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Preface

Biopolymers and their derivatives are diverse, abundant, and important for life, exhibit
fascinating properties and are of increasing importance for various applications. Living
matter is able to synthesize an overwhelming variety of polymers, which can be divided into
eight major classes according to their chemical structure: (i) nucleic acids, such as
ribonucleic acids and deoxyribonucleic acids, (ii) polyamides, such as proteins and
poly(amino acids), (iii) polysaccharides, such as cellulose, starch and xanthan, (iv) organic
polyoxoesters, such as poly(hydroxyalkanoic acids), poly(malic acid) and cutin, (v)
polythioesters, which were reported only recently, (vi) inorganic polyesters with polyphos-
phate as the only example, (vii) polyisoprenoides, such as natural rubber or Gutta Percha and
(viii) polyphenols, such as lignin or humic acids. Biopolymers may occur in any organism,
and contribute in most of them by far to the major fraction of the cellular dry matter.
Biopolymers fulfill a wide range of quite different essential or beneficial functions for these
organisms, including conservation and expression of genetic information, catalysis of
reactions, storage of carbon, nitrogen, phosphorus and other nutrients and of energy,
defense and protection against attacks by other cells or hazardous environmental or intrinsic
factors, sensors of biotic and abiotic factors, communication with the environment and other
organisms, mediators of the adhesion to surfaces of other organisms or of non-living matter,
and many more. In addition, many of them are structural components of cells, tissues and
entire organisms.

To fulfill all these different functions, biopolymers need to exhibit rather diverse
properties. They must very specifically interact with a large variety of different substances,
components and materials, and often they need to have extraordinary high affinities to them.
Finally, they must have a high degree of strength. Some of these properties are utilized
directly or indirectly for various applications. This and the possibility to produce them from
renewable resources, as living matter mostly does, make biopolymers interesting candidates
for industry.

Basic and applied research has already contributed much knowledge about the enzyme
systems catalyzing the biosynthesis, degradation and modification of biopolymers, as well as
about the properties of biopolymers. This has also resulted in an increased interest in
biopolymers for various applications in industry, medicine, pharmacy, agriculture,
electronics and in many other areas. However, taking into account the developments over
the last two decades and a review of the literature shows that our knowledge is still scarce. The
genes for the biosynthesis pathways of many biopolymers are still not available or were
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VI Preface

identified only recently, many new biopolymers have been described only recently, and the
biological, chemical, physical and material properties have only been investigated for a minor
fraction of the biopolymers. Often promising biopolymers are not available in sufficient
amounts for this purpose. Nevertheless, polymer chemists, engineers and material scientists
in academia and industry have discovered biopolymers as chemicals and materials for many
new applications, or are considering biopolymers as model compounds to design novel
synthetic polymers.

The complexity and relevance of biopolymers initiated the publication of the ten-volume
handbook “Biopolymers”, which comprehensively reviews and compiles information
regarding (i) occurrence, synthesis, isolation and production, (ii) properties and applica-
tions, (iii) biodegradation and modification not only of natural but also of synthetic polymers,
and (iv) the relevant analysis methods to reveal the structures and properties. This book
series was published between 2001 and 2003. We are very grateful to the publisher Wiley-
VCH for recognizing the demand for such a book series and to undertake this large, new
project. Publication of the “Biopolymers” was very successful, and the entire book series has
even recently been translated into Chinese. Special thanks are due to Karin Dembowsky and
Dr. Andreas Sendtko and many others at Wiley-VCH for their initiatives, constant efforts,
helpful suggestions, constructive criticism and wonderful ideas.

From this book series we selected 39 chapters, which deal with biotechnologically relevant
aspects of biopolymers, and which are now published in this seperate, new book. By doing
this, interested readers from academia and industry will gain access to a very comprehensive
book covering the most important applied aspects of biopolymers and their production. We
are very grateful to the authors of the selected chapters for allowing the contents of their
“Biopolymers” contributions to be included in this new title.

Miinster and Saitama Alexander Steinbiichel
September 2004 Yoshiharu Doi
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1
Introduction

These are exciting and contentious times for
investigators working to understand the
structure and biosynthesis of lignin. Techno-
logical advances are enabling us to discern
with high resolution under nearly in situ
conditions previously unappreciated struc-
tures and linkages within native lignin

polymers (Dean, 1997; Argyropoulos, 1999).
Meanwhile, mutants blocked at specific
points in the lignin biosynthetic pathway
are being identified in natural populations, or
are being created in the laboratory through
genetic engineering (MacKay etal., 1997;
Provanet al., 1997; Baucheret al., 1998a). At
the confluence of these advances there again
rages a debate as to the very nature of what
does and does not constitute lignin, and



recent findings suggest that the possibilities
for manipulating lignin characteristics in vivo
are far greater than could have been imagined
even a few years ago (Lewis, 1999; Ralph
etal., 1999a). Lignin researchers appear
cursed to live in interesting times, indeed.

In the most general of terms, lignin is a
chemically recalcitrant polymer of phenyl-
propanoid units linked together in a complex
and irregular pattern which varies from species
to species, tissue to tissue, and cell to cell.
Vascular plants use lignin to line their con-
ductive tissues as a barrier to water loss; thus,
lignin was instrumental in the spread of these
plants throughout the terrestrial landscape.
Plants have subsequently harnessed lignin to
bind cells together, rigidify their lamellate cell
walls into microcomposite structures of
remarkable strength, and provide a physical
barrier against invading microorganisms.
Such chemical characteristics as hydropho-
bicity and stable, irregular cross-links make
lignin an ideal material tolimit water loss and
stifle pathogen invasion. At the same time,
these characteristics have only begrudgingly
yielded to chemical analyses and structural
dissection, and rapid advancementin the area
of structural analysis has really only begun to
accelerate in the past decade.

Lignin is most abundant in wood, where it
comprises 20—30% of the total dry weight,
and constitutes the principal barrier to the
production of pulp and paper. Historically,
efforts to manufacture paper more econom-
ically have provided the principal impetus for
studies of lignin structure and biosynthesis.
Consequently, the accumulated information
about lignin produced in arborescent plants
tends to skew our perception of whatlignin is
and does. Thus, Freudenberg (1968) defined
lignin as the heteropolymer resulting from
the dehydrogenation of a mixture of three p-
hydroxycinnamyl alcohols — p-coumaryl, con-
iferyl, and sinapyl alcohols — best exemplified
by spruce milled-wood lignin. This definition
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was drawn specifically to delineate a per-
ceived difference between the polymer iso-
lated from trees and other higher-order
vascular plants and the aromatic polymers
that can be isolated from various bryophytes
and pteridophytes.

However, studies of lignin mutants in both
herbaceous and woody plants have more
recently provided us with a greater appreci-
ation of the true diversity of function to which
plants have adapted this polymer. Conse-
quently, Freudenberg’s definition of what
constitutes lignin seems increasingly restric-
tive. No doubt further compositional and
structural surprises await those who will
extend the latest techniques for micro-scale
and subcellularlignin analysis (multi-dimen-
sional NMR, pyrolysis-mass spectrometry,
UV microspectrometry, etc.) to lower plants
in order to address lingering questions
pertinent to the evolution of lignin. Specifi-
cally, what is the true chemical nature of the
polyphenolic materials identified in mosses
and algae (Siegel, 1969; Miksche and Yasuda,
1978; Delwiche et al., 1989), and is it possible
that these compounds and their biosynthetic
pathways share a common ancestor with
angiosperm and gymnosperm lignin? These
are questions that need to be addressed at the
level of individual cells (e.g., hydroid cells in
hornworts), and the answers have great
potential to extend further our ideas as to
how lignin structure and composition might
be modified through genetic manipulation of
existing metabolic pathways in plants. Given
the observations of Ralph and co-workers
(1999a) that plants can incorporate a much
wider variety of phenolic precursors into
lignin than would be anticipated from Freu-
denberg’s definition, it is tempting to spec-
ulate that lignin composition and structure
could be changed even more drastically by
drawing on our expanding knowledge of
developmental processes that parallel ligni-
fication in other organisms, e.g., sclerotiza-
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tion of insect cuticle (Andersen et al., 1996)
and melanization of fungal rhizomorphs
(Butler and Day, 1998). The introduction of
new metabolic pathways from these organ-
isms intowoody plants couldlead tomaterials
having unique and valuable properties.

1.1
Potential Applications

1.1.1
Pulp and Paper
Based on value of shipments, the pulp and
paper industry ranks eighth among all U.S.
manufacturing industries, and pulp, paper,
and paperboard mills account for about 12%
of total manufacturing energy use in the U.S.
(Nilsson et al., 1995). Although the industry
produces more than half of all the energy it
consumes, energy still constitutes about 17%
oftotal costs tothe industry (thisnumber does
not account for the value of co-generated
energy from burning wastes and residues).
Since the production of pulp from wood is
almost entirely a matter of disrupting the
lignin matrix between and within fibers, it
would seem that modifications to lignin would
have the potential for providing this industry
with substantial energy savings. However, with
respect to lignin modification, it is important
to note that there are two very different
pulping processes — mechanical and chem-
ical (e.g. Kraft) —and the energy demands for
these two processes are radically different.
In the case of mechanical pulping, physical
grinding is used to disrupt the interfiber
lignin matrix and separate the wood fibers,
but little or no lignin is removed from the
pulp. Mechanical pulp is used primarily for
the production of newsprint and other low-
grade papers, and its manufacture consumes
enormous amounts of energy. For example, a
medium-sized mechanical pulp mill having
the capacity to produce sufficient newsprint
for just five or six metropolitan newspapers

can consume enough energy to power a
residential suburb of 250,000 people. Al-
though mechanical pulp only represents
about 20% of the pulp produced in the U.S.,
it is by far the most energy-consumptive
product manufactured in this sector of the
economy. Studies have shown that introduc-
tion of ionizable groups in lignin, such as
occurs during sulfite treatment of wood chips
prior to chemimechanical pulping, reduces
energy consumption and improves the effi-
ciency of the chip refining process (Htun and
Salmen, 1996). This suggests that genetic
manipulations resulting in trees which in-
corporate phenolic acids into their lignin,
similar to the situation noted for a loblolly
pine mutant lacking cinnamyl alcohol dehy-
drogenase activity (MacKay etal., 1997),
could be used to improve trees for specific
use in mechanical pulping. Depending upon
the economics, it might also be advantageous
to reduce the total amount of lignin in trees
destined for mechanical pulping. However, it
must be recognized when proposing such
modifications that mechanical pulping is a
high-volume, high-yield process with low
profit margins; thus, it might be difficult to
justify the cost of genetically engineering
trees specifically for mechanical pulping.

In contrast to mechanical pulp, more than
80% of all paper is produced from chemical or
Kraft pulp, and the Kraft process, overall,
generates more energy than it consumes. In
the Kraft process, lignin extracted at high
temperature under highly alkaline condi-
tions (pH >11.0) is burned so as to recover the
caustic chemicals, while at the same time
generating enough electrical power torun the
process, as well as excess power that can be
sold to local utilities. Thus, trees modified
specifically to suit the needs of the Kraft pulp
industry should contain at least as much
lignin as normal trees, but that lignin should
be more easily and thoroughly extracted
under the initial pulping conditions. In the



Kraft pulping process, as much as 90% of the
starting lignin is removed during the initial
cook. The remaining 10% residual lignin
imparts a brown color to the pulp, necessitat-
ing bleaching treatments if the pulp is
destined for the production of white paper.
Some of the residual lignin is covalently
attached to fibers as a result of chemical
reactions occurring during the pulping proc-
ess, but there is evidence that some covalent
linkages are formed during lignin biosyn-
thesis (Helm, 2000). As pulp bleaching
processes are expensive and usually have a
negative environmental impact, genetic ma-
nipulations to reduce the naturally occurring
covalent cross-links between lignin and the
other fiber polymers would be of significant
commercial interest. As Kraft pulps generally
command higher prices than mechanical
pulps, the economics for modifying lignin by
genetic engineering might be easier to justify
in trees destined for Kraft pulping.

1.1.2

Solid Wood Products

The properties of wood most relevant to
structural use are strength, dimensional
stability, and resistance to decay (Whetten
and Sederoff, 1991). Although each of these
characteristics is impacted by the lignin
composition and content of wood, there are
relatively few studies which directly relate
lignin and structural wood qualities in ways
that would suggest what changes to lignin
might be desirable for solid wood products.
However, the need for such studies is growing
as solid wood industries come to rely increas-
ingly on trees from intensively managed
plantations, as well as second-growth, rather
than old-growth, forests. The juvenile wood
from these sources is generally considered
inferior for solid wood products, in part
because it has a lower lignin content and
lower strength, coupled with higher micro-
fibril angles (Kennedy, 1995). The latter is
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particularly problematic for solid wood prod-
ucts, as high microfibril angle causes direc-
tional shrinkage which is manifested as
warping and twisting in structural lumber.
Studies, such as those by Tjeerdsma et al.
(1998) showing howheattreatmentof lumber
can bring about autocondensation of lignin
and thereby improve dimensional stability,
may suggest what types of chemical alter-
ations would be desirable in lignin. However,
even with such information it will still be
necessary to identify and introduce into the
trees genes capable of bringing about the
correct modifications to lignin precursors.

1.1.3

Textile Fibers

Industrial interestin bastfibers, such asthose
produced from flax, kenaf, ramie, hemp, or
jute, has increased in recent years (Smeder
and Liljedahl, 1996). Lignin has both positive
and negative effects on the quality of bast
fibers used in the production of textiles and
cordage. Individual fiber cells are stiffened by
the lignin within in their secondary walls,
while bundles of these fiber cells, which
constitute the material most often used in
woven materials, are strengthened by the
inter-fiber lignin matrix (see for example,
Angeliniet al., 2000). Lignin also contributes
to the coloration of these fibers, necessitating
bleaching processes to produce white cloth
(Aminet al., 1998). Although techniques are
available for the genetic engineering of flax
(Dong and McHughen, 1993) and ramie
(Dusi et al., 1993), there is as yet insufficient
information relatinglignin localization, com-
position and contentto fiber characteristics to
allow for predictions as to how lignin biosyn-
thesis might best be modified to improve
these fibers. On the other hand, it may be
useful to consider the commercial potential
for naturally red-colored fibers that could be
developed by manipulating the expression of
certain enzymes involved in monolignol



