growth of the epidermis and in deep wounds 
shortened the period of scab demarcation. Factors for this success include but are not 
limited to the following: (a) a moist environment for tissue regeneration; (b) significant 
pain reduction; (c) the specific microbial cellulose nano-morphology which appears to 
promote cell interaction and, tissue re-growth; (d) significant reduction of scar forma-
tion; and, (e) easy and safe release of wound care materials from the burn site dur-
ing treatment. Microbial Cellulose promises to have many new applications in wound 
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care that extend beyond burn applications including, but not limited to, the following: 
 surgical wounds, bedsores, ulcers, tissue, and organ engineering.

Keywords
Acetobacter xylinum, bacterial cellulose, burns, microbial cellulose, wound dressing, 
wound healing.

1 INTRODUCTION

Burns of the skin are complicated injuries often resulting in extensive damage to 
the skin layers. Burns are classified according to depth and identified by three 
degrees (Latarjet 1995): first-degree burn – usually superficial, affects only the 
outer layer of skin (epidermis); second-degree burn – either superficial, with 
 damage to the epidermis layer of the skin (second-degree A), or deep when pen-
etrating into the dermis (second-degree B); third-degree burn – a total destruction 
of all the epidermis and dermis, extending into subcutaneous tissue (skin grafting 
is recommended). The major goal during treatment of burn patients is to quickly 
accomplish effective wound closure to increase the rate of healing and significantly 
reduce pain (Demling and DeSanti 1999; Jones et al. 2002; Prasanna et al. 2004).

The process of healing of burn tissues involves both regeneration of the epidermis 
and repair of the dermis resulting in formation of scar tissue (Balasubramani 
et al. 2001). There are several key factors regarding a present standard procedure 
of burn wound management in order to enhance healing while minimizing or 
preventing scarring (Latarjet 1995; Gallin and Hepperle 1998): (1) prevention of 
excessive loss of fluids from wounds (which increases up to 70 times in comparison 
with normal skin); (2) prevention of wound infection; and, (3) fast and effective 
closure of the wound, optimally with skin graft or other skin substitutes. The gen-
eral design of an effective burn procedure relies on its immediate change into the 
surgical wound which is accomplished by the fast excision of necrotic tissues and 
closure of the wound with skin substitutes which are either split-thickness auto-
grafts (these would be optimal, due to immunological issues), allografts (these are 
considered as biological wound dressings and cannot replace autogenic skin), or 
xenografts (Balasubramani et al. 2001).

There is still a need for development of wound care dressing material, which 
could sufficiently protect wounds against infection or excessive loss of fluid. It is 
a well-known fact that limitation of these processes significantly reduces meta-
bolic effects associated with burn injury and generally facilitates and acceler-
ates the entire process of the burn treatment. Burns are always associated with 
serious metabolic and immunological disorders commonly called burn sickness. 
There are three major phases occurring during burn injury: the shock phase (up 
to 48 h after the burn event); the catabolic phase (up to several weeks) when a 
process of wound cleansing from necrotic tissues takes place; and, the anabolic 
phase, which occurs when the actual process of healing and tissue regeneration 
takes place. The shorter the period of the catabolic phase, the better are the 
chances to rescue patients with large area skin burns.

Due to recent advances in the field of biomedical materials, scientists have 
developed a variety of natural and synthetic polymers which can be used for wound 



Microbial Cellulose in Burn Wound Recovery 309

closure, drug delivery systems, novel vascular grafts, or as scaffolds for the creation 
of tissue engineered constructs. With respect to wound closure and wound care, 
many different biological and synthetic wound dressings already have been 
developed and introduced in the market, and many are still in the development 
phase. The criteria for an ideal wound care dressing material require it to display 
the structural and functional characteristics of autograft skin (Quinn et al. 1985; 
Balasubramani et al. 2001). The present status of a modern, successful wound 
care dressing material indicates several requisite characteristics: absence of tox-
icity, creation of a moist environment in the wound, high mechanical strength, 
elasticity, control of fluid loss, significant reduction of pain during treatment, 
and absorption of secretions from the wound. Additionally, material should be 
easy to store and ready for immediate usage, provide easy, close wound coverage, 
allow for painless removal from the wound, should display an optional shape 
and surface area, and it should enable the introduction or transfer of medicines 
into the wound (Quinn et al. 1985; Wu et al. 1995; Ruiz-Cardona et al. 1996; 
Delatte et al. 2001; Walker et al. 2003; Park et al. 2004).

In our experience, we have clinically investigated a novel biomaterial which 
meets the requirements for an ideal wound dressing system. Microbial cellulose 
(MC), which is synthesized and secreted by the GRAM negative bacterium, 
Acetobacter xylinum, displays unique physical, chemical, and mechanical prop-
erties including a high crystallinity (70–90%), a high water holding capacity (up 
to 200 times of its dry mass), a well-developed surface area comprised of nano-
fibers (3–8 nm), elasticity, mechanical strength (a Young’s modulus of ∼30 GPa), 
and biocompatibility (Ross et al. 1991; Brown, Jr. 1996; Watanabe et al. 1998; 
Bielecki et al. 2002; Krystynowicz et al. 2002; Czaja et al. 2004). Due to its 
unique nanostructure and remarkable properties, MC has been of great inter-
est for many medical applications including artificial blood vessels, scaffolding 
for tissue engineering of  cartilage, and a wound dressing material for chronic 
wounds (Ring et al. 1986; Fontana et al. 1990; Klemm et al. 2001; Alvarez 
et al. 2004; Svensson et al. 2005).

In our study, we describe the use of a modern wound dressing material synthe-
sized by A. xylinum. This product, MC, is a new system for wound healing. The 
objective of our research was to clinically compare the wound healing effects of 
never-dried MC membranes with conventional cotton gauze wound dressings. We 
wanted to investigate its applicability as a new wound care dressing material in the 
treatment of large area, partial thickness skin burns (second-degree A/B).

2 EXPERIMENTAL DESIGN

2.1 Never-dried MC membranes preparation

MC produced by the vinegar fermentation bacterium A. xylinum is synthesized in 
the form of twisting ribbons, which in stationary culture forms a thick, gelatinous 
membrane on the surface of a liquid medium. The membrane formed in such 
conditions is characterized by the 3D structure made of an ultrafine network of 
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cellulose nano and microfibrils. This particular structure of the never-dried MC 
pellicle determines the remarkable and unique physical and mechanical proper-
ties of the wound dressing material which can hold a large amount of liquid and 
displays high mechanical strength (Table 17-1) A. xylinum E25 from the collection 
of Institute of Technical Biochemistry, Technical University of Lodz, Poland, 
was used in this study.

It is a typical GRAM-negative rod that is an obligate aerobe and it produces 
a thick membrane of pure cellulose at the gas/liquid interface of a static culture 
(Hestrin and Schramm 1954). Schramm–Hestrin medium (SH medium) ( Hestrin 
and Schramm 1954) enriched with 1% (v/v) ethanol, with a pH adjustment to 
5.7 was used in all experiments unless otherwise specified. The cells for the inoculum 
were grown in liquid SH medium in 250 ml Erlenmeyer flasks either statically or on 
a rotary shaker, for 2 days at 30°C. The thick gelatinous membrane that formed in 
the flask after 2 days was squeezed aseptically to remove the cells embedded inside it. 
The cell suspension was then transferred as the inoculum for the primary culture. The 
primary cultures were grown statically in plastic stacking trays of different sizes for 
7 days at 30°C. The synthesized cellulose was harvested from the medium and washed 
with 2% sodium hydroxide (overnight) followed by several changes of distilled water 
in order to remove cells and any residual culture medium embedded in the cellulose 
material. The final product, in the form of a transparent, wet membrane, was pack-
aged, sealed, and sterilized by γ-radiation. MC wound dressings used in the clinical 
study had the following sizes: 18 × 25 cm, 40 × 60 cm.

2.2 Clinical trials

Controlled, randomized clinical trials were conducted on 34 patients. The experi- 
mental group of individuals who received the MC consisted of 22 patients in the 
testing group (5 females with an average age of 49, and 17 males with an average age 
of 35). The control group consisted of 12 patients. All patients, both from testing 
and control groups, suffered from severe thermal burns (second-degree A/B) cov-
ering 9–18% of the total body surface area (TBSA). The research study protocol 
was approved by the Bioethical Committee of the Medical University of Silesia 
(Katowice, Poland) prior to the commencement of the study. Written consent of all 
patients was taken after presenting them appropriate information about the research 
project. Patients who were included in the study were between 18 and 70 years of 
age, had second-degree A/B burns covering 9–18% TBSA, did not have diabetes, 

Table 17-1. Physical and mechanical characteristics of the MC wound dressing

Thickness 
(mm)

Crystallinity 
degree (%)

Young’s 
modulus 
(GPa)

Water holding 
capacity 
(g water/g 
cellulose)

Cellulose 
content in the 
dressing (%)

Relative total 
deformation 
index (%)

Tensile 
strength 
(MPa)

       3         65      2.7          79           0.6          30.1      92
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collagenosis, uraemia, mental disease, cancer, immunosupression, or any blood 
transfusions for a year prior to the beginning of the clinical study, nor did they have 
any cytostatic or radiant energy treatments. Patients who did not sign the written 
consent form, did not understand the objectives and methods of the study, were 
pregnant, or who incurred serious side effects during treatment were excluded from 
the study.

After cleansing and disinfecting the wound, MC dressing materials were 
directly applied on fresh burns (second-degree A/B) closely covering up to 
9–18% of  the body surface of  the experimental patients, and then covered 
with gauze wraps containing a 3% Braunol (B. Braun Medical) solution. 
The control group was treated with a standard procedure using gauze wound 
dressings with a 3% Braunol solution, silver sulfadiazine, povdone-iodine, or 
flammacerium ointment. The normal wound treatment period for both groups 
of  patients (testing and control) was 10 days. The Parkland formula of  fluid 
replacement with crystalloids was applied to all patients on the first day of  
hospitalization: body weight (kilograms) × the body surface area burned (per-
centage) × 4, yielding the intravenous crystaloid volume (in milliliters) to be 
administered over 24 h. One-half  of  this volume was given during the first 8 
h of  the burn treatment, followed by administering the remaining half  of  the 
volume over the next 16 h. Starting from the second day of  hospitalization, the 
loss of  fluid was determined using the hematocrit value, which is the propor-
tion, by volume, of  the blood that consists of  red blood cells and is expressed 
as a percentage by volume.

During clinical evaluations the following diagnoses were considered: (a) mac-
roscopic observations of the wound; (b) epidermal growth; (c) microbiological 
tests of blood (on the tenth day of the treatment); (d) wound exudates (on the 
first, fifth, and tenth day of the treatment); (e) urine (on the first and tenth day of 
the treatment); and, histopathological studies (on the first and tenth day of the 
treatment). Antibiotics were not used in any cases during the studies. Color pho-
tographs of the wounds were taken on the first, fifth, and tenth day of the treat-
ment. Tissue specimens from experimental patients and control patients were 
obtained for examination by excising the wound during periodic changes of the 
MC dressing. Tissue specimens were fixed in 10% formalin solution, dehydrated 
and embedded in paraffin wax. Sections were mounted on plain glass slides and 
stained with hematoxylin and eosin in a conventional manner. Observations 
were carried out using bright field light microscopy.

3 CLINICAL OUTCOMES

3.1 High conformability, moisture donation, and faster healing

The medical tests conducted in vivo on the rat animal model showed that MC 
membranes successfully protected the surface of large-area skin burns from an 
excessive external fluid loss and significantly accelerated the process of healing 
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(Krystynowicz et al. 2000). These early promising results allowed permission 
from the Bioethical Committee to perform the clinical trials on humans.

During clinical trials, the MC wound dressing was applied on the fresh wound 
under sterile conditions. Because of its high conformability, the adherence of MC 
membrane to the wound surface was excellent (Figure 17-1). In all clinical cases, the 
dressings adhered very well to the wound sites during treatment, thus avoiding any 
dead spaces. In order to enhance the patient’s mobility, MC dressings were addi-
tionally covered with gauze wraps, which helped to keep them in place. The large 
size of the cellulose membranes employed in this study (e.g., 40 × 60 cm) displayed 
a full adherence to the variable surfaces throughout the wound. This seemed to be 
very helpful in accelerating the healing of large area wounds. The applied, never-
dried cellulose membrane allowed both: (a) maintenance of a proper moist envi-
ronment around the wound and (b) due to its highly porous structure, absorbance 
of the wound’s exudates. None of the patients treated during the trial developed 
any kind of hypersensitive reactions to the applied MC wound dressing.

In the general procedure used during our clinical trials, the MC dressing 
remained in contact with the wound for about 24  h or until it had become 
“almost dry”. The dressing was then replaced with a new one. Due to the mois-
ture still present in the never-dried cellulose structure, the release of the dressing 
from the wound was an entirely painless operation. However, in the beginning 
phase of our study, a single MC dressing was kept on the wound for more than 
24  h, even up to 5 days, with or without its periodic rewetting by 0.9% NaCl. 
Later on, the completely or partly dried membrane was rewetted in order to 
achieve a painless removal from the wound (Figure 17-2b). An interesting pre-
liminary observation was made during the extended treatment of burns with dry 
MC membranes. We observed that under completely dried MC dressings (that 

Figure 17-1. Application of a large size MC dressing on a second-degree burn (See Color Plate of this 
figure beginning on page 355)
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were not changed for up to 5 days), the process of healing was accompanied by 
the entire removal of necrotic tissues and wound exudates (Figure 17-2c). On the 
other hand, the negative effects of such a treatment included a painful dressing 
release from the wound and slight damage to the fresh epidermis or even deeper 
parts of the skin caused by the dry dressing removal. In several cases, the effect 
of wound squeezing generated by the continuously rewetted MC membrane has 
been found to be very helpful in the reduction of swelling.

The patient shown in Figure 17-2 suffered from second-degree A/B burn of 
the both forearms caused by exposure to flames. During clinical studies, the 
patient’s right arm was treated with MC wound dressing and the patient’s left 
arm (the control), with treatment consisting of moist gauze and ointment. In 
this particular case, the MC membrane was not changed daily, so the process of 
healing was carried out both in moist (for the first 18 h) and dry (during next 3 days) 
environments. Despite this fact, an entirely regenerated epidermis was revealed 
upon removal of the MC dressing from the wound after 4 days of treatment 

A

C D

B

Figure 17-2. A second-degree A/B burn of  both forearms. MC dressing applied on the wound 
(a); MC dressing dried on the wound in the second day of the treatment; left hand has been treated 
with the control technique (b); dry MC dressing removed from the wound after 4 days of treatment 
revealed a clean area with a fully regenerated epidermis underneath; left forearm treated with control 
procedure displayed presence of necrotic tissues (c); wound after 3 weeks upon burning shows a com-
plete re-epithelialization on the healed right forearm whereas on the left forearm granulation tissues 
have just been formed (d) (See Color Plate of this figure beginning on page 355)
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(Figure 17-2c). At the same time, the left, control forearm still displayed the pres-
ence of the necrotic tissue, which finally started to separate from the wound dur-
ing the next 2 days. Three weeks after burning, the right forearm was completely 
healed, whereas the left, control forearm had just initiated the formation of red 
granulation tissues (Figure 17-2d). This particular case shows that even under 
unfavorable, dry conditions during the longer periods of treatment, the MC pro-
vided rapid wound healing without the necessity for frequent dressing changes. 
More research is needed to elucidate the specific interactions between skin cells 
and the unique MC nanostructure in order to draw any more conclusions about 
the treatment with dry MC dressing.

Table 17-2 summarizes the healing process in the testing group of patients, 
treated with MC dressing and in the control group, treated with the standard 
technique over the period of 10 days. Analysis of these data clearly shows that 
the specific moist environment created in the wound upon application of MC 
membrane promotes its rapid self-cleaning. A significant decrease in the pres-
ence of necrotic tissue at the bottom of the wound was observed for patients 
treated with MC dressing. The data from the table shows that at the fifth day of 
the treatment, the presence of necrotic tissue at the bottom of the wound was 
clearly observed only in 3 patients from the testing group (a decrease of 75%) in 
comparison with 8 patients (a decrease of 33%) continuously displaying necrosis 
in the control group. Consequently, the formation of pink and red granular tissue 
in the wound took place much earlier in the group of patients treated with MC 
dressing than in the control group. Finally, it was proven that by the tenth day of 
the treatment period, the process of reepithelialization had begun in 7 patients 
from the testing group (58.3%) in comparison with 4 patients (33.3%) from the 
control group. These results show that the application of MC burn dressing in 
the treatment of partial thickness burns promotes the creation of a favorable 

Table 17-2. The progress (A–E) of wound healing in the testing (treated with microbial cellulose 
dressings) and control group over the period of 10 days. The data points are number of patients and 
percentage of the group that fit in the particular progress category

  A B C D E

   Bottom of 
   the wound 
  Necrotic tissue  covered with  Pink  Red 
Day of  Group of  at the bottom  pus or wound  granular  granular  Epidermis 
observation patients of the wound exudate tissue tissue growth

1 Testing 12(100%) – – – –
 Control 12(100%) – – – –
5 Testing 3 (25%) 5 (41.7%) 4 (33.3%) – –
 Control 8 (66.7%) – 1 (8.3%) 1 (8.3%) 2 (16.7%)
10 Testing – 2 (16.7%) 3 (25%) – 7 (58.3%)
 Control – 6 (50%) 2 (16.7%) – 4 (33.3%)
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environment for fast wound cleansing, and consequently its rapid healing. No 
clinical signs of wound infections were noted at any time during treatment. For 
all patients included in the trials, there were generally no significant differences 
in the incidence of positive bacterial cultures from the MC and control dressing-
treated wounds at days 1, 5, and 10 of treatment. Swabs typically grew organ-
isms including Pseudomonas aeruginosa, Staphylococcus aureus, Escherichia coli, 
Klebsiella pneumoniae, and Acinetobacter baumani.

3.2 MC is particularly useful in the treatment of facial burns

It is a well-known fact that deep, large facial burns are difficult to heal and 
often require hospital care (Demling and DeSanti 1999). Facial burn injuries 
very often result in cosmetic disfigurement. Two factors, which play a key role 
in minimizing disfigurements are: (1) a fast and timely wound closure; and (2) 
application of pressure to maturing facial scars (Manigandan and Dhanaraj 
2004). Due to its unique nanostructure the MC dressing can hold a large amount 
of liquid, and this makes it quite heavy, but at the same time it is still a highly 
conformable material. When applied on the face in the form of a mask (Figure 
17-3b) the MC dressing initiates a positive pressure on the maturing scars, thus 
preventing extensive collagen overproduction. In deep burns, pressure therapy to 
limit collagen formation and reduce scarring normally is recommended as soon 
as healing allows (Roques 2002). By applying MC dressing on fresh burns, this 
positive effect of pressure can be achieved from the beginning of the healing pro-
cess. Figure 17-3, images a–f show a patient with the severe deep second-degree 
burns of the facial surface caused by exposure to flame. In this particular case, 
closure of the entire face was achieved with a single sheet of MC membrane 
in which the holes for eyes, nose, and mouth were made after placement. By 
comparison, most of the commercially available, standard skin dressings and 
substitutes usually are too small to cover the entire facial surface, so two or three 
sheets attached to each other with staples must be normally applied. Shortly 
after application of the moist dressing on the wounded face, the swelling gradu-
ally decreased, and the feeling of pressure on the facial surface had subsided. 
Seventeen days after the burns, the process of wound healing had significantly 
progressed (Figure 17-3c). The epithelialization in the regions of wound edges 
and from the deep epidermal appendages was clearly observed at that time. After 
44 days, the wounded face was entirely healed with no need for skin grafting 
and no significant signs of extensive scarring (Figure 17-3d). The same patient 
was examined for scar tissue formation after about 20 months post burning. 
The patient displayed several shallow, nonovergrowing (nonhypertrophic) scar 
tissues on the facial surface where a third-degree burn occurred (Figure 17-3e). 
Additionally, the lack of tissue fragments on the right ear was also observed 
(Figure 17-3f).

 One of the positive effects of treatment with MC dressing was a significant 
reduction of scar tissue formation on the facial surface affected by partial and 
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deep thickness burns. Another positive effect was the character of the remain-
ing scars, which were not overgrown and did not cause any contractions, espe-
cially in the region of eyelids. Based on our observations, we can conclude that 
MC dressing appreciably improved the management and healing rate for deep 

A

C
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B

Figure 17-3. A deep second-degree facial burn caused by the exposure to flame (a); a highly con-
formable mask of the MC dressing with holes on eyes, nose, and mouth was tightly applied on the 
wounded face (b); the epithelialization in the regions of wound edges and from the deep epidermal 
appendages has been clearly observed at 17 days upon burning (c); the entirely healed face after next 
28 days (d); examination after about 20 months upon burning showed the shallow, nonhypertrophic 
scar tissues on the facial surface where third-degree burn occurred (front) (e); and the lack of tissue 
fragments on the right ear (f) (See Color Plate of this figure beginning on page 355)
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 second-degree facial burns compared to a standard technique with moist gauze 
dressing and ointment.

A significant decrease of pain has been observed throughout the treatments with 
MC material. After daily patient interviews, there were only two cases in which 
patients terminated treatment with the MC dressing, explaining that they could not 
withstand the psychological effect of wearing the mask on their wounded faces.

To date, the standard procedure of care for facial burns remains that of an 
open technique, using topical antibiotics (Hartford 1997; Demling and DeSanti 
1999). This is mostly due to the difficulty of using occlusive dressings or skin 
substitutes on facial burns (Hartford 1997; Demling and DeSanti 1999). Applica-
tion of the MC dressing, which can be easily formed in the shape of a face mask, 
could entirely overcome those obstacles. Its physical properties allow excellent 
molding to all facial contours, displaying a high degree of conformability even to 
moving facial parts. The histological appearance of the typical wound tissue in 
Figure 17-4 clearly shows how tightly the MC membrane adhered to the surface 
of the wound during the overall process of healing.

A

C D

B

MC membrane

tissue

Figure 17-4. Photomicrographs of  a biopsy specimen from a wound treated with MC dressing. 
(a) Necrosis of wound tissues; (b) growth of granulation tissue and keratinocytes from the appendages 
of skin (fifth day of treatment with MC dressing); (c) fragment of MC dressing tightly adhered to the 
wound tissue (fifth day of treatment with MC dressing); and (d) a fresh epidermis growing in the wound 
after 10 days of treatment with MC dressing (See Color Plate of this figure beginning on page 355)
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A similar situation can be observed during application of the MC dressing 
on the burn wounds of ears. Most ear burns cause a partial loss of some parts 
of the ear cartilage, and consequently reconstruction is required (Manigandan 
and Dhanaraj 2004). Generally, the process of ear healing faces many difficulties 
during the treatment due to the weak blood supply of ears and a shallow posi-
tion of the cartilage. Another difficulty is the anatomical shape of the ear, which 
does not allow for easy coverage. Application of MC membrane, which easily 
and tightly adheres to the ear’s contours, creates a specific close contact of a 
moist layer that entirely isolates the wound from the external environment (data 
not shown). Another interesting and important advantage of the MC dressing 
includes its transparency, which allows for continuous clinical observation of the 
healing progress.

The unique 3D nanostructure of MC seems to be a key factor, which deter-
mines its usefulness as a wound dressing material (Figure 17-5). A specific 
occlusive, moist environment created upon close contact application of the MC 
membrane  significantly facilitated the process of necrotic debris removal (auto-
lytic  debridement) in comparison with the control group of patients. In addition, 
this environment improved the development of granulation tissue and acceler-
ated the entire process of  re- epithelialization. It also created an optimal healing 
 environment by maintaining a moisture layer for new cell migration and growth. 
A significant decrease in daily wound care needs, degree of pain, and the overall 
time of healing was observed in the treatment with MC dressing in compari-
son with the control  procedures. Many other studies have shown that wound 
healing of partial- thickness burns can be successfully obtained with appropriate 
dressing material. Promising results have been obtained using different membra-
nous, occlusive materials like Allevyn, Aquacel, OrCel, Biobrane-L, TransCyte, 
Integra, and other materials (Demling and DeSanti 1999; Loss et al. 2000; Innes 
et al. 2001; Vloemans et al. 2001; Still et al. 2003). All of the above dressings 
provided a moist healing environment, which was associated with a short healing 
time. Generally, the transparent films and colloids which resulted in a smooth 

A B

Figure 17-5. Ultrafine net of microbial cellulose (a) has a very smooth network of micro- and nano-
fibrils and (b) the cross-section of MC membrane with multilayer architecture
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epithelial surface and lowest donor site pain have been shown to be the closest 
to meet the ideal conditions for fast and stable healing (Innes et al. 2001). The 
ideal dressing, which possesses all of the qualities of the wound dressing dis-
cussed in the introductory chapter of this report, has not yet been developed. 
However, we believe that the MC dressing, which fulfills all these requirements 
has the potential to become an ideal wound dressing, particularly for treatment 
of partial-thickness burns.

4 CONCLUSIONS

In conclusion, our results have shown that wounds are very well isolated from 
the outside environment by application of the MC membranes. Due to its unique 
3D nanostructure, the MC membrane can virtually replicate the wound surface 
at the nanoscale level and create optimal moist conditions for wound healing 
and skin regeneration. During the clinical trials, MC dressings were very well tol-
erated by patients, significantly reducing pain during treatment and allowing for 
painless removal of the dressing from the wound. In shallow wounds, MC dress-
ing promoted growth of the epidermis and in deep wounds shortened the period 
of scab demarcation. In our opinion, treatment with MC dressings should be 
continued until an entirely new epidermis appears, otherwise a second necrosis 
can take place. The MC dressing needs to be changed every day or rewetted to 
maintain the desired moist environment. Drying of the dressing on the wound 
causes the effect of squeezing (pressing). The results to date suggest that MC 
dressing might be effective in reducing scar formation. In our opinion, cellu-
lose dressings should be applied to fresh wounds immediately after burn injury. 
 Considering this and the capability to produce MC dressing of different sizes 
and shapes, we think that, in addition to hospitals and ambulatories, MC should 
be widely used in all emergency responding units such as police, emergency, 
firemen, army, etc. The unique features of the MC have been demonstrated to 
be effective in the burn wound healing response.
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CHAPTER 18

CELLULOSE AS A SMART MATERIAL
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Abstract
Cellulose-based electroactive papers (EAPap) are studied as a smart material. Various 
kinds of paper fibers are tested and cellulose paper is found to be a possible candidate 
for EAPap. The performance of  cellulose-based EAPap actuators is investigated. 
Regenerated cellulose papers exhibit remarkable performance; 4 mm of tip displace-
ment and 1.11 mN blocking force are observed from the 30 mm EAPap in the presence 
of 0.25 kV/µm excitation voltage. This actuation voltage per unit thickness is quite low 
compared to other electronic EAP materials. The electrical power consumption was 
10 mW/cm2. This power usage is promising since it can be operated with microwave 
power, which is attractive for many applications.

The environmental effects of humidity and temperature on the performance of EA-
Pap are studied. As humidity increases, the displacement increases due to the increase 
of mobility and the decrease of stiffness. At 30°C, the best performance is observed. 
This temperature may be associated with the ion mobility of EAPap samples. The 
mechanical properties of EAPap are tested for cellulose-based papers. In the mechani-
cal test, the typical Young’s modulus of EAPap ranges from 4 to 9 GPa, which is quite 
high compared to other EAP materials.

The role of inherent polarization and ionic transport effects in actuation mechanism 
of EAPap actuators are investigated. To physically investigate the actuation mecha-
nism, several tests are performed. X-ray diffraction (XRD) spectra are compared 
before and after electrical activation and the possibility of crystalline structure change 
is observed. Dielectric property measurement indicates a dependence of the dielectric 
constant on fiber direction, as well as on frequency, humidity, and temperature. Thus, 
we conclude that piezoelectric effect and ionic migration effect are in the EAPap at the 
same time associated with dipole moment of cellulose paper ingredients. The amount 
of these effects may depend on environmental condition.

Since cellulose-based EAPaps are quite simple to fabricate, lightweight, and utilize 
low-excitation voltage, a number of applications including flapping wing for flying 
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objects, flexible speakers, active sound absorbing materials, and smart shape control 
devices may be accrued within a foreseeable future. Possible applications are addressed 
with some challenges in EAPap research.

Keywords
electroactive paper (EAPap), ion migration effect, piezoelectric effect, regenerated 
cellulose, smart material.

1 INTRODUCTION

Smart materials can sense changes in the environment and generate a useful 
response. In such materials both sensing and actuating functions with the appro-
priate controls must be integrated and comprise the central control points of 
the material (Spillman et al. 1996). Smart materials provide “smartness,” a func-
tionality that adds significant value to such materials, technologies, or end prod-
ucts. Smartness enables system performance enhancements that are not possible 
with traditional nonsmart approaches. The applications of smart materials are 
numerous and varied.

In the last 10 years, the field of smart materials has received much attention as 
a result of the development of new electroactive polymer (EAP) materials that 
exhibit a large displacement (Bar-Cohen 2004). This characteristic is a valuable 
attribute that has enabled a myriad of potential applications, and it has evolved 
to offer functional similarity to biological muscles. The potential to operate 
biologically inspired mechanisms driven by EAP will offer capabilities that are 
currently considered science fiction. EAP materials are able to offer a range of 
performance and characteristics that may not be reproduced by other technol-
ogies. Therefore, it is certain that EAP materials have a promising future for 
applications such as biologically inspired actuators driving various mechanisms 
for manipulation and mobility including microrobots, microflying objects, and 
animatronic devices. The field of EAP is broad and offers enormous potential 
for many applications. Much of the ongoing EAP research tends to focus on the 
development and understanding of the new polymer materials.

Generally, EAP materials are divided into two major categories based on their 
activation mechanism: electronic (driven by electric field or Coulomb forces) and 
ionic (involving mobility or diffusion of ions). Electronic polymers, such as elec-
trostrictive, electrostatic, piezoelectric, and ferroelectric, require a high activation 
field close to the breakdown level. An exceptionally high electrostrictive response 
has been found in electron-irradiated poly(vinylidene fluoride- trifluoroethylene) 
[P(VDF-TrFE)] copolymer (Zhang et al. 1998). It is the electric field-induced 
change between nonpolar and polar regions that are responsible for the large 
electrostriction observed in this polymer. As large as 4% electrostrictive strains 
can be achieved at low frequency drive fields having amplitudes of about 150  V/µm. 
Dielectric elastomer-based EAPs have been under investigation for the last 10 years 
(Perline et al. 2000). Dielectric elastomer transducers are rubbery  polymer 
materials with compliant electrodes that have a large electromechanical response to 
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an applied electric field. The induced strain is proportional to the square of 
electric field, multiplied by the dielectric constant and inversely proportional to 
the elastic modulus. A graft-elastomer EAP was developed that exhibits not only 
large electric field-induced strain (4%) but also a relatively high elastic modulus 
(560 MPa) (Su et al. 1999). By combining this graft elastomer with a piezoelectric 
polymer, an electrostrictive-piezoelectric multifunctional polymer blend system 
has been developed. The critical problem of these electronic EAPs is that they 
need high voltage for activation, which results in high electrical strain-related 
difficulties, such as voltage breakdown shielding, packaging, miniaturization, 
and driver configuration in device implementations.

In contrast, ionic EAP materials, such as gels, polymer-metal composites, con-
ductive polymers, and carbon nanotubes require low drive voltage. However, 
their wetness must be maintained, and except for conductive polymers, it is diffi-
cult to sustain DC-induced displacements. Ionic polymer gels can be synthesized 
to produce strong actuators having the potential that matches or is comparable 
to the force and energy density of biological muscles. Muscle-like actuators have 
been made from bilayers of cross-linked polyacrylamide and polyacrylic acid 
hydrogels sandwiched between electrodes (Calvert and Liu 1998). The poly-
acrylic acid responds to applied positive polarity field by contracting and expel-
ling water which is taken up by the polyacrylamide layer. When activated, these 
gels bend as the cathode side becomes more alkaline and the anode side more 
acidic. However, the response of this multilayered gel structure is relatively slow 
because of the need to diffuse ions through the gel. Ionomeric polymer-metal 
composites (IPMCs) are a well-known EAP that bends in response to an electrical 
activation as a result of mobility of cations in the polymer network (Shahinpoor 
et al. 1998; Tadokoro et al. 2000). A relatively low voltage is required to stimulate 
bending in IPMCs, whereas the base polymer provides channels for mobility of 
positive ions in a fixed network of negative ions on interconneted clusters. How-
ever, the slow response and the need of wetness restrict the applications. Con-
ducting polymers (CP) typically function via a reversible counterion insertion 
and expulsion that occurs during redox cycling (Madden 1999). Most studies to 
date have investigated the contractile properties of either two CPs, polypyrrole 
or polyaniline. Researchers have reported the construction and characterization 
of  a linear actuator prototype made of  polyaniline fibers, a solid polymer 
electrolyte, and a spiral-shaped copper wire as counterelectrode (Otero and 
Sansina 1995). CP actuators have been used to develop a microrobotic arm with 
individual controllable hinges for an elbow, a wrist and 2–4 fingers by using 
CP actuators (Jager et al. 2000). Single-walled carbon nanotubes (SWNTs) were 
shown to generate higher stresses than natural muscle and higher strains than 
high-modulus ferroelectrics (Baughman et al. 1999). Like natural muscles, the 
macroscopic actuators are assemblies of billions of individual nanoscale actuators.

A bold departure from the current direction of EAP research is required to 
overcome the current challenges facing these materials, while still using the valuable 
accomplishments already attained. This is especially true for microinsect robots, 
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microflying objects, and animatronic devices, all of which require a new and 
innovative EAP material that is ultralightweight and operates using low power 
levels. Thus, it is necessary to develop a new EAP actuator with an ultralightweight, 
fast response, robustness, and low power consumption.

An interesting actuation phenomenon in cellulose-based papers has been 
reported (Kim et al. 2002). When an electric field was applied on paper, a 
large displacement with low force was produced. This was the first discovery 
of the electroactive paper (EAPap) actuator. After a period of research effort, 
the actuation principle has been partially understood, and cellulose papers have 
been found to be good candidates for EAPap actuators (Figure 18-1a). When 
0.25 V/µm of excitation voltage was applied, more than 4 mm of tip displace-
ment was observed out of the 30 mm long EAPap beam. This excitation voltage 
is low compared with other electronic EAP materials. These characteristics are 
very promising for many applications in ultralightweight and micro devices since 
they can surpass technical barriers of currently available EAPs.

The electrical power requirement of  cellulose EAPap actuators is less than 
15  mW/cm2. This low electrical power consumption is promising for achieving a 
microwave-driven actuator. Cellulose EAPap can be integrated with a microstrip 
antenna, so called rectenna (rectifying antenna). When microwaves arrive at the 
rectenna, the microwave power is converted into DC power, and distributed to 
the EAPap actuator via power allocation device (PAD) circuit. Since rectenna 
and PAD are thin film based, they can be integrated onto cellulose EAPap, 
which comprise a remotely-driven EAPap actuator. Since this remote power 
supply capability does not require any battery, an ultralightweight EAP actua-
tor can be achieved. In addition, the wireless power supply will improve agility 

Figure 18-1. Configuration of EAPap bending actuator (Kim  et al. 2006c) [Courtesy of ACS] (See 
Color Plate of this figure beginning on page 355)
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and allow for longer operational distances of the actuator applied devices. This 
idea is useful for specific applications that require multifunctional capabilities 
such as smart skin, ultralightweight space structures, microrobots, flapping wing 
for insect-like flying objects, and smart wall paper. This chapter describes the 
development story of EAP actuators, their performance evaluation, the actuation 
principle, mechanical testing, and potential applications.

2 EXPERIMENTS

2.1 EAPap sample preparation

EAPap is made by depositing thin electrodes on both sides of cellulose paper. 
Figure 18–1 shows the configuration of cellulose EApap actuator. Paper is a 
chemically and physically processed composite material derived from vascular 
and structural tissues of higher plants. The building blocks of this composite 
material are lignin (a hydrophobic cross-linked polymer), cellulose (a linear 
partially crystalline polysaccharide), and a collection of other polysaccharides 
(hemicelluloses, which are very hydrophillic, and extractives). Cellulose consists 
of unbranched polymers of linked glucose residues arranged in linear chains, 
where every other glucose residue is rotated ~180° (Brown, Jr. et al. 1996). In 
nature, cellulose never occurs as a single chain, but exists from the moment of its 
synthesis as a crystalline array of many parallel, oriented chains called microfi-
brils, which are its fundamental structural units. The glucan chain length (degree 
of polymerization) varies from about 2,000 to more than 25,000 glucose resi-
dues. Microfibril size can vary from “element fibril,” which has approximately 
36 chains, to the large microfibrils of cellulosic algae which contain more than 
1,200 chains, and are so highly organized that they can diffract as a single crystal 
(Atalla and Vanderhart 1984).

In the beginning of EAPap research, several kinds of papers with different 
fibrous natures were selected to investigate their electroactive characteristics: 
hardwood paper, softwood paper, kraft paper, electrolyte paper, Korean paper, 
carbon paper and cellophane film. Hardwood paper is made with deciduous 
trees that have broad leaves, and soft wood paper is from conifers. Kraft paper 
is made with a chemical pulp that is obtained from wood by placing a chip of 
it in a pressurized vessel in the presence of hot caustic soda and sodium sulfide. 
Electrolyte paper is a capacitor tissue paper made with kraft paper immersed 
in an electrolyte. Korean traditional paper is made of bast fibers of the Korean 
paper mulberry. Carbon paper is an electroconductive paper made by mixing 
carbon fibers into chemical pulp. Carbon fibers size is ~8 µm. Cellophane is a 
regenerated cellulose made by dissolving cellulose fibers into a solution and cast 
it, which is well-known cellulose xanthate process. Before testing the electrical 
actuation of EAPaps, SEM picture were taken to examine their surface struc-
ture (Figure 18–2). In the preparation of EAPap actuators, a gold electrode is 
deposited on both sides of paper sheets by means of physical vapor deposition. 
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Figure 18-2. SEM of paper samples (×800) B,C: (Kim  et al. 2002) [Courtesy of IOP]

The thickness of gold electrodes is about 0.1?µm, which is so thin that its bend-
ing stiffness is negligible. The size of  sample is 10 × 40 mm and the thickness 
ranges from 14 to 25 µm.

When the samples were actuated by applying electric field across the electrodes, 
small bending displacements were observed. Especially, the cellophane EAPap 
exhibited the best displacement output. Thus, we have focused on regenerated 
cellulose. For further study, the fabrication process of regenerated cellulose 
EAPap was setup at our laboratory. Figure 18–3 shows the xanthate cellulose 
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process for regenerated cellulose (Woodings 2001). Cotton pulp was beaten by a 
beater with water for 1 h and the water was removed by a sand filter. The sodium 
hydroxide was mixed with the beaten pulp in a three-hole round  bottom flask. 
A stirrer was used to mix them maintaining 70°C with heating mantle. After 
cooling it, carbon disulphide was added to them and agitated again with nitro-
gen purging. After aging, a treacle-like yellow solution was obtained. This 
solution was coated on a glass plate using spin coater (Laurell Technology). The 
cellulose coated glass was put in the H2SO4 bath, and the sample was washed 
with fresh water. The washed sample was baked at a vacuum dried oven, and 
gold electrodes were deposited on both sides of it.

2.2 EAPap actuator performance

The performance of EAPap actuators was evaluated in terms of free tip displace-
ment and blocked force. In order to simultaneously acquire the tip displacement 
signal while an electrical field is applied across the electrodes, a computerized 
set-up was made (Figure 18–4). An EAPap actuator was supported vertically 
in an environment chamber that can be controlled the humidity and temperature. 
Function generator (Agilent 33220A) controlled by a computer sent the excitation 
voltage to the actuator, and it produced a bending deformation. The tip 
displacement of the EAPap actuator was measured by the high precision Laser 
Doppler Vibrometer (Ometron VS100) mounted on an optical table and the 
signal was converted to the displacement through the Labview software 
in the computer. To measure the tip blocked force, a microbalance was used. 
Blocked force is the maximum tip force when the tip of  EAPap actuator is 
fixed. An EAPap actuator was fixed vertically in the environmental chamber 
by using tongs and the microbalance (Precisa XT220A, micro Newton resolu-
tion) was mounted on an optical table. A vertical fixture was placed on the 
balance and the tip of  the actuator was contacted with the fixture. Since the tip 
of  EAPap actuator was contacted by the top of  the fixture, a horizontal push-
ing force on the fixture was converted to the vertical force due to the moment 
equilibrium of  the fixture structure. The pure vertical force was measured by 
pushed down the balance and the balance after nullifying the initial weight of  
the vertical fixture.

(C6H10O5)n + nNaOH � (C6H9O4ONa)n + nH2O : Sodium cellulose, swelled cellulose

(C6H9O4ONa)n + nCS2 � n (SC−OC6H9O4)n : Sodium cellulose xanthate

SNa

n (SC−OC6H9O4)n + H+ 
� (C6H10O5)n : regenerated cellulose

SNa

Figure 18-3. Regenerated cellulose process with xanthate cellulose solution
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Table 18–1 represents the tip displacement of EAPap actuator made with six 
different papers. Here, “-“ means that no significant displacement was observed. 
Hardwood and softwood paper exhibited a small displacement less than 1 mm. 
Meanwhile, cellophane EAPap exhibited very large displacement output. Detailed 
displacement measurements were conducted on the cellophane EAPap actuator.

Figure 18–5 shows the displacement output of the actuator as a function of 
voltage (Vp–p) and relative humidity (%) at 4 Hz. At 5 V, it exhibited the maximum 
displacement of 4.3 mm. This value corresponds to the electric field strength of 
0.25 V/µm, which is very low comparing with other electronic electroactive polymers 
(150 V/µm) (Su et al. 1999). This low actuation voltage is an advantage of the EAPap 
actuautor. The tip displacement result shows that the displacement increases with 
the humidity. Normally, there is a decrease in the elastic modulus of paper when the 

Table 18–1. Tip displacement output of EAPap actuator with different papers

Paper Displacement output

Hardwood paper 0.08 mm (5 Hz)
Softwood paper 0.10 mm (5 Hz)
Kraft paper –
Electrolyte paper –
Korean paper –
Carbon paper –
Cellophane 4.3 mm (4 Hz)

Figure 18-4 .Tip displacement measurement setup (Kim  et al. 2004) [Courtesy of SPIE] (See Color 
Plate of this figure beginning on page 355)
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relative humidity is increased. According to O’sullivan’s observation, the conductiv-
ity of cellophane paper is increased when the relative humidity is increased (Mark 
1989). This is due to the increase of mobility in the cellulose. Comparing with other 
papers that have random fiber orientation, cellophane has its orientation effect. In 
other words, the elastic moduli in mechanical and transverse directions are differ-
ent. The cellophane EAPap sample made with 45° from the mechanical direction 
showed the best tip displacement output. This angle might be associated with the 
crystal structure for the actuation mechanism of the EAPap actuator.

2.3 EAPap actuation principle

To successfully transit cellulose EAPap actuators into these applications, it 
is crucial to ascertain the actuation principle responsible for the performance 
parameters. Based on the cellulose structure and our processing of the cellu-
lose-based EAPap, we believe that the actuation is due to a combination of two 
mechanisms: ion migration and piezoelectric effect associated with dipolar orien-
tation. In the remainder of this report, we present experimental evidence of both.

Cellulose EAPap material is composed of molecular chains with a dipolar 
nature. In particular, the crystal structure of cellulose II is monoclinic, which 
is noncentro-symmetric and exhibits piezoelectric and pyroelectric properties. 
To investigate the dipole effects in EAPap, thermally stimulated current (TSC) 
measurement was conducted (Hongo et al. 1996). The classical procedure in 
TSC includes (1) heating the sample to a given temperature (200°C); (2) applying 

Figure 18-5. Tip displacement of cellophane EAPap actuator with voltage and relative humidity 
(Kim  et al. 2006c) [Courtesy of ACS] (See Color Plate of this figure beginning on page 355)
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the electric field at this temperature for a time t; (3) cooling the sample down 
to room temperature with the field on to freeze-in any dipolar alignment; (4) 
reheating the sample at a slow rate while monitoring the current to quantify 
any dipolar alignment that took place in step (2) (350°C); and (5) finally, the 
sample is reheated one last time while current is monitored once again (350°C). 
This last step may differentiate between current discharge due to dipolar align-
ment and real charge injection (space charge); real charge injection may not fully 
escape the material in one heating. Figure 18–6a shows the depolarized current 
with temperature with different poling electric fields and (b) does the peak cur-
rent values as a function of the poling electric field. The depolarization current 
increases linearly as the poling electric field increases. This behavior is usually 
indicative of dipole orientation (Turnhout 1999).

Generally, the polarizability of dielectric materials may be separated into sev-
eral parts. An electronic contribution arises from a displacement of the electron 
shell relative to a nucleus and an ionic contribution from the displacement of a 
charged ion with respect to other ions. In cellulose materials that possess molec-
ular groups having permanent dipole moments such as water, the hydroxyl, and 
carboxyl groups will also make a contribution (Mark 1989). At low frequency 
all of these parts contribute to the polarizability, as will any free ions (space 
charges) in the material. As the frequency increases, the space charges and per-
manent dipoles relax. Space charges are usually the first to relax, followed by the 
permanent dipole groups. In the cellulose EAPap, the presence of disordered 
region gives rise to localized states associated with hydrogen bonding of cellu-
lose chains. Since there are many localized states, the release or excitation of the 
carriers in these states may dominate the charge transfer process. Thus, disor-
dered region mainly contribute to the dipolar orientation, by stabilizing dipoles 
and leading to a permanent polarization, resulting in a piezoelectric behavior.

Further investigation of the actuation behavior of EAPap material, x-ray dif-
fraction (XRD) was tested on the cellophane EAPap sample before and after the 
electrical actuation. The cellophane EAPap actuator was activated for several 
hours, then it was removed from the power source and XRD was performed on 
the surface of the EAPap sample. XRD was measured with an x-ray diffractom-
eter (D/MAX-2500, Rigaku). XRD patterns using Cu-Ka radiation at 40 kV 
and 30 mA were recorded using 2θ = 5–80°. Figure 18–7 shows the XRD results. 
Table 18–2 summarizes the XRD peaks before and after the actuation. After 
actuation, the (110) peak at 12.26° decreased to 12.08° while the (200) peak at 
21.64° increased slightly to 22.02°. It is clear that the (110) peak sharpened after 
the actuation while the (200) peak was changed to blunt. This confirms that the 
first peak increased and the second peak decreased.

Notice that the small peak at 16.78° started to appear after the electrical acti-
vation. This means that some structural change took place during the electri-
cal actuation, which might be associated with the crystallization of disordered 
region. In other words, recrystallization of disordered cellulose of EAPap 
sample could be accelerated by molecular rearrangement during the electrical 
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Figure 18-6. TSC results of cellulose EAPap. (a) The depolarized current with temperature and dif-
ferent poling electric field. (b) The peak current values as a function of the poling electric field (Kim  
et al. 2006c) [Courtesy of ACS] (See Color Plate of this figure beginning on page 355)
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 activation, leading to a structure closer to that of cellulose II allomorph. Struc-
tural changes of native cellulose crystals have been made by annealing in  aqueous 
alkaline and acid solutions in high temperature (Yamamoto et al. 1989). How-
ever, there has not been any report that the cellulose polymorphs can be changed 
in the presence of electric fields. Our observation may be the first report on the 
structural change of cellulose by applying electric field. The electrical activation 
is believed to enhance the recrystallization, which might improve the piezoelec-
tricity of EAPap material.

For the dielectric constant measurement of cellophane EAPap, LCR (inductance, 
capacitance and resistance) meter (HP4282A) was used, and the frequency ranged 
from 20 Hz to 10 MHz. EAPap samples were prepared parallel (mechanical),
 perpendicular (transverse), and 45° to the fiber orientation. Figure 18–8 shows 

Table 18–2. X-ray peaks of cellulose EAPap material before and after electrical actuation (the last 
two columns show the peaks for Cellulose I and II for comparison (Klemm et al. 2005) )

Peaks Before actuation After actuation Cellulose I Cellulose II

(110) 12.26 12.08 14.80 12.10
(1ı-0) 16.78 16.74 16.30 19.8
(200) 21.46 22.02 22.60 22.0

Figure 18-7. XRD of EAPap samples before and after the actuation tests (Kim  et al. 2006c) 
[Courtesy of ACS] (See Color Plate of this figure beginning on page 355)
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the measured dielectric constants versus frequency for three different orientations 
of cellulose paper. The dielectric constants decreased as the frequency increased. 
Regarding the directional effect, the mechanical direction value is greater than 
other directions. This is due to the microfibril alignment along the mechanical 
direction. A remarkable result is that the range of dielectric constants is higher 
than that of ordinary papers. This high dielectric property might be associated 
with piezoelectric effect.

Generally, papers are known as ionic conductors. Cellophane EAPap mate-
rial is a sheet of regenerated cellulose. Morphologically, regenerated cellulose 
has ordered and disordered regions, in which the ordered domains are mostly 
crystalline (Eichhorn 2005). The disordered molecules retain preferential direc-
tion parallel to the chains in the microfibrils, and they form surface disorder on 
the microfibrils. Figure 18–9b shows the concept of microfibril. The cellophane 
EAPap material has large regions of disordered cellulose chains, where water mol-
ecules can be found attached to hydroxyl groups (Figure 18–9c). During the paper 
making process, some sodium ions could remain in the paper fiber. We observed 
that large amount of sodium ion (nearly 1,700 ppm) remained in the cellulose 
film used for the EAPap actuator. When an external electric field is applied, these 
ions can be mobile and migrate to the negative electrode. In addition, the molecu-
lar motion of free water in disordered region is less restricted by the cellulose 
molecules, and the water molecules can be interacted with ions in the cellulose. 

Figure 18-8. Dielectric constant test results (See Color Plate of this figure beginning on page 355)
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In the presence of an electric field, the sodium ions surrounded with free water 
molecules can move to the cathode. Selective ionic and water transport across the 
polymer under an electric field results in volumetric changes, which in turn lead 
to bending. When a DC electric field was applied, the cellulose EAPap actuator 
was bent to the positive electrode, which confirmed the above explanation. The 
ambient humidity effect on the EAPap actuator performance is further evidence, 
where ion transport is facilitated when humidity intake is higher. Thus, the actua-
tion principle of cellulose EAPap might be a combination of piezoelectric and 
ionic migration effects associated with the dipole moment of cellulose material.

2.4 Mechanical test of EAPap

Cellulose film (cellophane) used for EAPap was mechanically tested under 
ASTM Standard D 882–97, the standard for measuring tenisle elastic properties 
of this plastic sheeting. The testing machine used was the SATEC T1000 tension 
test machine. This film has an easily identifiable mechanical direction, labeled 
0°-direction, on which cellulose fibers are oriented. The three directions tested 
are defined relative to the 0° direction as 0°, 45°, and 90°. Thickness of  the cel-
lulose film was 16 µs. The graph in Figure 18–10 shows a typical test results for 
the cellulose film in 0° direction. The initial elastic modulus was determined 
from the high, initial slope of  the stress-strain curve. Its value is 9.2 GPa, 
which is an order of  magnitude higher than other EAP materials. This result 
is very promising for high force output of  EAPap actuators. A second quite 
pronounced quasiconstant slope was found beginning at ~20% of  the failure 
strain or at ~70% of  the failure stress. This modulus was dubbed the plastic 

Figure 18-9. Photograph of EAPap actuator (See Color Plate of this figure beginning on page 355)
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modulus, Ep. The bifurcation point (σb,εb) was determined by passing a best fit 
straight line along the initial portion of the stress-strain curve and a second 
straight line along the secondary portion of the stress-strain curve and finding the 
inter section point. The first slope may be associated with the strength of  cellulose 
microfibrils, while the mechanical strength of amorphous part of cellulose is domi-
nantly related with the second slope. The strength at the bifurcation point is termed 
as yield strength and the strength before rupture is ultimate strength. Table 18–3 
shows the elastic modulus, plastic modulus, yield strength, and ultimate strength 
of a cellulose film that is used for EAPap in the 0°, 45°, and 90° orientations.

The cellulose film used for EAPap is anisotropic, decreasing its strength from 
the mechanical direction to the transverse direction.

When cellulose EAPap material is used in its specific applications, the cellulose 
paper may experience either extended periods of constant loading or constant 
strain. A transient response where deformation occurs due to constant loading for 
an extended period of time is called creep. A transient response that occurs due to 
constant deformation is called relaxation. Figure 18–11 contains the creep plot for 
the cellulose film oriented at 0°. The load ranged from 30–75% of the yield strength 
of the cellulose film. As is noted in the graph, when the load values approached to 
60 MPa, the viscoelastic response changed from one with a decreasing strain rate to 
one where the strain rate was constant. This material behavior is possibly linearly 
viscoelastic. Microfibrils provide the primary elastic properties of the cellulose film 

Figure 18-10. Pull test result of cellulose based EAPap (See Color Plate of this figure beginning on 
page 355)
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material. Although microfibril failure may occur at any load, there may be a critical 
load where there is no longer enough intact microfibrils to decrease the strain rate 
to zero. However, this load may still not apply enough stress to sufficiently increase 
the strain rate beyond some constant value and bring the cellulose film to failure.

Figure 18–12 contains the relaxation plots for the cellulose film oriented at 
0°. The strains applied are 1% and 2%. These strain values were up to 60% of 
the ultimate strains determined from previous testing. Unlike the creep data 
analysis, there appears to be no change in the viscoelastic behavior as the strain 
values increased. The responses appear to be linearly viscoelastic and do not 
vary according to load level. These results were in line with expectations. Relax-
ation at the microstructure level may be a result of rearrangement of hydroxyl 
groups in amorphous regions of cellulose. Also, bonding between microfibrils or 

Table 18–3. Static mechanical properties of cellulose film: elastic modulus (E1), plastic modulus (E2), 
yield strength (σb), ultimate strength (σu) (MPa)

Orientation E1 E2 σb σu

0 9,213 444 132 199
45 5,971 110 106 136
90 5,682 35 86 96

Figure 18-11. Strain response under the constant stress. (a) 10 MPa, (b) 15 MPa, (c) 20 MPa, 
(d) 22.5 MPa (e) 25 MPa, (f) 27.5 MPa, (g) 30 MPa, and (h) 32.5 MPa (See Color Plate of this figure 
beginning on page 355)
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between microfibrils and the matrix could be slipping or breaking. As the strain 
approached the ultimate load for the cellulose paper, permanent damage had 
occurred. Therefore, relaxation was rapid and there was no residual strength.

3 POTENTIAL APPLICATIONS

In exploiting many of the unique capabilities of EAPap actuators for applications, 
innovative actuators and devices should include not only the features that exceed 
the shortcomings of existing EAP materials, but also address other relevant issues 
such as device-specific configuration design, power, and control. The low electri-
cal power consumption of cellulose EAPap material is promising for achieving a 
microwave-driven actuator. Figure 18–13 shows the concept of microwave-driven 
EAPap actuator. Cellulose EAPap can be integrated with a microstrip antenna, so 
called rectenna (rectifying antenna). When the microwave arrives at the rectenna, it 
converts the microwave power into DC power, and this power is distributed to the 
EAPap actuator via PAD circuit. Since rectenna and PAD are thin film based, they 
can be integrated onto cellulose EAPap, which comprise a remotely driven EAPap 
actuator. This idea is useful for specific applications that require multifunctional 
capabilities such as smart skin, ultralightweight space structures, microrobots, 
flapping wing for insect-like flying objects, and smart wall. So far, rectennas have 

Figure 18-12. Stress response under the constant strain: 1% and 2% strains (See Color Plate of this 
figure beginning on page 355)
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been fabricated on a flexible membrane, and microwave power transmission has 
been successfully demonstrated in a laboratory level experiment, which is suffi-
cient to activate EAPap actuators. Since Heinrich Hertz first tested the concept 
of microwave power transmission, significant tests have already been completed 
using microwave power transmission (Kim et al. 2006b).

Microwave power transmission is an off-board source of power such that the 
weight of target system can be ultimately reduced by eliminating the need of 
a battery. The thin-film technology developed for semiconductor microfabrica-
tion enables the fabrication of rectennas in a miniaturized scale and at low cost. 
The use of high frequency microwaves, such as K-band (30 GHz) and W-band 
(90 GHz), allows a dense population rectenna array that can increase the effi-
ciency of the receiving electrical power.

The development of  niche applications is important because they will bring 
rapid revolutionary improvements that propel the capabilities of  EAPaps and 
nurture a wide range of  technology transfer. Based upon the unique capabili-
ties of  EAPap actuators and utilizing microwave power transmission, niche 
applications such as a microwave-driven linear actuator, smart wall paper, 
animatronics, microrobots, flapping wing for microflying objects, and smart 
membrane skin for ultralightweight space structures can be developed. Table 
18–4 shows some the microwave-driven EAPap applications and the potential 
advantages.

Some of the applications appear to be exotic in that they are based on devices 
or systems that do not yet commonly exist or are simply not feasible with tradi-
tional actuator technologies (Figure 18–14).

Figure 18-13. Concept of microwave-driven EAPap actuator (See Color Plate of this figure beginning 
on page 355)
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4 SUMMARY

In this report, cellulose has been investigated as a smart material. Various kinds of 
paper fibers were tested, and cellulose paper was found to be a good candidate for 
EAPap. The performance of cellulose EAPap actuators was investigated. Regen-
erated cellulose exhibited a remarkable displacement output. When 0.25 V/µm 

Table 18–4. Representative applications for microwave-driven EAPap

 Potential advantages of  Current EAP materials and 
Application EAPap disadvantages

Robotic, or prosthetic  Reconfigurable ability in novel Conducting polymers
 actuators  shape; direct drive; lightweight; Wetness
  ability to integrate actuators 
  and structure
  
Loud speaker, smart  Flat-paper loudspeakers on walls Dielectric elastomers
 wall paper
 Active/semiactive noise  High voltage
  suppression
Smart skin Can enable new functionality Shape alloy film, carbon 
  in large area arrays  nanotubes
 Allows large out-of-plane motions Microfabrication difficulty
 Lighter and cost effective 
Flapping wing Light weight, low power  IPMC, Dielectric elastomers
  consumption, remote power Wetness, high voltage
  supply, cheap
  
Entertainment industry  Offering attractive  Dielectric elastomers

 characteristics to produce  High voltage
 more realistic models of 
 living creatures at lower cost

  
MEMS Paper-MEMS None
 Biodegradable, cheap 

Figure 18-14. Applications of  microwave-driven EAPap actuators (See Color Plate of this figure 
beginning on page 355)
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of excitation voltage was applied to the paper actuator, 4.3 mm of tip dis placement 
was observed. This actuation voltage per unit thickness is quite low compared 
to other electronic EAP materials. The environmental effects of humidity and 
temperature on the performance of EAPap actuator were studied. As humid-
ity increased, the displacement increased due to the mobility increase and the 
 stiffness decrease. The best displacement output was shown at 30°C. This 
 temperature may be associated with the ion mobility of EAPap samples.

The actuation principle of EAPap actuators was investigated in terms of ion 
migration and piezoelectric effects. To physically investigate the actuation mech-
anism, several tests were performed. TSC measurement showed a linear rela-
tionship of depolarized current with the applied electric field, indicating dipolar 
orientation. By comparing XRD spectra before and after electrical activation, 
the possibility of recrystallization in the cellulose material was observed. Dielec-
tric property measurement indicated a dependence of the dielectric constant on 
fiber direction. Thus, we conclude that the combination of piezoelectric effect 
and ionic migration effect might be the actuation principle.

By optimizing the piezoelectric effect and the ion migration of cellulose material, 
oriented EAPap will enable inexpensive and lightweight biomimetic actuators and 
MEMS devices. Cellulose EAPap material also is promising as biosensors since it 
is biodegradable, biocompatible, sustainable, capable of broad chemical modifica-
tion, and has high mechanical stiffness and strength. Control of the disordered 
regions, recrystallization and orientation of cellulose are all issues that need to be 
addressed in order for cellulose EAPap to fulfill its promise as a smart material. It is 
true that there is plenty still to discover and cellebrate in cellulose (Ball 2005).
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Figure 4-3. Colocalization of IRX3 with mi-
crotubules. Project of a series of images ob-
tained from confocal microscopy from immu-
nolabeling on developing xylem. The orange 
color represents the colocalization of IRX3 
(red) with the cortical microtubules (green)
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Cell division and synthesis 
of the middle lamella

Primary cell vall 
synthesis

Expansion
Secondary cell 
wall synthesis

Lignification
and cell
death

Figure 6-2. A schematic representation of cell wall synthesis during plant cell development

Figure 6-1. Transverse sections of woody tissues in softwood (pine, a) and hardwood (birch, b). The 
majority of softwood tracheids occur in organized rows (a) while hardwood contains rows of fibers 
interrupted by large vessels (b). Seasonal variation of the cell wall thickness in the softwood tracheids 
is clearly visible in (a). Reproduced from Daniel 2003. With permission
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Figure 6-4. Relative abundance of the ten different PttCesA clones in the different tissue specific EST 
libraries from Populus tremula (L.) × tremuloides (Michx.). Data from Djerbi et al. 2003
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LB Ø

CR

CF

Figure 7-1. Salmonella typhimurium expressing cellulose. (a) S. Typhimurium colonies grown for 48 h 
on a regular Luria Bertani agar plate without salt (LBØ), a Congo Red plate (CR) and a Calco-
fluor plate (CF). Left: strain that expresses cellulose; middle: strain that does not express cellulose. 
Right: strain that expresses cellulose and curli fimbriae. 

Figure 6-6. Expression profiles of selected genes encoding enzymes influencing cellulose synthesis in 
Populus tremula (L.) × tremuloides (Michx.) (data from Hertzberg et al. 2001). The tissues sampled 
were: Ph, phloem; A, cambium; B, early expansion; C, late expansion, early secondary wall synthesis; 
D, secondary wall synthesis; and E, programmed cell death. In each zone, the expression level of  
selected genes is given relative to the average expression in the combined zones (A–E). The color code 
indicates expression levels ranging from fivefold downregulation (yellow) to fivefold upregulation 
(deep orange). The metabolites of each pathway are shown in the gray boxes. The enzymatic reac-
tions are indicated by arrows accompanied by the name and the EC number of the relevant enzyme. 
If  more than one gene has been identified for a given enzyme, the expression level of each gene is 
shown separately. *No genes have been cloned coding for a protein involved in this reaction. **No 
plant genes have been found representing a protein involved in this reaction
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S. enterica, S. bongori,
E. coli, K. pneumoniae,

Y. enterocolitica 
P. putida

P. syringae pv. tomato

G. xylinus

B. fungorum

R. metallidurans

P. fluorescens

X. axonopodis pv. citrii

yhjRyhjQ bcsA bcsB bcsZ bcsC

ccp bcsD bglX

bcsEbcsFbcsG

B. cenocepacia

wssG wssH wssI

Figure 7-3. Comparison of the cellulose biosynthesis operons bcs of Enterobacteriaceae with organ-
isatorically closely related bcs operons. ORFs that encode homologous genes involved in cellulose 
biosynthesis have the same color. White arrows indicate genes with no apparent association with 
cellulose production. Sequences: Salmonella typhimurium (AJ315148); Escherichia coli (NC 000913); 
Pseudomonas putida KT2440 (NC 002947); Gluconacetobacter xylinus (AB015802); Pseudomonas 
fluorescens SJW25 (AY074776); Xanthomonas axonopodis pv. citrii (NC_003919). Preliminary 
sequence data for Pseudomonas syringae pv. tomato were obtained from The Institute for  Genomic 
Research at http://www.tigr.org, for Burkholderia fungorum LB400 and Ralstonia metallidurans CH34 
from the DOE Joint Genome Institute at http://www.jgi.doe.gov/JGI_microbial/html/index.html, for 
Burkholderia cenocepacia J2315, Salmonella bongori and Yersinia enterocolitica 0:8 from the Sanger 
center at http://www.sanger.ac.uk/Projects/Microbes/ and for Klebsiella pneumoniae from the University 
of Washington at http://genome.wustl.edu/projects/bacterial/

Figure 7-4. (a) The cellulose biosynthesis module with regulatory units. Cellulose biosynthesis is 
activated by the direct or indirect interaction of the AdrA protein with gene products from the bcs 
operons. Transcription of adrA is conducted by CsgD together with the second principal sigma fac-
tor in stationary phase, RpoS.
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fructose & glucosesucrose

sucrose

fructose & glucose

cellulose synthase
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Figure 9-1. Diagram of key enzymes, metabolites, and pathways associated with cellulose synthesis 
in secondary wall stage cotton fibers. (Figure 10 from: Haigler et al. 2001. Carbon partitioning to 
cellulose synthesis. Plant Mol Biol 47:29–51. Reproduced with kind permission from Springer 
Science and Business Media.)
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Figure 11-1. The cellulose synthase life cycle. After being inserted into the plasma membrane within a cel-
lulose synthase activation domain (CSAD: located between the red circles at the time of deposition) the 
synthase moves with an average speed w within the plasma membrane, leaving a cellulose microfibril in its 
wake. The direction of motion and hence the angle the deposited CMF makes with the cell axis is deter-
mined by the local density of other synthases. The CMF synthase becomes inactive after a characteristic 
lifetime t†, which determines the length of the microfibrils. The CSAD itself, here shown in grey, moves 
with a speed v in the direction opposite to that of the CMF synthases

Figure 10-1. Two-step assembly of  the rosette terminal complex (TC) in plants. In the first stage, 
a cellulose synthase particle complex containing six cellulose synthase molecules is assembled in the 
ER by protein–protein interactions. Single rosette particles synthesize glucan chains that will stay 
attached as noncrystalline cellulose in the ER and other intracellular compartments. KOR is also 
synthesized in the ER and it may be transported from the Golgi apparatus in vesicles with or without 
the rosette particles. The vesicles carrying the rosette particles and/or KOR may be directed to sites 
of cellulose synthesis by the microtubules. Once the vesicles carrying the cellulose synthases and 
KOR fuse with the plasma membrane and the rosette particles are present in the plasma membrane, 
KOR is able to digest the noncrystalline cellulose. In the second stage, the assembly of the individual 
rosette particles into a hexameric rosette TC structure is favored by the assembly of glucan chains 
into a crystalline cellulose product. KOR can also digest the noncrystalline cellulose while in the 
Golgi apparatus, and under these circumstances assembly of the rosette can take place in the Golgi 
apparatus itself. KOR does not digest crystalline cellulose. The assembled rosette TC continues to 
synthesize cellulose microfibril and the movement of the cellulose synthase in the plasma membrane 
is governed by the rate of cellulose synthesis. The rosette particles, KOR, and in some cases even the 
rosette TC may be recycled from the plasma membrane
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Figure 11-2. Different cell wall textures as predicted 
by the geometrical model. The ribbons shown 
represent the tracks of CMFs, obtained from the 
explicit solutions to the CMF evolution equation. 
(a) The helicoidal texture in which the angle of 
orientation between subsequent lamellae changes 
by a constant amount. (b) A crossed polylamel-
late texture with alternate lamellae with trans-
verse and axial oriented CMFs. (c) A purely axial 
texture. (d) A helical texture in which the CMFs 
have an almost constant winding angle
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Figure 13-7. A schematic illustration showing the step-wise involvement of glomerulocytes in the 
formation of a cellulose network in the hemocoel: (1) glomerulocytes are transferred into hemocoel; 
(2) bundles of cellulose skeleton are released in the hemocoel; (3) cellulose microfibrils of the skel-
eton are untied to make cellulose network. Tu = tunic, ep = epidermis, gl = glomerulocyte, ae =atrial 
epitherium, b = blood cell
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Figure 14-6. Frequency distributions of the number of gold particles associated with the immune 
serum containing antibodies to cellulose synthase and the preimmune control serum as a function 
of the measured distance to the center and the edge of the nearest rosette TC (left). Schematic 
diagram for the measurement of the distance between gold particles and rosette TC (right) is also 
shown (green:rosette, pink:primary antibody to cellulose synthase, blue:secondary antibody, red:
gold particle the 93 kDa antibody-labeled particles. (a) Schematic diagram for the measurement of 
the distance between gold particles and linear TCs. The distance (double arrowheads) between the 
edge of gold particles and the linear TCs is indicated by the dotted line. (b) Frequency distribution 
of the number of gold particles associated with the 93 kDa protein antibody is shown as a function 
of the measured distance (nanometers) to the linear TC. Total number of gold particles measured 
was 277, taken from 30 different cells

Figure 15-1. The six different chain shapes from the crystal structures of the cellulose polymorphs 
I, II, and IIII, superimposed at their C1, O4, and C4 atoms to show the differences in the molecular 
shapes. Indicated for the five-residue segments are the linkage torsion angles, N and P. There are two 
unique chains in both the Iβ and II structures (with O6 tg) and one each from Iα and IIII (with O6 gt). 
The single-chain Iα structure has two sets of N and P values because of its lower symmetry. Atomic 
numbering is indicated; the reducing end is to the right and the nonreducing end is on the left
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Figure 15-3. Schematic left- and right-handed helices with four monomeric units per turn and 
13 units altogether in each. The pitch, P, of the helix is indicated, as is the rise per residue along the 
helix axis, h

Figure 15-2. Views of the chain packing perpendicular to the molecular axes for cellulose Iα, Iβ, II, 
and IIII. The unit cells and seven chains are shown for each. Hydrogen atoms are not shown. The 
unit cells show the relationships of four chains and contain fractions of them; two-chain cells have 
an additional chain within their boundaries
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Figure 15-4. Views of the methyl cellotrioside (Raymond et al. 1995) and cellotetraose-ethanolate 
(Gessler et al. 1995) crystal structures. There are four unique cellotrioside molecules, with eight val-
ues of N and P. Cellotetraose crystals contain two unique molecules, and have six values of N and 
P. Only half  of the trioside unit cell is shown. TAQYAL and ZILTUJ are the Cambridge Structural 
Database “refcodes” for these structures

Figure 15-5. The α-cellobiose disaccharide with the geometry found in the crystal structure of the 
hydrated NaI complex (Peralta-Inga et al. 2002). The O6 and O6′ atoms are in gg positions. No 
intramolecular hydrogen bonds are formed in this structure
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Figure 15-7. Drawing of a cellulose chain seg-
ment in a folding conformation. The N and 
P values are indicated. This bend was energy 
minimized with MM3. The lower portions 
retain the linkage geometries of  crystalline 
cellotetraose (Gessler et al. 1995)



370 ColorPlates

Figure 15-10. A cellotetraose fragment complexed with one of the two halves of an endoglucanase, 
1ECE, plotted from the coordinates in the Protein Databank. Also shown is a stick representation of 
the tetraose without the surrounding protein. Two of its linkages have a twofold conformation, but 
the central linkage corresponds to a threefold helix with h < 5 Å, an unusual conformation

Figure 15-16. A cellulose segment with the lowest energy, as indicated by the combined information 
from the crystal structure surveys and the point of minimum energy on the QM::MM3 hybrid energy 
surface
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Figure 17-1. Application of a large size MC dressing on a second-degree burn

Figure 17-2. A second-degree A/B burn of  both forearms. MC dressing applied on the wound 
(a); MC dressing dried on the wound in the second day of the treatment; left hand has been treated 
with the control technique (b); dry MC dressing removed from the wound after 4 days of treatment 
revealed a clean area with a fully regenerated epidermis underneath; left forearm treated with con-
trol procedure displayed presence of necrotic tissues (c); wound after 3 weeks upon burning shows 
a complete re-epithelialization on the healed right forearm whereas on the left forearm granulation 
tissues have just been formed (d)
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Figure 17-3. A deep second-degree facial burn caused by the exposure to flame (a); a highly con-
formable mask of the MC dressing with holes on eyes, nose, and mouth was tightly applied on the 
wounded face (b); the epithelialization in the regions of wound edges and from the deep epidermal 
appendages has been clearly observed at 17 days upon burning (c); the entirely healed face after next 
28 days (d); examination after about 20 months upon burning showed the shallow, nonhypertrophic 
scar tissues on the facial surface where third-degree burn occurred (front) (e); and the lack of tissue 
fragments on the right ear (f)
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Figure 17-4. Photomicrographs of  a biopsy specimen from a wound treated with MC dressing. 
(a) Necrosis of wound tissues; (b) growth of granulation tissue and keratinocytes from the appendages 
of skin (fifth day of treatment with MC dressing); (c) fragment of MC dressing tightly adhered to 
the wound tissue (fifth day of treatment with MC dressing); and (d) a fresh epidermis growing in the 
wound after 10 days of treatment with MC dressing

Figure 18-1. Configuration of EAPap bending actuator
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Figure 18-4 .Tip displacement measurement setup

Figure 18-5. Tip displacement of cellophane EAPap actuator with voltage and relative humidity.



Color Plates 375

Figure 18-6. TSC results of cellulose EAPap. (a) The depolarized current with temperature and 
 different poling electric field. (b) The peak current values as a function of the poling electric field
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Figure 18-7. XRD of EAPap samples before and after the actuation tests

Figure 18-8. Dielectric constant test results
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Figure 18-9. Photograph of EAPap actuator

Figure 18-10. Pull test result of cellulose based EAPap
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Figure 18-11. Strain response under the constant stress. (a) 10 MPa, (b) 15 MPa, (c) 20 MPa, 
(d) 22.5 MPa (e) 25 MPa, (f) 27.5 MPa, (g) 30 MPa, and (h) 32.5 MPa

Figure 18-12. Stress response under the constant strain: 1% and 2% strains
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Figure 18-13. Concept of microwave-driven EAPap actuator

Figure 18-14. Applications of microwave-driven EAPap actuators
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