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ABSTRACT: Ligninisamajor component of wood, the most widely used raw material for the
production of pulp and paper. Although the biochemistry and molecular biology underpinning
lignin production are better understood than they are for the other wood components, recent work
has prompted anumber of re-eval uations of the lignin biosynthetic pathway. Some of the work on
whichtheserevisionshave been based invol ved theinvestigation of transgeni ¢ plantswith modified
lignin biosynthesis. In addition to their value in elucidating the lignin biosynthetic pathway, such
transgenic plants are a so being produced with the aim of improving plant raw materials for pulp
and paper production. This review describes how genetic engineering has yielded new insights
into how the lignin biosynthetic pathway operates and demonstrates that lignin can be improved
to facilitate pulping. The current technol ogies used to produce paper are presented in this review,
followed by a discussion of the impact of lignin modification on pulp production. Fine-tuned
modification of lignin content, composition, or both is now achievable and could have important
economic and environmental benefits.
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[. INTRODUCTION

Lignin, along with cellulose, is a major con-
stituent of wood and one of the most abundant
biopolymers on Earth. Despite the importance of
wood as an industrial raw material and a renewable
energy resource, investigation into the biochemistry
and molecular biology of wood formation is still
in its infancy. Relatively little is known about the
detailed biochemistry underlying the production of
cellulose and hemicellulose wood components, and

genetic engineering experiments aimed at improv-
ing pulping has been the realization that tina-
ditional scheme of the lignin pathway is wrong in
some respects, prompting renewed investigation of
the pathway by classical biochemical and enzymo-
logical approaches. In other cases, nfigdition of
lignin biosynthetic genes has indeed led to the pro-
duction of plants with improved pulping character-
istics, but the results have not been wholly intuitive.
The ability to predict how spefic genetic modi-
cations might ifluence pulping is still a sigficant

genesinvolved in these processes have only recentlychallenge to our limited understanding of the chem-
been cloned. Lignin biochemistry, on the contrary, iStry and biochemistry of the plant cell walls that
has matured over 40 years of research and much constitute wood.

of the molecular biology of ligrfication has been

This review presents the current status of our

in lignin research over that of other wood compo-
nents has been partly due to the relative tractability
of the problem, but has also sificantly benéted
from the interest in, and knowledge of, lignin chem-
istry gained from the pulp and paper industry. Dur-
ing the manufacture of high-quality paper, lignin is
chemically separated from the polysaccharide com-
ponents of wood during pulping and bleaching reac-
tions. Lignin extraction consumes large quantities of
chemicals and energy leading to a poor environmen-
talimage for the industry (Higuchi, 1985; Odendahl,
1994; Biermann, 1996). The bdite of removing

as much lignin as possible in order to avoid residual
lignin, which causes discoloration and reduces pa-
per brightness (Chiangt al., 1988), have to be bal-
anced against the loss of pulp quality and strength
that result when cellulose is sidiantly degraded.

For these reasons, new biological approaches to

pulping are continuously being researched. One ap-
proach has been to pre-treat wood chips with en-
zymes or fungi that degrade lignin (Messner &
Srebotnik, 1994; Viikariet al, 1994; Paiceet al,
1995; Akhtaret al., 1998a, 1998b) and at least one
such biopulping application is nearing commercial-
ization (Kirk & Akhtar, 2000). An alternative, but
complementary, idea has been to modify lignin con-
tent or structure in genetically engineered trees to
reduce lignin production or to make lignin easier to
extract. Clearly, achieving this goal requires a pro-
found understanding of lignin biosynthesis at the
biochemical and molecular levels. Therefore, recent
research into lignin biosynthesis has been motivated
by the concerns and interests of the pulping industry.
This research has equally been invaluable in yield-
ing fundamentally new and unexpected insights into
the basic biochemistry and molecular biology of lig-
nification. In some cases, the most useful result of

lignin biosynthesis and the impact these have in de-
termining lignin quality for industrial applications,
primarily wood pulping. It provides an introduction
towood and lignin structure and to the lignin biosyn-
thetic pathway before focusing on the large body of
information that has recently been gained by modi-
fying the expression of lignin biosynthetic gerias
planta Finally, following a brief overview of dif-
ferent pulping processes, we evaluate the potential
impact of changes in wood biochemistry, achieved
by genetic engineering of lignin biosynthesis, to cur-
rent pulping practices.

Il. LIGNIN

A. Wood—The Raw Material

Wood is the major raw material for the pro-
duction of pulp and paper (Food and Agriculture
Organization, 2001a). Wood characteristics vary in
different types of plant; for instance, conifers (gym-
nosperms) produce softwood whereas angiosperms
produce hardwoods. Softwoods are mainly com-
posed of three cell types, tracheids (which play a
role both in rigidity and conduction), and axial and
ray parenchyma cells. Hardwoods are mainly made
of fibers, vessels, and axial and ray parenchyma
cells. Vessels transport water and solutes through
the vascular system whilébers provide rigidity,
and ray cells facilitate centripetal nutrition (Higuchi,
1997). Tracheids, vessels, afilders vary in shape
and size (Table 1). The dimensions and chemical
composition of the different cell types of wood de-
pend on genetic and developmental factors, but are
also irfluenced by environmental conditions, such
asthe climate and soil type (Vallette & de Choudens,
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TABLE 1

Dimensions of the Different Cell Types
of Softwoods and Hardwoods (Fengel &
Wegener, 1984)

Cell
Cell Type Character Dimensions
Softwood
(Picea abie}
Tracheids Diameter 200 um
Wall thickness  2.44.3um
Length 1.73.7 mm
Hardwood
(Fagussp.)
Fibers Diameter 120 um
Wall thickness  fum
Length 0.61.3 mm
Vessels Diameter H00um
Wall thickness um
Length 0.30.7 mm

1992). Softwoods and hardwoods differ in their
pulping characteristics. Indeed, the individual cell
types within wood differ in their chemical char-
acteristics, ribfecting the underlying differences in
biochemistry and molecular biology that are only
beginning to be appreciated.

The three major components of wood cell walls
are cellulose, hemicellulose, and lignin (Table 2).
Long molecules of cellulose provide the skeleton
of the walls. Linear cellulose chains are aligned to-
gether in structures known aslementaryfibrils’
or ‘protdibrils’ that, in turn, associate into more
complex structures called midibrils (Figure 1).
Microfibrils are highly organized and form distinct
fibrillar cell wall layers (Delmer & Amor, 1995).

TABLE 2
Chemical Components of Softwoods and
Hardwoods (Aitken et al., 1988)

Components  Type Softwoods Hardwoods

Cellulose 4244%  4347%

Lignin 25-30% 1726%

Hemicelluloses Hexosans:-15% 58%

Pentosans 5% 15-35%

Waxes, resins, 110% 0.52%
fats

Mineral <1% <1%
substances
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Cellulose chain

Protofibril

FIGURE 1. Organization of the cellulose skele-
tons in the fiber wall (Parham, 1987).

Hemicelluloses and other carbohydrates provide the
matrix of the cell wall, whereas lignin, a heteroge-
nous hydrophobic phenolic polymer, encrusts the
other wall components to waterproof and strengthen
the wall.

In a transverse plane, the parietal structure of
wood cells is made of a primary and a secondary
wall, the latter consisting of two or three layers,
designated S1, S2, and S3 (Figure 2). Outside the
primary wall, the middle lamella connects adjacent
cells. The various cell wall layers differ in chemical
composition (Mellerowiczt al., 2001). Studies on
the distribution of lignin by UV microscopy show

S3 layer
82 Jayer Secondary wall
St layer

FIGURE 2. Structural organization of the cell
walls of fibers (Petit-Conil, 1995).
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that the middle lamella and the primary wall of sec-
ondary thickened cells are rich in lignin (Z80%
lignin, which is approximately 220% of the to-
tal lignin in the cell wall). In contrast, the secondary
walls are composed of only 285% lignin, but con-
tain 80% of the total lignin because they constitute
the largest part of the total cell wall (Fergesal,
1969).

B. Structure of Lignin

The lignin polymer is produced by the dehydro-
genative polymerization of essentially three differ-
ent cinnamyl alcoholsg-coumaryl, coniferyl, and
sinapyl alcohol) that differ in the degree of methoxy-
lation at the G and G positions of the aromatic
ring (Figure 3). When incorporated into lignin, these
alcohols are called thp-hydroxyphenyl (H), gua-
iacyl (G), and syringyl (S) units of the polymer,
respectively. In addition to the three main monolig-
nols, lignin contains traces of units from incomplete
monolignol biosynthesis and incorporates vari-
ous other phenylpropanoid units, such as hydrox-
ycinnamyl aldehydes, acetateg;coumaratesp-

Determining the amount, structure, or
monomeric composition of lignin in a plant is
extremely dificult because of the heterogeneity of
the polymer and the high proportion of covalent
bonds linking different monomers. Moreover,
during isolation, lignin undergoes secondary
modifications, such as condensation, oxidation,
addition, or substitution. Therefore, a combination
of several methods has to be used to obtain reliable
information on lignin structure. Different histo-
chemical, chemical, and spectroscopic methods
have been developed to investigate lignin content
and composition (Monties, 1989; Lapierre, 1993;
Dean, 1997; Lu & Ralph, 1997). Each method has
its own limitations (for discussion, see Anterola
& Lewis, 2002) and apparent discrepancies in
the literature can often be attributed to the dif-
ferent techniques used by different laboratories.
Therefore, it is important that the techniques are
specfied when, for example, lignin content or
structure evaluations from transgenic plants are
compared. In this review, lignin methods, whether
specfically referred to or not, will be indicated
by superscript letters and fileed in the glossary.
Lignin can be quantied either by removing all

hydroxybenzoates, and tyramine ferulate (Sederoff the cell wall constituents, with the exception of

etal., 1999; Boerjartal.,, 2003). A variety of chem-
ical linkages, including ether and carbon-carbon
bonds, connectthe unitsinlignin (Figure 4; Higuchi,
1990; Ralptet al., 1998; Boerjaret al., 2003). The
complexity and heterogeneity of the polymer de-
pend on the relative proportions of the three princi-
pal monolignol units as well as the different types
of interunit linkages (Campbell & Sederoff, 1996;
Monties, 1998). For example, lignin from gym-
nosperms consists mainly of G units and low lev-
els of H units, whereas lignin from angiosperms is
predominantly made up of both G and S units along
with traces of H units. Lignin from grasses incorpo-

lignin (for example, Klasohlignin determination)

or by extracting the lignin component from the
cell wall (e.g., with thioglycolic aciti or acetyl
bromidé). The main methods used to determine
lignin structure and composition are based on the
analysis of the degradation products of lignin [by
pyrolysis gas chromatography-mass spectrome-
try (pyrolysis GC-MSj, alkaline nitrobenzene
oxidatior?, thioacidolysi derivatization followed

by reductive cleavage (DFR&)or Fourier trans-

form infrared (FTIR) spectroscofly The targets of

these techniques are essentially gh®-4 linkages
that are the most abundant linkages in lignin.

rates G and S units at comparable levels and more Physical methods, such as UV and IR spectroscopy,

H units than dicots. Lignin rich in G units, such
as gymnosperm lignin, has relatively more carbon-

allow the identiication of particular structures
that absorb light at spdat wavelengths. Thanks

carbon bonds than lignin rich in S units because the © recently developed methods, such as NMR
aromatic G position of G units is free to make link- spectroscopy a more detailed picture of lignin
ages. As a consequence, wood lignins essentially Structure has been_obtamed, espemally clarifying
made of G units (softwoods) are less susceptible to the different chemicals bonds in the polymers
Kraft delignification than lignins made of G and S  (Ralphetal,, 1998, 1999a).

units (hardwoods) (Chiang & Funaoka, 1990; Ona

etal, 1996; Lapierretal., 1999) because the targets

of the chemical Kraft deligfiication process arethe  C. Biosynthesis of Lignin

non-condensed eth@rO-4-linkages in lignin (see

section 1V.C.1.a), whereas the carbon-carbon bonds Lignin monomers, or monolignols, are pro-
(B-8, B-1, B-5, and 5-5) are more resistant to chem- duced intracellularly, then exported to the cell wall,
ical degradation. and subsequently polymerized. The monolignols are
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FIGURE 3. Phenylpropanoid and monolignol biosynthesis pathways. CAD, cinnamyl alcohol
dehydrogenase; 4CL, 4-coumarate:CoA ligase; C3H, p-coumarate 3-hydroxylase; C4H, cinna-
mate 4-hydroxylase; CCoAOMT, caffeoyl-CoA O-methyltransferase; CCR, cinnamoyl-CoA reduc-
tase; COMT, caffeic acid O-methyltransferase; HCT, p-hydroxycinnamoyl-CoA:shikimate/quinate
p-hydroxycinnamoyltransferase; F5H, ferulate 5-hydroxylase; PAL, phenylalanine ammonia-lyase;
SAD, sinapyl alcohol dehydrogenase. The boxed area represents the most likely pathway to the
production of monolignols. All enzymatic reactions shown have been demonstrated by in vitro as-
says and do not necessarily occur in vivo. F5H? and CCR?, substrate not tested; ?, conversion
demonstrated but enzyme unknown; ?7?, direct conversion not convincingly demonstrated.
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FIGURE 4. Possible intermonomeric linkages in lignin (Ralph et al., 1998; Lapierre et al., 1999;
Boerjan et al., 2003). p-hydroxyphenyl (H), R=H; guaiacyl (G), R=OCHg; at C-3 and R=H at C-5;

syringyl (S), R=OCHgs.

products of the phenylpropanoid pathway, starting et al, 1999). However, recent work based on ra-
from phenylalanine (Figure 3), and mostofthe genes diotracer andin vitro enzyme assays has shown
involvedin monolignol production have beencloned that the hydroxylation and methylation reactions
or are present in expressed sequence tag/genomicccur preferentially at the cinnamaldehyde and cin-

databases (for a review, see Christereteal, 2000;
Boerjanet al., 2003; Raeet al,, 2003). The lignin

namyl alcohol level in reactions catalyzed by ferulic
acid 5-hydroxylase (F5H; also named conifer-

biosynthetic pathway has been the subject of many aldehyde 5-hydroxylase or Cald5H) and COMT

recent reviews (Bauchet al,, 1998; Whetteet al.,
1998; Grima-Pettenati & Goffner, 1999; Lewis,
1999; Boudet, 2000; Dixoet al., 2001; Humphreys
& Chapple, 2002; Anterola & Lewis, 2002; Boerjan
et al, 2003), but is still being continually revised

and updated to incorporate the results of new re-

(alternatively called 5-hydroxyconiferaldehy@e
methyltransferase or AldOMT) (Matset al., 1994,
2000; Cheret al., 1999; Humphreyst al., 1999;
Osakabeet al., 1999; Mauryet al., 1999; Liet al,
2000; Parvathiet al., 2001; Guoet al, 2002).
COMT preferentially methylates caffeyl aldehyde,

search. Because of the already extensive coverage5-hydroxyconiferaldehyde, and 5-hydroxyconiferyl

of the pathway in the literature, only the most im-
portant and most recent revisions to the traditional
pathway will be described here.

The hydroxylation and methylation reactions
that ultimately determine the monomeric composi-
tion of lignin (because the three monolignols differ
only in their degree of methoxylation) have long
been considered to occur at the level of the cin-
namic acids (Higuchi, 1985). Several experiments

have demonstrated that the methylation steps can

also take place at the hydroxycinnamoyl-CoA level,
mediated by either caffeic acid/5-hydroxyferulic
acid O-methyltransferase (COMT) or caffeoyl-
CoA O-methyltransferase (CCoAOMT) (Yt al,
1994; Li et al, 1997; Inoueet al, 1998; Martz
et al, 1998; Meng & Campbell, 1998; Maury

alcohol (Figure 3), although differences exist be-
tween the COMTs of different species analyzed
(Humphreyset al,, 1999; Liet al, 2000; Parvathi

et al, 2001; Zubietaet al., 2002). These revisions
to the role and position of COMT within the lignin
pathway help to explain the results of previous stud-
ies on COMT-suppressed plants where total lignin
contents were found to be maintained despite dra-
matic reductions in S lignin.

A continuing controversy surrounds the in-
volvement of 4-coumarate:CoA ligase (4CL) and
sinapic acid in S lignin biosynthesis. Traditionally,
sinapic acid was thought to be a lignin precur-
sor that was converted to sinapoyl-CoA by 4CL.
However, results aih vitro experiments with 4CLs
from different plants throw sigficant doubt on
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this assumption. Whereas 4CL isoforms from some
plants have been found to convert sinapic acid to
sinapoyl-CoA (Grancet al., 1983; Higuchi, 1997;
Lindermayret al, 2002a; Yamauchet al., 2003),
enzymes from other plants apparently aréaent

in this activity (Allinaet al,, 1998; Huet al., 1998;
Ehlting et al., 1999; Dixonet al., 2001; Yamauchi

et al, 2003). Small differences between 4CL iso-
forms can sigrficantly irfluence its activity. Re-

Another potential revision to the lignin path-
way concerns the role of cinnamyl alcohol dehydro-
genase (CAD), the enzyme thought to catalyze the
reduction of the cinnamaldehydes, coniferyl alde-
hyde, and sinapyl aldehyde into cinnamyl alcohols.
Recently, Liet al. (2001) have idenfiied a sinapyl
alcohol dehydrogenase (SAD) from poplar that uses
sinapaldehyde as the preferred substrate and demon-
strated that SAD co-localizes with S lignin forma-

cently, a model based on structural data postulatestion bothtemporally and spatially. This suggests that

that the substrate spéicity of 4CL is determined
by 12 amino acid residues (Schneiégml., 2003).
Indeed, deletion of a single Val residue in the soy-
bean Gm4CL2 and Gm4CL3 isoforms, which do
not normally convert sinapic acid into sinapoyl-
CoA, allowed these enzymes to gain this activity
(Lindermayret al, 2002b). Similarly, deletion of
the amino acid Val-355 or Leu-356 in th&ra-
bidopsisAt4CL2 confers activity toward sinapic
acid (Schneideet al., 2003). Interestingly, a novel
4CL isoform lacking the Leu residue has recently
beenidenfied inArabidopsidy phylogenetic anal-
ysis and this isoform étiently converts sinapic acid
(Schneideet al., 2003). These data suggest that the
progression into the monolignol biosynthesis path-
way in different plants may depend on the sfieiy

of the particular 4CLs present, and probably also on
their cell-spedic expression patterns.

Perhaps the most sididant recent discovery
has been the realization, based initially on classi-
cal enzyme assays, th&coumaroyl-shikimate and
p-coumaroyl-quinate (and ngt-coumaric acid as
previously thought) are the preferred substrates for
p-coumarate 3-hydroxylase (C3H) (Schoehal.,
2001). Although recombinant C3H can slowly con-
vert p-coumaric acid into caffeic acid in yeast (Nair
et al, 2002), this reaction is no longer thought to
be important in the lignin biosynthetic pathway.
Instead, p-coumaroyl-CoA is probably converted
into shikimate and quinate esters by a reversible
hydroxycinnamoyl-CoA:shikimate/quinate hydro-
xycinnamoyltransferase (HCT) and these com-

SAD may be the enzyme responsible for the produc-
tion of sinapyl alcohol, the S lignin precursor, rele-
gating CAD to arole only in the production of the G
lignin precursor, coniferyl alcohol (Let al., 2001).
The data provided by Lét al. (2001) are convinc-
ing, but circumstantial. Further work, particularly
the production osad mutants or SAD-suppressed
transgenic plants, is needed to validate/investigate
the role of SADIn vivoin a variety of angiosperms.
The final steps in the biosynthesis of lignin
are the oxidation of the cinnamyl alcohols to the
corresponding radicals in the cell wall and their
subsequent polymerization. The possible mecha-
nisms of lignin polymerization have been recently
reviewed (Lewis, 1999; Christensat al., 2000;
Boerjan et al, 2003). A signficant body of re-
search over the past decade has proposed that perox-
idases, laccases, and other phenol oxidases may be
involved in the radical formation process (Savidge
& Udagama-Randeniya, 1992; Dean & Eriksson,
1994; McDougallet al., 1994; Richardsomt al.,
1997). RecentlyOnnerudet al. (2002) have sug-
gested that the monolignols are polymerized by a
redox shuttle-mediated oxidation. However, the ex-
act role of these different enzymes remains as elu-
sive as ever and little real progress has been made.
This is in part due to the multiplicity of these en-
zymes that exist in plant cells and the probability
that there may be some redundancy in function be-
tween them. Consequently, determining the role of
individual enzymes in a process such as ligmaition
can be dificult. This lack of progress on the mecha-

pounds subsequently act as preferred substrates fomisms of lignin polymerization has exacerbated the

C3H (Schoctet al, 2001). Recently, the gene en-
coding HCT has been cloned (Hoffmamt al.,
2003). After hydroxylation by C3H, the resulting
caffeoyl-CoA esters are converted to caffeoyl-CoA
by the same enzyme, HCT, before being methy-
lated by CCoAOMT or COMT, as previously en-
visaged. Sigriicantly, analysis oArabidopsismu-
tants in theC3H gene provides strong support for
the proposed revised role of this enzyme in the
lignin biosynthetic pathway (Franket al., 2002a,
2002b).
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surprisingly heated controversy that has developed
over whether monolignol coupling is a random or a
highly orchestrated process. With the discovery of a
dirigent protein inForsythig capable of catalyzing
the stereoselective coupling of two coniferyl alco-
hol radicals into the lignan pinoresinol (Danal.,
1997), it has been suggested that monolignol radical
coupling during lignin biosynthesis is also tightly
controlled in plants (Ganegt al., 1999)}—a proposi-
tion in direct cofflict to the well-established and
supported random coupling model (flald &
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Vermerris, 2001). This controversial suggestion,
however, still awaits testing by reverse genetic
approaches.

A persistent challenge is to understand how
similar enzymes in different plants can give rise
to the striking natural heterogeneity that exists in
lignin. The content and composition of lignin differs
not only among plant taxa, but also between differ-
ent cell types of a single tissue and even within a
single cell wall (Joseleau & Ruel, 1997). Lignin can
also be ifluenced by environmental stress. Current
thinking regards lignin heterogeneity as a product
of the spatio-temporal and conditional expression
of the genes involved in the lignin pathway and of
differences in the substrate spiegity and kinetics
of the enzymes they encode (Campbell & Sederoff,
1996; Weisshaar & Jenkins, 1998; Clegial., 2000;
Hardinget al., 2002; Zubieteet al., 2002). These

chemical data. It has also opened up new research ar-
eas, posed new questions, and indicated how lignin
could be modied to improve industrial processes,
such as pulping.

Ill. MUTANTS AND TRANSGENIC
PLANTS WITH MODIFIED LIGNIN

A. Up- and Down-Regulation of
Phenylalanine Ammonia-Lyase
(PAL)

Phenylalanine ammonia-lyase (PAL) catalyzes
the first step of the phenylpropanoid pathway
the non-oxidative deamination afphenylalanine
to cinnamic acid (Figure 3). PAL has been sup-

processes may also be regulated by pathway inter- pressed by 85% and98% in the stems of trans-

mediates because the concentration of certain in-

genic plants with resultant 52% (Sewadt al.,

termediates has been shown to affect enzyme ac-1997) and 70% (Korthet al., 2001) reduction

tivity and gene expression (Osakaéeal., 1999;
Blount et al., 2000; Liet al., 2000; Anteroleet al.,
2002). Despite our increasing knowledge of lignin
biosynthesis, major uncertainties remain (Boudet
etal, 1995; Whetten & Sederoff, 1995; Campbell &
Sederoff, 1996; Douglas, 1996; Dixenal., 2001).
For instance, little is known about the cell biology of

in Klasorf lignin content, respectively (Table 3).
Lignin monomeric composition, determined by py-
rolysis GC-MJ, was characterized by a lower pro-
portion of G unitsand a 1.7-fold increase in S/G ratio
(Sewaltet al., 1997). Similarly, using an indepen-
dent methoj Korth et al. (2001) determined a
4-fold increase in the S/G ratio caused by a more

the process. Although the monolignols are assumed pronounced reduction in the level of G units than in
to be stored as glucosides before being transportedS units. Because PAL catalyzes finst step of the

to the cell wall and polymerized into lignin, little

hard evidence supports this assumption. Similarly,
the precise subcellular location of most of the lignin
biosynthetic enzymes is still an open question. Fur-

phenylpropanoid pathway, reduction of its activity
results in a wide range of abnormal phenotypes. The
transgenic plants were stunted, had curled leaves,
and had thinner cell walls in the secondary xylem

thermore, as illustrated above, some of the recent with less lignin than those of the control (Elkind

revisions to the lignin pathway have been made
purely on the basis of classical biochemical experi-
ments to determine the substrate sfieity and ki-
netics of action of particular enzymes. It is crucial

et al., 1990; Bateet al, 1994). These plants were
also more susceptible to the fungal patho@en-
cospora nicotianaéMaheret al,, 1994). A slight
increase in Klasdhlignin and dry matter content

to determine whether these experiments, performed was observed in the stem of PAL-overexpressing

in vitro, reliably indicate the role of the respective
enzymesin vivo. In order to gain a fuller under-

standing of how the lignin biosynthetic pathway
operatesn vivo, many research laboratories have

plants (Howleset al., 1996; Korthet al., 2001).

Overexpression of PAL did not lead to changes in
lignin composition as determined by pyrolysis GC-
MS? (Sewaltet al., 1997), but to a decrease in the

been studying mutant and transgenic plants with al- amount of S units, yielding a reduction in the S/G

tered expression of lignin biosynthetic genes. Both
model Arabidopsisand tobacco) and economically

important species (alfalfa and poplar) have been ge-

ratio when lignin was analyzed by thioacidolysis
(Korth et al.,, 2001). The level of chlorogenic acid
(3-caffeoylquinic acid) has been correlated with

netically engineered, and results obtained have gen-the PAL enzymatic activity in leaves and stems of

erally been in accordance. This research has revo-

lutionized our understanding of lignin biosynthesis,
having prompted and, in some cases,foomed the

both PAL-silenced and PAL-overproducing tobacco
(Elkind et al., 1990; Bateet al., 1994; Maheet al.,
1994; Howlest al.,, 1996; Blountt al., 2000; Korth

revisions to the pathway made on the basis of bio- et al,, 2001).
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TABLE 3

Lignin Mutants and Transgenic Plants

Enzyme Activity Lignin Lignin
Plant Gene In Stems (%) Content Composition References
Arabidopsis thaliana
C3H (ref8 mutant) — Reduced? Traces of S and &1%, Frankeet al. (2002b)
— principally H611
COMT (Atomtlmutant) 6.6 Increaséd Traces of S, G Goujoat al. (2003a)
increased,50HG
COMT(S) 212 No changés No Changes Goujonet al. (2003a)
F5H (fah1mutant) — No changes  Trace levels of Syx, Chappleet al. (1992),
Sy’ and $1, Meyeret al. (1998),
Vare, V° or G Marita et al. (1999),
increased Siboudt al (2002)
F5H (S) — Reduced Sy° or S increased, Meyeet al. (1998),
V5 or G'* decreased Maritat al. (1999)
F5H (S) — Reduced Sincreaset] G decreaséd  Siboutet al. (2002)
4CL (AS) 8 Reducetl V decreaset] Leeet al. (1997)
Sy/V increased
CCR(AS) 19 Reducet S/G increased or decreased Gougal. (2003b)
depending on culture
conditiong
CCR(irx4 mutant) — Reduced® — Joneset al. (2001)
CAD (Atcad-Cmutant) 38 Reducéd No change$ Siboutet al. (2003)
CAD (Atcad-Dmutant) 6 Reduced S decreas€dG increasetf  Siboutet al. (2003)
S/G decreasédSin and
Syr increased
Liriodendron tulipifera
LAC (AS) — No changes No changes Deeatral. (1998)
Lycopersicon esculentum
POX(S) — Increased — El Mansouriet al.
(1999)
Medicago sativa
COMT(AS) 45 Reduceld G decreased Guoet al. (2001)
S/G decreaséd
no S, no 50HG
COMT(S) 15 Reduced S8 and G! decreased, Guet al. (2001),
S/G decreaséd'?, Maritaet al. (2003)
50HG"8, Syr/V decreased
CCoAOMT(AS) 4 Reducetl S and G'!! decreased, Guet al. (2001),
S/G increasetf!!, Maritaet al. (2003)
Syr/V increaset!
COMT(AS)/ 12/5 Reduced S decreaséd Guoet al. (2001)
CCoAOMT(AS) No changes  S/G decreaséd
COMT(S)/ 11/25 Reduceéd S and G decreaséd Guoet al. (2001)
CCoAOMT(S) No changeés S/G decreaséd
CAD(AS) 30 No changéds  More aldehydes, Bauchet al. (1999)
S/G decreaséd
Nicotiana tabacum
PAL(S) 2.3 Reduced S and G decreaséd Korth et al. (2001)
S/G increased
PAL (S) 10 Reducel?!®  S/G increasetj Elkind et al. (1990),
G decreased Bateet al. (1994),
Sewaltet al. (1997)
PAL (S) 150 Increaséd S decreas€d Korth et al. (2001)
S/G decreaséd
(Continued on next page)
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tyramine ferulate
increasetl

Enzyme Activity  Lignin Lignin
Plant Gene In Stems (%) Content Composition References
PAL (S) 200 Increaséd No change Howleset al. (1996),
Sewaltet al. (1997)
C4HI (AS) 20 Reducetl S/G decreaséd Sewaltet al. (1997)
C4HI(S) 200 No changés  No change’ Sewaltet al. (1997)
C4HII (ASandS) 10 Reducéd S/G decreaséd Bleeet al. (2001)
COMT(AS) 42 Reducet! No changes Ni et al. (1994)
COMT(AS) 54 No changés  Sy/V decreased Dwivedi et al. (1994)
Sy decreaséd
COMT(S) 2 No changéds S decreaséd Atanassovat al. (1995)
50HG
COMT(S) 322 — No change$ Atanassovat al. (1995)
CCoAOMT(AS) 25 Reducetl S/G increase Zhonget al. (1998)
S and G decreaséd
CCoAOMT(AS) ~20 Reducet No change$ Pingconet al. (2001a)
CCoAOMT(AS)/  8/14 Reduced S/G decreaséd Zhonget al. (1998)
COMT(AS) S and G decreasgd
CCoAOMT(AS)!  ~20/~30 Reducet S decreaséd50 HG Pinconet al. (2001a)
COMT(AS)
F5H (S) — Reduced? or  S/G increaset Frankeet al. (2000)
lignin more S increaséd!
extractable and G decreaSed
4CL(S) <1 Reducedt* Syr/Van decreased Kaijitet al
or increaset| (1996, 1997)
less Van and SyP, more
p-hydroxybenzaldehyde
Hincreased, S and G
reduced®, more HCA$
4CL (AS) ~20 Reducet| Syr/Van increased, Kajitat al. (1996)
less aldehydés
CCR(AS) 30 Reducett S and G decreaséd Piquemakt al. (1998),
SIG increased Ralphet al. (1998)
tyramine ferulate
increased
CCR(S) 1 Reducetl S and G decreaséd O'Connellet al. (2002)
S/G increased
COMT (AS)/ 41/10 Reduced SIG increased Pinconet al. (2001b)
CCR(AS)
CAD2(AS) 7 No changés  More aldehyde Halpinet al. (1994)
S/G decreaséd
CAD2(AS) 8 No changéds®  S/G decreaséd Yahiaouiet al. (1998),
more cinnamaldehydés Ralphet al. (1998)
CAD2(AS) 9 No changeés  More aldehyde$ Stewartet al. (1997)
CAD2(AS) 45 No changés  More aldehyde’s Higuchiet al. (1994),
Hibino et al. (1995)
CAD2(AS)/ variable/ No changé4 No changes Abbottet al. (2002)
COMT(AS) variable
CAD2(S)/ 15/36 Reducéd — Abbottet al. (2002)
COMT(S)
CAD2(AS)/ 12/32 Reduced S/G increaseq Chabannest al. (2001b)
CCR(AS) S and G decreaséd

(Continued on next page)
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TABLE 3

Lignin Mutants and Transgenic Plants

(Continued)

Enzyme Activity Lignin Lignin
Plant Gene In Stems (%) Content Composition References
CAD2(S)/ 4/24/18 Reducdd  — Abbottet al. (2002)
COMT(S)/
CCR(S)
POX(S) 250 Increas€éd  No change$ Chabberet al. (1992),
Lagrimini (1991)
POX(S) — No changes  More coniferaldehyde Elfstrandet al. (2002)
POX(AS) 1 No changeés No changes Chabberet al. (1992),
Lagrimini et al. (1997a)
Pinus taeda
CAD (cad-nlmutant) 1 Reducéd More dihydroconiferyl MacKayet al. (1997),
alcohof, more Ralptet al. (1997)
coniferaldehyd®
Populus kitakamiensis
POX(AS) 56 Reducet!? More g-O-4" Yahonget al. (2001)
P. tremula x P. alba
COMT(AS) 5 No changés S/G decreaséd Van Doorsselaeret al.
G increasef (1995), Lapierreet al.
50HG (1999), Ralptet al.
(2001a, 2001b), Pilate
et al (2002)
COMT(S) <3 Reducedl S/G decreaséd Jouaniret al. (2000),
50HG, Ralphet al. (2001b)
more coniferaldehyde
CCoAOMT(S) 10% protein Reducéd S/G increaseq Meyermanst al.
amount S and G decreaded (2000)
more p-hydroxybenzoic
acic®
CCoAOMT(AS) 30 Reducetf* S and G decreaséd Zhonget al. (2000)
F5H (S) — — S/G increased, Frankeet al. (2000)
Sy® or St increased,
V decreaset!
CCR(S, AS) — Reduced S/G increased J.-C. Lepé, C. Lapierre
and W. Boerjan
CAD2(AS) 30 Reducet More syringaldehyde Bauchet al. (1996),
Lapierreet al. (1999),
Pilateet al. (2002)
CAD2(S) 30 No changés No change$ Baucheret al. (1996),
Lapierreet al. (1999)
POX(S) 800 No changés No change$ Christenseret al.
(2001a, 2001b)
LAC (AS) — No changes* No change$ Ranochaet al.
(2000, 2002)
P. tremuloides
COMT(S) 28 No changéd¢ S/G decreaséd Tsaiet al. (1998)
50HG’, more
coniferaldehydé
4CL (AS) 10 Reducet No change$ Hu et al. (1999)
4CL (AS) 10 Reducet No change%? Li et al. (2003)
F5H (S) 280 No changés S/G increasetf Li et al. (2003)
4CL (AS)/ 10/110 Reducéd S/G increasetf Li et al. (2003)
F5H (S)
(Continued on next page)
316

RIGHTS

ir



TABLE 3

Lignin Mutants and Transgenic Plants ~ (Continued)

Enzyme Activity  Lignin Lignin
Plant Gene In Stems (%) Content Composition References
Sorghum bicolor
COMT (bmri2and — Reduced* S reducel’, 50HG, Chabbertt al. (1993),
bmril8mutants) Syr/V decreased Suzukiet al. (1997),
Bout & Vermerris
(2003)
COMT (bmr26mutant) — — S reduce8 Bout & Vermerris
(2003)
CAD?(bmrémutant)  ~30 Reducet? S and G decreasgq, Pillonelet al. (1991),
coniferaldehyde Chabbest al. (1993),
increase®l’, Suzukiet al. (1997)
Van and Syr decreasgd
Syr/V decreased
Zea mays
COMT (bm3mutant) 10 Reducéd S’ and Sy? decreased, Kiet al. (1968),
50HG Grandet al. (1985),
Lapierreet al. (1988),
Chabberet al. (19944,
1994b), Vignolset al.
(1995), Suzuket al.
(1997).
CAD (bmlmutant) ~30 Reducet S and G decreaséd Halpin et al. (1998)

Numbers in superscript refer to the method used to analyze lignin content or compdsitasgn; thioglycolic acid;

3sum of Klason and acid-soluble lignifacetyl bromide®nitrobenzene oxidatiorfpyrolysis GC-MS; thioacidolysis;

8NMR; ®alkaline hydrolysis followed by gas chromatograpHETIR, 1*DFRC; 12 permanganate oxidatioftoluidine

blue and UMluorescenceDRIFT; ®*Pyrolysis GC; (AS), transgenic plants with an antisense construct; G, guaiagyl; H,
hydroxyphenyl; HCA, hydroxycinnamic acid; 50HG, 5-hydroxyguaiacyl; LAC, laccase; POX, peroxidase; S, syringyl;
(S), transgenic plants with a sense construct; Sin; sinapaldehyde; Sy, sum of syringaldehyde and syringic acid; Syr,
syringaldehyde; V, sum of vanillin and vanillic acid; Van, vanillic acig; not determined; ?, gene not iddred.

For personal use only.

down-regulation of the class Il C4H resulted in a
27% decreased lignin conténtaind one line had a
decreased S/G rati¢Blee et al,, 2001). These re-
Hydroxylation at the ¢ position of cinnamic sults are hard to reconcile with an increase in S/G
acid to p-coumaric acid is catalyzed by C4H, a when PAL is suppressed (see previous section) be-
cytochrome Bso-linked monooxygenase belonging cause PAL and C4H are presumed to be sequen-
to the CYP73 subfamily (Teutscht al, 1993; tial enzymes in the lignin pathway. Three possible
Chapple, 1998). In transgenic tobacco plants, C4H explanations have been proposed by Dixral.
activity was altered by expressing the alfalfa class | (2001): (i) the pathway to G lignin may some-
C4H (CYP73A3) (Sewalkt al.,, 1997; Blountt al., how bypass C4H; (ii)) C4H may catalyze additional
2000) or the French bean class Il C4H (CYP73A15) reactions in the lignin biosynthetic pathway; and
(Bleeet al., 2001) genes in sense or antisense orien- (i) a specfic form of C4H might be organized in
tation (class | and class I| C4H share approximately a complex with other enzymes or in a metabolic
60% similarity). Overexpression of class | C4H had channel committed to S lignin biosynthesis. In sup-
no effect on Klasohlignin, nor on the S/G rati port of this last proposition, Rasmussen and Dixon
In contrast, a 76% reduction in total C4H activ- (1999) have shown apparent channeling between
ity led to a 63% decrease in Klasolignin and a PAL and C4H, which was reduced by overproduc-
modification of the lignin monomeric composition. tion of PAL. Other evidence potentially support-
The amount of S unifswas strongly reduced and ing the channeling hypothesis is the appreciation
S/G decreased by over 90% (Sewetltal., 1997). that regulatory mechanisms probably exist to co-
Similarly, a reduction by 90% of C4H activity by  ordinate PAL and C4H expression. For example,

B. Up- and Down-Regulation of
Cinnamic Acid 4-Hydroxylase (C4H)
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decreased PAL activity has been shownintransgenic in tobacco (Dwivediet al., 1994; Niet al., 1994;

tobacco modied to reduce C4H expression (Blount
et al,, 2000). Regulation may be mediated by path-
way intermediates; for example, cinnamic acid may

Atanassovat al., 1995), poplar (Van Doorsselaere
et al, 1995; Tsaiet al, 1998; Jouaniret al.,
2000), and alfalfa (Guet al, 2001). In all three

act as a feedback regulator of the phenylpropanoid species, drastic reductions in the lignin S/G r&tio
pathway. Nevertheless, given the importance of the were apparent and an unusual phenolic compound

suggestion that metabolic channeling may exist on
the lignin pathway, it is surprising that little direct
proof has yet been provided. The detection of pro-
tein:protein complexes, for example, should not be
difficult given the sophistication of modern molec-
ular, biochemical, and cell biological methods and
will undoubtedly provide a productive area for in-
vestigation in the near future.

C. Knock-Out Mutation for
p-Coumarate 3-Hydroxylase (C3H)

The gene encoding-coumarate 3-hydroxylase
(C3H) has only recently been cloned by two in-

dependent research groups. Using a functional ge-

nomics approach, Schocét al. (2001) identi-
fied CYP98A3 as a possible candidate for C3H.
CYP98A3 was highly expressed in developing
xylem as determined by immunolocalization and
had high activity when using ®-(4-coumaroyl)
D-quinate and 59-(4-coumaroyl) shikimate as sub-
strates and low activity when using-coumaroyl-
CoA (Figure 3). In parallel, by screeningra-
bidopsis mutants under UV light, Franket al
(2002a) isolated the reduced epidernflalores-
cence 8 ief8) mutant. By positional cloning, the
REF8gene was iderfiied as the cytochromey&-
dependent monooxygenas¥P98A3Theref8mu-
tant had collapsed xylem vessels, a higher cell wall
degradability, and a higher susceptibility to fungal
colonization (Franket al., 2002b), associated with
the accumulation op-coumarate esters instead of
sinapoylmalate and with a reduction in lignin con-
tent of 60-80%". A range of analyses showed that
lignin composition was dramatically altered, be-
ing almost entirely made op-coumaryl alcohol
unit>%9 (Frankeet al, 2002b). This work con-
firmed that CYP98A3 is C3H and added further
support to the idea that the quinate and shikimate
esters ofp-coumaric and caffeic acid are probably
important intermediates in lignin biosynthesis.

D. Down-Regulation of Caffeic Acid
O-Methyltransferase (COMT)

Down-regulation of COMT activity has been

(5-hydroxyguaiacy] 50HG; Figure 3) was present
in the polymer (Atanassova&t al, 1995; Van
Doorsselaeret al., 1995; Tsaet al., 1998; Lapierre

et al, 1999; Jouanirt al., 2000; Gucet al., 2001,
Maritaetal., 2003). 50HG has been described in the
lignin of maizebm3(Chabberet al., 1994a, 1994b;
Suzuki et al, 1997), sorghunmbmr6 and bmrl18
(Suzuki et al,, 1997), andArabidopsis Atcomtl
(Goujon et al,, 2003a) mutants. In the lignin of
the transgenic poplars described by Jouaatial
(2000), the level of 5O0HG units even exceeded that
of S units, whereas lignin of thArabidopsismu-
tant totally lacked S units and had increased lev-
els of 50HG and G units A novel dimer com-
posed & a G unit linked to a 50HG unit by an
«a-B diether bond has previously been idé&etil

as a normal, but minor, component of the lignin
polymer by thioacidolysis(Figure 5) (Hwang and
Sakakibara, 1981). These data, together with NMR
experiments showing the presence of benzodiox-
ane units in lignin, demonstrate that 50HG is in-
corporated into lignin as a monolignol (Figure 5)
(Jouaninet al., 2000; Ralphet al., 2001a, 2001b;

HO
OMe
OH
benzodioxane (G + 50HG)! dihydroconiferyl
alcohol?
HO H
a f
- O
B
HO =
OMe
OH
arylpropane-1,3-diol® tyramine ferulate4

FIGURE 5. Molecules found in altered
amounts in the lignin of transgenic plants, as
determined by NMR. 'Ralph et al. (2001b);
2Ralph et al. (1997); 3Ralph et al. (1999b);

achieved using either antisense or sense transgeneéRalph et al. (1998).
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Marita et al,, 2003). In COMT-suppressed trans-
genic plants, the yield of thioacidolysiproducts
(S+G+50HG) was lower than in wild-type plants,
indicating a reduced proportion of the targets of this
degradative procedure, thg2O-4 linkages, and a
correspondingly increased proportion of C-C link-
ages. Indeed, an enrichment in biphenyl (5-5) and
phenylcoumarang-5) linkages has been detected
(Lapierreet al, 1999; Jouaniret al., 2000; Guo

et al, 2001). The increased frequency of these
dimeric structures corresponds with an increase in
the degree of lignin condensation, which makes the
lignin more similar to softwood lignin. In COMT-
suppressed alfalfg-8, -1, andg-5 linkages in-
volving S units, were abséntGuo et al., 2001),
whereas in COMT-down-regulated poplar, free phe-
nolic groups inB-0O-4-linked G units (Figure 4)
were less abundant (Lapieetal., 1999). In poplar,
when the bark was removed, the wood of the COMT-
suppressed lines had a rose (Van Doorsselstere
1995) or red-brown color (Tsat al,, 1998; Jouanin

et al, 2000) compared to the whitish wild-type
wood—this coloration has been ascribed to an in-
creased amount of coniferaldehyde (Tedial.,
1998).

In the maizebm3and the sorghunbmr6 and
bmrl8 mutants, which have litle COMT activ-
ity (Kut et al, 1968) because of mutations in
the COMT gene (Vignolset al., 1995; Bout &
Vermerris, 2003), lignin content is reduced. In
COMT-suppressed alfalfa, Klasbdeterminations
showing that lignin content is reduced are at odds
with data from acetyl bromidedeterminations in
which no change in lignin amount is found (Guo
et al, 2001; Maritaet al, 2003). Similarly, in
COMT-suppressed poplar, reduced lignin corftent
has been reported (Jouanéh al, 2000) as well
as no change in lignin amount in poplafvan
Doorsselaeret al., 1995) or aspéetf (Tsaiet al.,
1998). Reports describing COMT-suppression in
tobacco also differ on whether lignin content is
(Ni et al, 1994) or is ndt (Dwivedi et al., 1994;
Atanassovat al., 1995) reduced. In tharabidop-
sis Atcomtimutant, even a slight increase in lignin
content was detected (Goujoet al., 2003a). The
explanation for these discrepancies is not known
and may be related to the actual level of COMT

Despite these small discrepancies, the data from
all of the COMT-suppressed tobacco and poplar
plants indicate that COMT plays a predominant
role in determining the incorporation of S units
into the lignin polymer in these species. These re-
sults are consistent with those of &t al (2000),
who showed, for several angiosperm species, that
5-hydroxyconiferaldehyde is the preferred substrate
for COMT in vitro. In alfalfa, a reduction in
COMT activity affected both the content of G and
S units (Guoet al, 2001; Maritaet al, 2003),
in accordance with the results of Parva#ti al
(2001), who found that in alfalfa, COMT is also
involved in the methylation of caffeyl aldehyde
(Figure 3).

E. Down-Regulation of
Caffeoyl-CoA O-Methyltransferase
(CCoAOMT)

Until recently, the methylation reactions at the
Cs and G hydroxyl functions of the lignin pre-
cursors were thought to occur mainly at the cin-
namic acid level by bi-functional COMT. However,
the association of CCOAOMT expression with lig-
nification (Pakusclet al, 1991; Yeet al.,, 1994;
Ye & Varner, 1995; Ye, 1997; Martzet al,
1998; Cheret al, 2000) and the observation that
down-regulation of COMT preferentially affected
the amount of S units (see section IIl.D) sug-
gested the existence of an alternative pathway for
the methylation of the lignin precursors at the
hydroxycinnamoyl-CoA level (Figure 3). Down-
regulation of CCoAOMT affected the Klas®lignin
content by 1250% in transgenic tobacco (Zhong
et al, 1998; Pigon et al, 2001a), alfalfa (Guo
et al, 2001; Maritaet al, 2003), and poplar
(Meyermanset al., 2000; Zhonget al., 2000). In
tobacco and poplar, the decreased lignin content
was due to reduction of both G and S units as
determined by pyrolysis GC-MS(Zhong et al.,
1998, 2000) or thioacidolysi§Meyermanset al.,
2000). Because the decrease in G units was more
pronounced, the S/G ratio increased (Zhea@l.,
1998; Meyermanst al, 2000). In contrast, the

suppression achieved in each case. However, theseS unit amount was not reduced in transgenic al-

data also highlight the caution that has to be exer-
cised when comparing lignin data from plants grown
for different lengths of time under varying envi-
ronmental conditions and analyzed using different
techniques.

falfa (Guoet al., 2001) nor in other, independently
produced, tobacco (Rgpnet al., 2001a), as deter-
mined by thioacidolysis In addition, Zhonggt al.
(2000) have shown by diffuseftectance infrared
Fourier transform (DRIFT) spectroscopy that the
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lignin extracted from wood of the transgenic poplars
was less cross-linked than that of the control. In
contrast to the transgenic poplars, which were not
affected in growth or morphology, the transgenic
tobacco plants down-regulated for CCoOAOMT had
collapsed vessel walls (probably because of the
reduced lignin content) and altered growth and
flower development (Pgon et al, 2001a). Other
consequences of CCoAOMT down-regulation in
transgenic poplar were an enhandtabrescence
of the vessel cell walls and the accumulation of
p-hydroxybenzoic acid estdied to lignin. In ad-
dition, increased amounts of methanol-extractable
phenolics, namelO3-B-D-glucopyranosyl-caffeic
acid, O*-B-pD-glucopyranosyl-sinapic acid, and
0O*-B-D-glucopyranosyl-vanillic acid, were de-
tected in the wood of the transgenic poplars
(Meyermanset al, 2000). Similarly, soluble caf-
feoyl glucoside accumulated in stem extracts of
transgenic alfalfa (Guoet al, 2001). The ac-
cumulation of glucosides of caffeic and sinapic
acid results most probably from a detfiga-
tion of free caffeic and sinapic acid, as indicated
by feeding experiments with these two hydrox-
ycinnamic acids (Meyermanet al, 2000). The
observation that lignin content was reduced in
poplars down-regulated for CCoAOMT, whereas
0O*-B-D-glucopyranosyl-sinapic acid accumulated,
is in agreement with the hypothesis that sinapic
acid is not the main precursor for S uniis
vivo. The incorporation in the cell wall ofp-
hydroxybenzoic acid may be responsible for the
increasedluorescence (Meyermargt al., 2000).

A red (Meyermanst al, 2000) or a light orange
(Zhonget al., 2000) color has been noticed in the
xylem of the transgenic poplars, but its origin is
unknown.

Simultaneous down-regulation of both COMT
and CCoAOMT in tobacco (Zhongt al, 1998;
Pinconet al, 2001a) and alfalfa (Guet al., 2001)
resulted in combinatorial and/or additive effects.
In comparison with the respective single transfor-
mants, a greater reduction in Klagdignin content
was measured in tobacco (Banet al,, 2001a) but
not in alfalfa (Gucet al., 2001). In both species, the
lignin S/G ratio was reduced although in tobacco
this was due to decreases in both G and S #inits
(Zhongetal., 1998), whereas only S units decreased
in alfalfa (Guoet al., 2001). To explain the relative
preservation of G units in alfalfa, Gued al. (2001)
suggest that additional enzymes may be involved in
the methylation of the monolignol precursors of G
units.
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F. Up- and Down-Regulation
of Ferulic Acid 5-Hydroxylase (F5H)

For many years, it was generally accepted
that the 5-hydroxylation of the monomethoxylated
lignin precursor, catalyzed by the enzyme ferulic
acid 5-hydroxylase (F5H), would take place at
the hydroxycinnamic acid level (Figure 3). How-
ever, Osakabet al. (1999) and Humphreyst al
(1999) demonstrated that the 5-hydroxylation of
the monomethoxylated precursor occurs prefer-
entially at the cinnamaldehyde level, leading to
the renaming of the enzyme to coniferaldehyde
5-hydroxylase or Cald5H. A number of reports have
indicated that the hydroxylation step at @ay
also occur at the cinnamyl alcohol level (Matsui
et al, 1994, 2000; Daubressd al, 1995; Chen
etal, 1999; Humphreyst al., 1999; Parvathet al.,
2001).

An Arabidopsismutant déicientin F5H (fahl)
was described more than 10 years ago. The mu-
tant produced a lignin dieient in S units (Chapple
et al, 1992) with a consequently increased fre-
guency of phenylcoumara{5) and biphenyl (5-

5) linkages (Maritaet al., 1999) (Figure 4). On
the other hand, wheArabidopsisF5H was over-
expressed from th€4H promoter in the mutant, a
lignin that was almost entirely composed of S units
linked by g-O-4 linkages was produced (Meyer
et al, 1998; Maritaet al., 1999). The proportion of

S units in the lignin of these plants was the highest
ever reported for any plant (Ralph, 1996). Similarly,
lignin of tobacco and poplar transformed with the
same chimeric gene was enriched in S units (Franke
etal., 2000). Recently, Lét al. (2003) have overex-
pressed a sweetgum F5H (Cald5H) under the control
of a xylem-spedic promoter Pt4CL1P in trans-
genic aspen and reported a 2.5-fold increase in the
S/G ratid and no changes in lignin conténtnter-
estingly, an accelerated maturation/lifjcation of
stem secondary xylem cells was noted in these F5H-
overexpressing plants, a phenomenon attributed to
the involvement of oligomeric S lignin moieties in
signaling mechanisms that promote secondary wall
thickening (Lietal.,, 2003). More research is needed
to explore and potentially cdimm this intriguing
possibility.

In F5H-overexpressindirabidopsis benzodi-
oxane structures were detected in lignin, prob-
ably as a consequence of the increalec to
5-hydroxyconiferaldehyde and 5-hydroxyconiferyl
alcohol (Ralphet al, 2001b). A 2535% reduc-
tion in Klasorf lignin content was observed in
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F5H-overexpressingArabidopsis (Marita et al., for Arabidopsisand tobacco. Another discrepancy
1999) and tobacco (Franla al.,, 2000). However, between the results published by Kagtzal. (1997)

the apparent reduction in Klasbtignin may be and Huet al. (1999) is that the transgenic tobacco
an artefact because S units have fewer radical cou- lines with the most severe reduction in lignin con-
pling sites, reducing the possibilities for coupling tent(25%)were characterized by a collapse of vessel
and branching and thereby making S-rich lignins cell walls and reduced growth (Kajitt al., 1997),
more easily degraded and extracted (Maeitaal., whereas the transgenic poplars with a 45% reduc-
1999; Frankeet al., 2000). These studies demon- tion in lignin content had a normal cell morphology
strate that F5H plays a pivotal role in determining and a higher growth rate than the control (etal.,
lignin monomer composition. Therefore, modifying 1999). However, the increased growth was probably
F5H expression and altering the relative amount of S due to pleiotropic effects caused by the constitutive
units may offer opportunities for engineering lignin  down-regulation of 4CL governed by the CaMV35S

quality in hardwoods and softwoods.

G. Down-Regulation
of 4-Coumarate:CoA Ligase (4CL)

Transgenic plants with reduced 4CL activity
have been produced in tobacco (Kapgtsal., 1996,
1997) ArabidopsiqLeeetal.,, 1997), and aspen (Hu
etal, 1999; Liet al., 2003). In tobacco, reduction of
4CL by over 90% resulted in 25% less ligAinIn
poplar andArabidopsiswith a >90% reduced 4CL
activity, lignin content was reduced by -450%.

In tobacco, the low 4CL activity was associ-
ated with browning of the xylem tissue (Kajitaal.,
1996). The monomeric composition of lighimas

promoter, because it was not observed in the trans-
genic aspen reported by &ial. (2003), in which the
antisensd’t4CL was under the control of an aspen
xylem-spedic promoter,Pt4CL1P The increased
level of hydroxycinnamic acids as non-lignin cell
wall constituents has been suggested to contribute to
the cell wall strength in transgenic poplar (Etal.,
1999). Because several 4CL isozymes exist with dif-
ferent cell-spedic expression, down-regulation of
several or all isozymes simultaneously may perturb
metabolite levels other than those involved in lignin,
with a secondary effect on growth as a consequence.
Interestingly, antisense inhibition of 4CL in as-
pen trees led to a 15% increase in cellulose content.
These results suggest that lignin and cellulose depo-
sition are regulated in a compensatory fashion and

altered and characterized by a 3-fold increase in the thata reduced carbdtow toward phenylpropanoid

amount ofp-hydroxybenzaldehyde and an 80% and

biosynthesis increases the availability of carbon for

a 67% decrease in the amount of syringaldehyde c(e)llulose biosynthesis (Hat al, 1999; Liet al,

(Syr) and vanillin (Van), respectively, resulting in
a 40% reduction in the Syr/Van ratio (Kajitd al.,
1997). The amount of the ester- and ether-linked
coumaric, ferulic, and sinapic acids increased dra-
matically in the brown xylem tissue (as determined
by alkaline hydrolysis of the cell walls followed
by gas chromatography and NMBf milled wood
lignin). In contrast, in transgeni@rabidopsis.the
Sy/V (Sy is the sum of syringaldehyde and syringic
acid and V is the sum of vanillin and vanillic acid)
ratio® was increased because of a 40% reduction in
the amount of V units, suggesting that 4CL is re-
quired for the synthesis of G, but not S units, as pos-
tulated by Leeet al. (1997) and Hwet al. (1998).

In transgenic aspen down-regulated for 4CL, Hu
et al. (1999) also detected an increase in non-
lignin alkali-extractable wall-bound phenolicg-(
coumaric acid, caffeic acid, and sinapic acid), and
showed by NMRthat these acids were not incorpo-
rated into the lignin polymer. However, they did not
detect any difference in lignin S/G composition us-
ing thioacidolysi§ in contrast to the data obtained

03).

A combinatorial down-regulation of 4CL along
with an overexpression of F5H in xylem has been
achieved by co-transformation of twagrobac-
teriumstrains in aspen (L8t al., 2003). Additive ef-
fects of independent transformation were observed,
in particular a 52% reduction in lignin content asso-
ciated with a proportional increase in cellulose and
a higher S/G ratio. The results show that stacking
transgenes allows several bénml traits to be im-
proved in a single transformation step (Halpin &
Boerjan, 2003).

H. Down-Regulation
of Cinnamoyl-CoA Reductase
(CCR)

CCR  catalyzes the reduction  of
hydroxycinnamoyl-CoA thioesters to the cor-
responding aldehydes, a reaction considered to
be a potential control point that regulates the
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overall carborflux toward lignin (Lacombet al.,
1997). Transgenic tobacco (Piquenaslal., 1998;
Ralph et al, 1998; OConnell et al, 2002) and
ArabidopsigGoujonet al., 2003b) down-regulated

for CCR, are characterized by an approximate 50% although the adverse phenotypes associated with

decrease in Klasénlignin. The lignin S/G ratid

collapse of the vessels, and an altered growth and
morphology. Taken together, the results obtained
by altering the expression of CCR indicate that
this gene controls the quantity of lignin produced,

CCR suppression will limit its use as a target for

was increased (mainly because of a decrease in themodifying the lignin content in plants.

G unit amount) in transgenic tobacco and variable,
depending on the growth conditions, in transgenic
Arabidopsis In tobacco, an orange-brown color

was observed in the xylem. The presence of

By crossing transgenic tobacco down-regulated
for COMT (Atanassovat al., 1995) with tobacco
down-regulated for CCR (Piquemet al., 1998), a
simultaneous reduction in COMT and CCR expres-

unusual phenolics (such as ferulic acid and sinapic sion was achieved (Pgonet al, 2001b). Progeny

acid) in the cell wall may account for this color,
because semit vivo incorporation of these two
hydroxycinnamic acids into stem sections resulted
in a comparable phenotype (Piqueraghl., 1998).

A change in the lignin structure was also indicated
by the higher amount of alkali-labile material that
could be released from the extractive-free lignin
polymer of the transgenic lines {Oonnellet al.,
2002). The transgenic plants with the lowest CCR
activity and 50% reduced lignin had abnormal

were inhibited in both CCR and COMT activities
and had intermediate phenotypes. The line with
most down-regulated expression of both genes had
lignin characteristics similar to those of the CCR-
down-regulated parent (low lignin content and high
S/G ratio) (Table 3), but characteristics typical of
COMT down-regulation, such as a low S/G and
the incorporation of 5O0HG, were not found (Bam
etal, 2001b). These observations could result from
insufiicient COMT down-regulation to trigger the

phenotypes, such as collapsed vessels, stuntedphenotype. Alternatively, the down-regulation of

growth, and abnormal leaf development. Important
alterations in thefiber cell walls were observed,
such as a loosening in the arrangement of the
cellulose micrdibrils, that resulted in reduced cell
wall cohesion (Piponet al., 2001b; Goujoret al.,
2003b). Chabannest al. (2001a) have shown
that the reduction of lignin deposition in tobacco
was not uniform in the cell wall, but that the S2
and S3 layers of théibers and the vessels were
mainly influenced. Similarly, lignin deposition
was mainly affected in the inner S2 layer in CCR
down-regulatedirabidopsisplants (Goujoret al.,
2003b). A decrease in thioacidolysigield was
measured in the lignin of the CCR down-regulated
tobacco plants, indicating that the remaining
lignin was more condensed (Piquemat al.,
1998; OConnellet al, 2002). Also an increased
amount of tyramine ferulate (Figure 5), an unsual
component of tobacco cell walls that is probably
a sink for feruloyl-CoA, was incorporated into the
lignin of the CCR-down-regulated tobacco plants
(Ralphet al, 1998). Down-regulation of CCR in
transgenic poplar led to an orange coloration of the
xylem, a 20% decrease in Klasolignin content,
and an increase in the S/G rati@).-C. Lepé,

C. Lapierre, & W. Boerjan, unpublished results).
A ccr mutant, designated irregular xylenr@),
has been iderfted in Arabidopsis(Joneset al,
2001). Like the CCR-down-regulated tobacco
and Arabidopsisdescribed above, this mutant is
characterized by a 50% reduced lignin conlt&na
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CCR, which is upstream in the pathway, may pre-
vent the accumulation of 50HG derivatives.

I. Down-Regulation of Cinnamyl
Alcohol Dehydrogenase (CAD)

CAD catalyzes the last step in the biosynthe-
sis of the monolignols, which is the reduction of
cinnamaldehydes to cinnamyl alcohols. Transgenic
plants with reduced CAD activity have been pro-
duced in tobacco (Halpiet al., 1994; Hibinoet al.,
1995; Stewartkt al., 1997; Yahiaoukt al., 1998),
poplar (Baucheet al., 1996), and alfalfa (Baucher
et al, 1999), whereagad mutants exist in pine
(MacKayet al,, 1997), maize (Halpiet al., 1998),
andArabidopsigSiboutetal., 2003). CAD suppres-
sion has been associated with a red or red-brown
color of the stem xylem. An unusual monomer, di-
hydroconiferyl alcohol (Figure 5), was shown to be
incorporated into the lignirof the pinecadmutant
and accounted for 30% of the lignin compared to
only 3% in wild-type lignin (Ralphet al., 1997).
Accordingly, higher amounts of arylpropane-1,3-
diol structures (Figure 5), arising from dihydro-
coniferyl alcohol, have been found in the lignin of
the pinecadmutant by NMR analysis (Ralplet al.,
1999b, 2001a). In contrast, no dihydroconiferyl al-
cohol has been found in the lignin of transgenic
angiosperms down-regulated for CAD, such as to-
bacco and poplar (Ralpdt al., 1998).
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A higher amount of cinnamaldehydes has been
detected in the lignin of CAD-down-regulated to-
bacco by pyrolysis GC-MS(Halpin et al., 1994)
and NMR (Ralphet al, 1999a, 2001a), in CAD-
down-regulated poplars by thioacidolysigim
etal, 2002), in the pineadmutant by NMR (Ralph
et al., 1997), and in thé\rabidopsis Atcad-Dnu-
tant by thioacidolysis(Sibout et al, 2003). Us-
ing the CAD-down-regulated tobacco, Kiet al.
(2000) demonstrated by NMRhat sinapaldehyde
can makes-0-4 linkages with both G and S units,
whereas coniferaldehyde cross-couples only with
S units in the lignin. The cross-coupling of cin-
namaldehydes into the lignin polymer results prob-
ably in a more extended conjugated system in the
polymer, which might cause the red color of the
xylem (Higuchiet al.,, 1994). The lignin of plants
with low CAD activity was more extractable in
alkali (Halpin et al.,, 1994; Baucheet al., 1996;
Bernard-Vaille et al., 1996; Yahiaouket al,, 1998;
MacKayet al., 1999). When fed to sheep, transgenic
tobacco and alfalfa with suppressed CAD activity
had slightly improvedn situ cell wall degradabil-
ity, indicating that CAD may be a suitable target
for modifying forage digestibility (Bernard-Vaiéh
et al, 1995; Baucheet al., 1999).

In contrast to what might be expected, only
a slighty lower Klasof lignin content was mea-
sured in the wood of transgenic poplar lines down-
regulated for CAD (Lapierreet al., 1999; Pilate
et al, 2002), in the pinecad mutant (MacKay
etal, 1997), and in thArabidopsis Atcad-Dnutant
(Siboutetal., 2003). These results may be explained
by the incorporation into the lignin polymer of other
phenolics, such as aldehydes and dihydroconiferyl

A simultaneous down-regulation of CAD and
CCR has been achieved by crossing homozygous
transgenic lines in which either CAD (Halpat al.,
1994) or CCR (Piguemadt al., 1998) was down-
regulated (Chabannest al, 2001b). The lignin
content was decreased by approximately 50% in
tobacco with 32% of wild-type CCR activity and
12% of wild-type CAD activity, a reduction that is
comparable to thatin the homozygous, but notin the
hemizygous, parental line down-regulated for CCR.
This observation suggests that down-regulation of
both genes has synergistic effects on the reduction
of lignin quantity (Chabannest al,, 2001b). The
lignin S/G composition of the double transformed
lines had increased to a level similar to that of
the down-regulated CCR parent, when determined
by thioacidolysis Surprisingly, the NMR spectra
showed that the lignin structure of the double trans-
formants was closer to that of wild-type plants than
to the CCR- or the CAD-down-regulated parent.
The phenotype of the double transformants was nor-
mal with only slight alterations in the vessel shape,
showing that, similarly to the results of Zhoagal.
(1998) and Htet al. (1999), plants can tolerate im-
portant reductions in lignin content.

A simultaneous suppression of COMT (to 24%
of wild-type level), CCR (to 18% of wild-type level),
and CAD (to 4% of wild-type level) was achieved in
tobacco by a single chimeric construct, consisting of

partial sense sequences for the three different genes.

The transgenic lines were stunted and had charac-
teristics of COMT, CCR, and CAD suppression in
lignin; for example, the xylem was red (indicative
of CAD suppression), contained collapsed vessels
(indicative of CCR suppression), and had reduced

alcohol, as described above. Intransgenic poplar, the staining for S lignin (indicative of COMT suppres-

S and G unit composition and the percentagg-of
0O-4 linkages did not differ from those of the control,
butthe lignin was enriched in free phenolic groupsin
both S and G units and in diarylproparge 1) struc-
tures (Lapierreet al., 1999) (Figure 4). Similarly,
the proportion of G units with free phenolic groups
was higher in thétcad-Dmutant than in the control
(Siboutet al., 2003). The relative proportion of the
free phenolic groups may be an important parame-
ter in determining the solubility of lignin (Lapierre
et al, 1999). In contrast, the S/G ratio of the lignin
of transgenic tobacco (Ralgal., 1998) and trans-
genic alfalfa (Baucheet al, 1999) was reduced,

sion) (Abbottet al., 2002). This approach to reduc-
ing expression of several genes simultaneously by a
single construct was found to be moré&ént than
crossing different transgenic lines altered in the ex-
pression of single genes.

J. Up- and Down-Regulation
of Peroxidases

Although peroxidases are believed to catalyze
thefinal condensation of cinnamyl alcohols in the
formation of lignin, no dénitive proof has been pre-

suggesting that in these plants the uncondensed Ssented yet for the involvement of any sgecper-

structures are more affected than their G analogs.
These data are in apparent fat with the recent
proposal that SAD, and not CAD, is involved in S
lignin biosynthesis in angiosperms (&t al., 2001).

oxidase isozyme vivo, mainly because of the high
number of genes that encode peroxidases (Tognolli
et al, 2002) and the typically low substrate speci-
ficities of these enzymes.
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Both anionic and cationic peroxidases have
been implicated in ligriication based on their farfi-
ity for coniferyl alcohol, their location in the cell
wall, and their expression in lighed tissue (Mder
& Fissl, 1982; Lagriminet al., 1987; EI Mansouri
et al, 1999). Nevertheless, no change in lignin
content was obvious in transgenic tobacco plants
that were décient in the major anionic peroxidase
(Lagrimini et al, 1997a). However, transgenic
poplar with a 44% reduction in the activity of a
stem-spedic anionic peroxidase (PRXA3a) had a
21% reduced lignin content and a higher content
in B-0O-4 linked (uncondensed) structures in lignin
(Yahonget al.,, 2001).

The overexpression of peroxidase genes in
transgenic poplar (PXP 3-4; Christensen al.,
20014, 2001b) and in tobacco (spi 2; Elfstrandl.,
2002) resulted in 800-fold and 5-fold increased to-
tal peroxidase activity, respectively. No effects of
the genetic modiication on the overall phenotype,
the Klasofi lignin content, or the recovery yield
of G and S units after thioacidolysisere identi-
fied. However, in the transgenic tobacco produced
by Elfstrandet al. (2002), a higher frequency of
coniferaldehyde was detectednd reduced stem
flexibility was noted, suggesting mdiaiations of
the cell wall properties. In addition, the tobacco
plants with higher peroxidase activity were more
susceptible t&hytophthora parasiticgbut allowed
less growth ofErwinia carotovora.ln contrast, in-
dependently produced transgenic tobacco lines with
a 10-fold higher peroxidase activity were character-
ized by increased lignin contétitin leaves, stems,
and roots (Lagrimini, 1991; Chabbet al., 1992).

No changes in lignin monomeric compositiovere
detected, but the amount of monomers involved in
B-0-4 linkages was lower in the transgenic lines,
suggesting that the lignin was more condensed
(Chabbertet al., 1992). These plants had reduced
root mass and fewer root branches, probably be-
cause of altered auxin metabolism (Lagrinehal.,
1997b) and were characterized by wilting of the
leaves and a rapid browning of wounded tissues
(Lagriminietal., 1990; Lagrimini, 1991). Similarly,
overproduction of an anionic peroxidase in tomato
led to anincrease in lignin content in leaves and fruit
(Lagrimini et al., 1993; El Mansourét al., 1999).

K. Down-Regulation of Laccases

The precise role played by laccases in ligni-
fication is not yet understood, but there is correl-

in the polymerization of monolignols. For instance,
when peroxidase is inhibited either in the absence
of H,O, or in the presence of #D, scavengers
(catalase and superoxide dismutase), coniferyl al-
cohol is still oxidized and @consumed in tobacco
xylem (McDougallet al.,, 1994). Because laccases
operate in the absence of toxic,®,, these en-
zymes could be involved in the early stages of lig-
nification (Sterjiade®t al., 1993). Five divergent
laccase genes have been cloned and characterized
from poplar (Ranocha&t al, 1999, 2000). Trans-
genicLiriodendron(Deanet al,, 1998) and poplar
(Ranocheet al., 2000, 2002) down-regulated in lac-
case had no altered phenotype nor any change in
lignin amount€ or S/G composition However, in
transgenic poplar down-regulated for one of the lac-
case geneddc3), the walls of xylem cells were ir-
regular in contour when compared with the control
and had adhesion defects either at the primary cell
wall of adjacent cells or within the secondary cell
wall of a given cell (Ranochat al., 2002).

As described above, many different trans-
genic plants and a few mutants are now available
with altered lignin content, altered lignin composi-
tion/structure, or both. Whether or not these changes
in cell wall biochemistry could have advantages in
industrial operations, such as pulping, can only be
determined experimentally. A few such experiments
have been performed. To put the results into context,
we will first describe briéy the different methods
and parameters important in the production of pulp
and paper before reviewing the impact that sfeci
genetic engineering can have on pulping properties.

IV. PAPERMAKING PROCESSES

Two major categories of processes exist for the
production of paper pulp: chemical and mechani-
cal. The former process uses chemicals to remove
lignin from fiber cell walls to obtain long anitexi-
ble fibers that consist of polysaccharides only. The
latter pulping process focuses on the mechanical
separation ofibers without the removal of lignin.
Mechanical pulping gives the highest pulp yield,
but the pulp has limited bleachability and can re-
vert in brightness upon exposure to light (the paper
becomes yellow as it ages because of the presence
of lignin). In contrast, chemical pulping yields in-
dividual intactfibers that can, due to the fact that
the hydrophobic lignin has been removed, inter-
act with otherfibers via hydrogen bonds, making
a very strong paper. Nowadays, the Kraft process is

ative evidence that laccase and oxygen participate the most widely used chemical procedure for the
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TABLE 4
Main Wood Pulping Processes

Chemical Mechanical Cooking  Pulp Yield

Pulping Process Treatment Treatment °T) pH Wood  Time (h) (%)
M echanical Processes

Stone groundwood (SGW) — Grinder 136180 S — 93-95

Pressure groundwood (PGW) Steam Grinder 125 S — 93-95

Refiner mechanical (RMP) — Disc rdiner S — 93-95

Thermomechanical (TMP) Steam Disdireer 116-130 S — 80-90

Chemithermomechanical SteanMNa;SO;, Disc rdiner 126-130 S/H — 80-90

(CTMP) NaOH

Chemimechanical (CMP) N&O;, NaOH Disc réiner 156-170 S/H — 8090
Semimechanical Processes

Neutral sufite (NSSC) NaSO; and NaCOz Disc rdfiner 166185 710 H 0.53 70-85

or NaHCQ

Green liquor (GLSC) Ng50; and NaCOg3 Disc refiner H 7085

Non-sulfur NaOH and NgCO3 Disc rdiner H 70-85
Chemical Processes

Kraft NaOH and NaS — 170-175 1314 S/H 25 4555

Soda NaOH — 170175 H 4650

Soda-anthraquinone NaOH and anthraquinone — H 45-55

Soda-oxygen NaOH and oxygen — H 45-55

Sulffite or bisufite Ca(HSQ)2, NaHSQ, — 120-150 1.55 H/S 6-8 45-55

NH4HSO; or Mg(HSGs)2
and HSOy

H, hardwood; S, softwood:—, not appropriatetwood mainly used.

production of paper. However, this process is
gradually being replaced by thermomechanical
(TMP) and chemithermomechanical (CTMP) pulp-
ing methods that give higher pulp yields and con-
sume less water. In 2000, the world wood pulp pro-

rotating stone covered with abrasive grains of silicon
carbide, aluminum oxide, or quartz in ceramics. Me-
chanical energy is transformed into heat and steam,
inducing a local increase in the contact temperature
at the stone/wood interface that reaches the glass

duction has been estimated at 135,852 thousandstransition point of lignin (approximately 140) and

of metric tons, from which 6.3% are of mechanical
pulp, 15.6% TMP pulp, 3.6% semimechanical pulp,
and 74.5% chemical pulp (Food and Agriculture Or-
ganization, 2001a).

Pulping methods can be clafied according to
their yield (Table 4) and will be brfey explained
below. Examples of properties of pulp obtained by
different pulping methods with several wood sam-
ples are given in Table 5. Explanations for the ter-

minology used to describe pulping processes or pa-

results infiber separation. When thibers are lib-
erated and separated, the pulp is removed from the
stone surface by sprinklers and collected in a pit un-
der the grinder. Subsequently, the pulp is screened*
to remove the shivediber bundles) antines fiber
fragments or ray cells) that have a negative effect on
pulp quality.

In the pressure groundwood (PGW) process,
the grinder is pressurized with steam and the wood
is heated and softened prior to grinding. The higher

rameters are given in the glossary and are indicated contact temperature between the wood log and the

by an asterix* in the text. For a detailed overview

stone enhances tlider separation and reduces the

on pulp and paper production, we refer the reader to amount offines generated. The resulting pulp is

Biermann (1996).

A. Mechanical Pulps

1. Mechanical Processes Based on
Stone Grinders

In the stone groundwood (SGW) process, de-
barked wood logs are submitted to the action of a

stronger than that derived from the SGW process, as
measured by the tensile*, burst*, and tear indexes*
(Table 5).

2. Mechanical Processes Based on
Refiners (RMP)

The rdiner mechanical pulp (RMP) procedure
is based on the use of rotating metal discs with
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TABLE 5
Properties of Different Wood Pulps (Data from Holder and Murray, 1970; Leask et al., 1987;
Vallette & de Choudens, 1992; Petit-Conil, 1995)

Pulping Drainage Tensile Burst Tear Breaking Scattering
Properties and Index Index  Index Index Length  Gieefnt Brigthness
Wood Type (mICSF) (mN/g) (kPatfg) (mNn?/g) (km) (mP/kg) (%ISO)
Spruce

SGW 100 27 1.10 3.6 — 68 —

PGW 100 32 1.60 4.8 — 68 —

TMP 68 — 2.35 8.6 4.20 43.5 53.0

CTMP 68 — 2.90 8.2 5.30 38.0 57.0
Aspen

TMP 68 23 0.90 3.1 — 68.0 58.0

CTMP 68 51 2.60 6.2 — 41.0 49.5
Balsamfir

SGW 68 — 1.90 6.2 3.69 — —

TMP 72 — 3.00 8.2 4.97 — —
Black spruce

SGW 65 — 1.20 5.6 2.90 — —

TMP 68 — 3.00 9.0 5.40 — —
Pulps from softwoods

Kraft 40 — 5.8 12.0 8.9 — 28
Pulps from hardwoods

Kraft 40 — 4.5 8.0 7.5 — 29
Pulps from maritime pine

Sulfate 40 — 5.8 12.0 8.9 — 28

Bisulfite 40 — 4.0 7.5 6.5 — 60

CTMP; chemithermomechanical pulp; PGW, pressure groundwood; SGW, stone groundwood; TMP, thermomechanical
pulp; —, not determined.

specfic bars and grooves that enable separation of stage, called diéering, is carried out at an elevated
the fibers from the wood matrix. The passage of temperature (generally between 110 and’C3@n-
wood particles over the disc bars induces repeated der pressure to promofiber liberation. The second
cycles of compression and expansion. When carried refining stage is carried out at ambient temperature,
out in the presence of water, these cycles generateeither at atmospheric or at elevated pressure.
steam that softens the chips and mechanically rup-

tures thefibers at the middle lamella. As a result,

fewer fines and shives are formed and, therefore, 4. Chemimechanical (CMP) and

RMP pulps are stronger than SGW pulps. Chemithermomechanical (CTMP)

Pulping Processes
3. Thermomechanical Pulping To improve pulp quality for high-quality pa-
Process (TMP) per grades, mechanical, thermal, and chemical treat-

ments can be combined. A chemical pretreatment
The TMP process involves a presteaming of of the wood chips prior to a mechanical treatment
the chips prior to two réning stages. The main ef-  enhances dibering and renders the lignin more hy-
fect of the preheating is softening of lignin, allowing  drophilic. After the mechanical treatment, tiitgers
the recovery of longefibers with fewerfines and are longer and mor#éexible and the properties of
shives than in the RMP process. Thiest reining the produced paper are better than without chemical
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pretreatment (Table 5). Furthermore, these iene methods. Semi-chemical pulps are mostly bleached
cial effects are associated with a higher pulp yield with H,O,.
and a decrease in the pulp opacity*.

As with the TMP process, the electrical energy ¢ Chemical Pulps
is mainly transformed into steam in thdireer discs.
The steam s recovered, cleaned, and used in the dry- Chemical pulps represent the largest part of the
ing part of the paper machine. It is worth noting that world pulp market and are used to produce nearly
the different stages of allthese mech_anical processes,| paper and board grades (Food and Agriculture
(SGW, TMP, CTMP, and CMP) are integrated into Organization, 2001a). The aim of chemical pulp-

a single paper machine. ing is to dissolve and remove the lignin from the
fiber wall and to separate tHibers at the middle
lamella without mechanical damage. Because of the
insoluble and cross-linked nature of lignin, deligni-
fication requires harsh pulping conditions, includ-
ing high temperatures, a combination of chemicals,
and a long chemical treatment time. The differ-
ent chemical reactions that occur in the production
of chemical pulps have been described by Gierer
(1985).

5. Bleaching of Mechanical Pulps

Bleaching involves treatment of the pulp with
chemicals to increase its brightness*, which can be
improved in two basic manners. Whereas chemical
pulp is bleached by lignin removal, bleaching of me-
chanical pulp preserves the lignin, but removes the
chromophores present in lignin. Therefore, bleach-
ing of mechanical pulps is usually referred to as
brightening. Brightness is not permanent because 1. Alkaline Chemical Pulping
UV light and oxygen create more chromophores and Processes
cause yellowing (brightness reversion).

The brown color of mechanical pulpis mainly 5 gylfate or Kraft Process
caused by the presence of lignin. In addition, the
high temperature, atmospheric oxidation, and me-
chanical action during the pulping also favor the i celylosic raw materials is the Kraft process.
formation of the brown color. The chemicals that | \"ic pased on the use of NaOH and sodium sul-
are generally used to bleach mechanical pulp are fide (N&S), which act as delignifying agents. Dur-
oxidizing compounds, such as hydrogen peroxide ing cooking, NaS is hydrolyzed into NaOH, NaHS,

(H202), and/or reducing agents, such as dithion- 4 145 The different sulfur compounds react with
ite (sodium hydrostite [N&S;04]). Usually, the = ionin “forming thiolignins that are more soluble.

peroxide bleaching is carried out in a single step The liquor applied to the chips is called white

after potential pretreatmentzs, such as chelation of liquor and the liquor extracted from the reactor and
i i + + i
metallic cations (e.g. P&, Mn**, and Cd"), which containing the removed compounds is called black

decrease the stablh_ty_of pe_rc_mde. However, for liquor, a complex mixture of inorganic and organic
the production of printing-writing paper (such as compounds

newsprint), high levels of brightness are needed and For the white liquor, an active alkali* value be-

E!eacbhinr? sgg_ut_ances gf tv:;o or thr(?]e stgpsl tr;]at COM-t\veen 18 and 22% (on oven-dry weight of wood)
ine both oxidizing and reducing chemicals have o 4 5 gifidity* value between 20 and 35%, are

be used. used. This chemical treatment cleaves the©-4

linkages and the methoxy groups, the latter being re-
B. Semi-Chemical Pulps leased as mercaptans. A highfadity increases the

rate of delignfication and protects the pulp against

Semi-chemical pulps are essentially mechan- carbohydrate degradation in alkaline medium by

ical pulps that have been mildly pretreated with buffering the cooking solution, although decreased
sodium suiite (NgSQ;) and sodium carbonate cookingtimes also resultinless carbohydrate degra-
(Nap,CO3) to partially remove lignin and hemicel-  dation. When the sfitity of the cooking solution is
luloses and reduce the energy requirement dur- too low, the pulp may have a higher lignin content
ing the processing. The most common methods and signiicant carbohydrate degradation. When the
in this pulping category are the neutral fsi sulffidity is excessive, the emission of reduced sulfur
semi-chemical (NSSC) and the Kraft semi-chemical compounds may be too high.

The mostwidely used pulping process for many
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In the Kraft process, most of the cooking chem-
icals from the black liquor are recovered. Addition
of sodium sulfate (Ng50Q,) to the black liquor al-
lows NaS and CQ to be recovered. A reaction be-
tween CQ and NaOH produces sodium carbonate
(N&COgs). Subsequently, these compounds are dis-
solved in water to produce the green liquor. When
Ca(OH), formed from lime (CaO), and N&Os are
supplemented to the green liquor, NaOH and CaCO
are produced. Finally, the white liquor is regener-
ated by sedimentation of CaG@nd filtering for
additional clariication. In addition to the regenera-
tion of the white liquor, the combustion of organic

[Mg(HSO:3),] hydrogenosdilte, or bisufite, in com-
bination with free SQ@

The chemical reactions taking place during the
cooking induce the dissolution of lignin and hemi-
celluloses. Cellulose is also hydrolyzed when the
SO, charge* is higher. The lignin is removed by sul-
fonation and hydrolysis, resulting in lignosulfonic
acids. The pulp quality is higher than that of mechan-
ical pulps but always lower than that obtained by
Kraft pulping (Table 5). However, the high bright-
ness of the pulp, which is due to the fact that these
pulps can be bleached more easily than Kraft pulps,
allows its utilization for some paper grades.

materials generates steam that is used to produce

electrical energy. Therefore, a Kraft pulp mill has a
perfect electrical autonomy.

The low yield of Kraft pulp (4555% of the
initial biomass) is due to the removal of lignin and

some of the hemicelluloses. The kappa number* residual lignin, canbe ugedforsome paperand board
(determined by oxidation of the pulp by a solution 9rades, such as wrapping papers and boxes; how-

of potassium permanganate) is directly related to
the residual lignin content and, before bleaching, is
typically between 28 and 32 for softwoods and 18
to 22 for hardwoods.

The pulp quality of chemical pulps is clearly

respect to paper strength (Table 5). However, be-
cause of the perfediber separation, thénes are

less numerous and, hence, the chemical pulps have

a lower opacity.

b. Other Alkaline Processes for the
Production of Chemical Pulps

3. Bleaching of Chemical Pulps

The unbleached chemical pulps, containing

ever, for the production of high-quality papers, such
as printing-writing papers, the chemical pulps need
to be bleached. Bleaching of chemical pulp aims
at the total removal of the residual lignin without

extensive polysaccharide degradation. Generally, a
higher than that of mechanical pulps, mainly with bleaching sequence consists of alternative steps of

lignin oxidation and alkaline extraction steps. Each
bleaching step is followed by a washing step to
remove the dissolved compounds that would oth-
erwise consume bleaching chemicals in the later
stages.

Until the 1980s, the bleaching sequences were
as follows: C-E-D-E-D [with C, chlorine (G); E,
alkaline extraction; and D, chlorine dioxide (G

ClO, was used at the end of the bleaching sequence

In soda pulping, NaOH is used as a delig- for its bleaching effect associated with its sifieci

nifying agent in the pulping liquor. In the soda-

anthraquinone and Kraft-anthraquinone processes,

delignifying action, although Clgis 10- to 15-fold
more expensive than £IAt the end of the 1988,

catalysts are used, such as quinonic compounds (for ClIO,was used instead of £ior environmental rea-

instance, anthraquinone), that increase ddiigai

sons: the use of high €tharges (3 to 6% on pulp

tion and decrease carbohydrate degradation. There-weight) can induce the formation of organic com-

fore, the cooking time can be reduced and the pulp
yield increased (by-43%). Another process to pro-
duce pulps with a lower kappa number and reduce

pounds containing as much &se molecules of
chlorine, such as dioxin or other chlorinated organic
chemicals that generate toxicity problems ifiief

the charge of bleaching agents consists of prolong- ents. At the beginning of the 19%) new bleach-

ing the alkaline cooking step.

2. Acidic or Bisul fite Chemical
Pulping Processes

ing sequences were developed, such as elemental
chlorine-free (ECF) sequences that avoid the use of
Cl,, and totally chlorine-free (TCF) sequences that
do not use chlorinated chemicals at all.

The acidic or bisdlte process is mainly used a. ECF Bleaching Sequences

for softwoods and is based on the reaction of the
wood chips with calcium [Ca(HSf),], sodium
[NaHSGs], ammonium [NHHSG;], or magnesium
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TABLE 6
Conditions Used in the Different Potential Stages of ECF Bleaching Sequences (Petit-Conil,
1995)

Conditions D 0] E P Z Q
Temperature°C) 50-80 9G6-110 66-80 70-110 3660 50-80
Duration 45min-3h 3660 min  4560min  14h Few min 3660 min
pH Acidic Alkaline Alkaline Alkaline  Acidic Neutral
Pulp consistency (%) 32 1612 1612 10-20 10-35 312
Chemicals ClQ O, NaOH H O, (OF) EDTA
% on o.d. pulp 0.54% 3-5 bar 3% 0.55% 0.10.7% <0.5%
NaOH NaOH
1-3% 1-3%

D, O, E, P, Z, and Q, see text for explanation; o.d., oven dry.

D-E-D-E-D or D-E-D-D, and (ii) the sequences ing commercialized (Akhtaet al., 1998b; Breen &
combining CIQ and oxygenated chemicals, suchas Singleton, 1999).
oxygen (Q) (O stage), hydrogen peroxide {B)) A fungal pretreatment in chemical pulping has
(P stage), or ozone (P(Z stage). The ditiency of also been shown to be bdiaal for subsequent
bleaching with @, H,O,, or O; can be negatively  pulping processes because part of the lignin is re-
affected by the presence of metal ions (Fe, Cu, or moved or modied (Akhtaret al., 1998a). Although
Mn) in the pulp. Therefore, it is necessary to apply the results are too preliminary for the process to be
a chelation stage (Q) to complex the ions and to re- carried out on an industrial scale, biochemical pulp-
move them from the pulp. The bleaching conditions ing could lead to pulps with lower kappa number,
of ECF sequences are given in Table 6. Frequently which are more easily bleachable, consume fewer
used sequences are: O-D-E-D-D, O-Q-P-D-E-D, or chemicals, and need less wastiught loading.
O-Z-E-D-D. Biobleaching has been shown to be an effec-
tive treatment in which hemicellulases (such as xy-
lanases and mannanases) and lignin-degrading fungi

b. TCF Bleaching Sequences or their enzymes (such as laccases and peroxidases)
are utilized to delignify and brighten the pulp, thus
Inthe TCF bleaching sequences, O3, H,Oo, reducing the use of chemicals (reviewed by Onysko,

and peracids (Pa), such as peracetic acid@bsH 1993; Reid & Paice, 1994; Viikaret al, 1994).
and HO,) or permonosulfuric acid (:80s), are Several procedures, such as preatreatment with xy-
used as bleaching chemicals. Frequently used se-lanase prior to bleaching, have been scaled up to full
guences are O-Q-P-P, O-Q-P-Z-Q-P, or O-Q-P- industrial scale (Viikaret al., 1994, 1998).

Pa-P.

D. Biological Pulps
V. EFFECT OF LIGNIN

Biopulping is déined as the treatment of wood MODIFICATIONS ON PULPING
chips with lignin-degrading fungi prior to pulping.
Such a pretreatment reduces energy requirements  Despite the fact that much of the research on ge-
and improves the paper strength. In addition to the netic modfication of lignin biosynthesis was moti-
economical berfds, the biopulping process is not vated by a desire to improve wood for moréeént
harmful to the environment, because only benign and environmentally benign papermaking, very few
materials are used and no additional waste streamslignin-modified plants (either transgenic or mutant)
are generated (Reid, 1991; Akhtat al., 1998a; have yet been tested in pulping and bleaching pro-
Highley & Dashek, 1998). Although the brightness cesses. The reasons for this regrettable situation are
of the pulp is sigrficantly reduced after fungal pre-  unclear, but many factors are likely to be involved.
treatment, pulps can easily be bleached with either Most molecular biology laboratories where trans-
alkaline hydrogen peroxide or sodium hydrdgel genic plants have been produced are unlikely to have
Biomechanical pulping is on the way toward be- easy access to expertise in pulping technology. It is
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no accident that most of the instances where pulping 1999, 2000; Petit-Conit al., 1999, 2000; Jouanin
characteristics of transgenics have been tested comeet al., 2000), on the pinecad mutant (MacKay

from EU-funded consortia projects where the kind
of interdisciplinary contacts that are necessary for
such work are actively fostered. Obviously, pulp-
ing data that best approximate real industrial situa-
tions will come from reasonably large amounts of
plant material grown in théeld, which again poses
problems for small laboratories that may not have
access tdield trial facilities. Similarly, navigating
the regulatory process governing the controlled re-
lease of genetically mofied (GM) plants is some-
thing many researchers woufthd daunting. De-

signing trials to the rigorous standards necessary to

gain regulatory approval requires sifjoant effort
both in terms of the paperwork involved and in the

implementation, maintenance, and eventual clear-
ance of the trials themselves. The strongly negative

attention such trials can attract from anti-GM ac-
tivists is another factor that inhibits efforts in this

area. The real prospect that such trials might be at-

et al, 1999), on greenhouse-grown transgenic to-
bacco down-regulated for CAD or CCR'(Connell
etal, 2002), and on transgenic poplars overexpress-
ing F5H (Huntleyet al., 2003). The poplar and to-
bacco plants were analyzed by simulated Kraft pulp-
ing and/or mechanical pulping and the pine mutant
both by Kraft and soda pulping.

A. Chemical Pulping of Wood
from Transgenic Poplars
Down-Regulated for COMT
and CAD

Laboratory-scale Kraft pulping has been per-
formed on greenhouse-grown transgenic poplars for
two lines down-regulated for COMT (ASB2B and
ASB10B) and two lines down-regulated for CAD

tacked and vandalized (as in the case of a poplar (ASCAD21 and ASCAD52) (Bauchet al., 1996;

trial in the UK in 1999 and many recent trials in the

Lapierreet al,, 1999, 2000). Subsequentfigld tri-

US) or that laboratories perceived to be involved in als of the same tree lines were established at two
such work might béirebombed (as happened atthe sites, one in France and one in the United Kingdom
University of Washington in 2001; Luce, 2002), not (Petit-Conilet al., 2000; Pilateet al.,, 2002). Wood
surprisingly puts many people off investing theirre- from the French trial was harvested after 2 and 4
search grants and efforts in this area. The end resultyears (i.e. after 2 years regrowth of the previously
is that some elements of the anti-GM lobby deliber- harvested trunks), while trees of the UK trial were
ately prevent the collection of the very data on the harvested after 4 years of growth only. This har-
environmental impact of GM plants that more ra- vesting strategy allowed an assessment of whether

tional commentators agree is needed as part of thethe Kraft pulping characteristics varied with age

wider exploration of potential GM solutions to cur-
rently insoluble environmental problems. It is the
responsibility of society as a whole, not scientists
themselves, to assess this type of criminal activity
aimed afield trial and laboratory destruction, which
wastes sigriicant amounts of public money and in-
hibits scientiic advance. Unless a serious effort is

and enabled evaluation of the stability of trans-
gene expression and lignin méidation over sev-
eral years of growth. Table 7 (COMT lines) and
Table 8 (CAD lines) pull the data from publications
on greenhouse- arfield-grown trees together for
ease of comparison.

For COMT-suppressed lines, enzyme activity

made to tackle this problem, progress is bound to be was higher infield-grown trees than in younger

slow.

The above comments notwithstanding, several
pulping studies have been performed on lignin-
modified GM plants including one involving trees
grown for 4 years in théield (Pilateet al., 2002).

greenhouse-grown plants (Table 7), whereas CAD-
suppressed lines showed similar or lower enzyme
activity in the field compared to the greenhouse
(Table 8). Only ASCAD21 had altered lignin
content (a slight reduction) in greenhouse dild.

The results of thifield experiment will be discussed  Antisense COMT lines had a lower frequency of

in some detail because they are currently the only
data that can be drawn upon to predict the poten-
tial performance of GM lignin-mofdiied trees in the

field, in terms of both stability of transgene expres-

lignin units only involved ing-0O-4 bond§ greatly
reduced S/G and sigriicant amounts of 5O0HG
unitsin lignin (Table 7). The lignin S/G ratio was un-
modified in ASCAD lines, but altered lignin struc-

sion and persistence of lignin changes and pulping ture was indicated by the increased frequency of
bendits. Pulping analyses have also been performed free phenolic groups ig-O-4 linked S or G units
on the same poplar transgenics when grown in the (Table 8). These data demonstrate that trees mod-

greenhouse (Bauchet al., 1996; Lapierreet al.,
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FIGURE 6. Evolution of kappa number with ac-
tive alkali charge for Kraft pulping of 4-year-old
poplar trees from the French field trial.

changes to lignin whether grown in the greenhouse
or in two differentfield environments.

Chemical pulping of the COMT antisense
poplars demonstrated that their wood was more re-
sistant to Kraft deligrfication than wood from con-
trol trees, as indicated by the higher kappa num-
ber of pulp from the transgenic plants (Table 7).
Pulp brightness, after bleaching with an ECF se-
quence, was lower than that of the control (Table 7),
although paper strength was similar according to
its degree of depolymerization* (DP) of cellulose
and its mechanical properties. Pulp from CAD anti-
sense plants, however, was more easily ddiigdi
and had a lower kappa number than control pulp,
a difference that was maintained after the oxygen
delignfification stage (O), thiérst step in the bleach-
ing sequence (Table 8). Cellulose DP, pulp bright-
ness, and paper strength were similar in control and
CAD-suppressed lines (Table 8).

In parallel to the pulping experiments described
above, wood from the French trial was Kraft pulped
under a range of active alkali charges from 16 to
26% (Figure 6). Increasing the active alkali removes
more lignin and yields lower kappa numbers. Com-

Cellulose DP
g 82E2EBRE

-
o
-
]
©w

21 23 25 27
Active alkali, %
FIGURE 7. Evolution of cellulose DP with ac-

tive alkali charge for Kraft pulping of 4-year-old
poplar trees from the French field trial.

Screened pulp yield, %

15 17 19 21 23 2I5 2T
Active alkali, %

FIGURE 8. Evolution of screened pulp yield

with active alkali charge for Kraft pulping of

4-year-old poplar trees from the French field
trial.

pared with the control, less chemical was needed to
reach a given kappa number for the pulp made from
CAD antisense lines and more chemical was needed
for COMT antisense poplars. The extent of cellu-
lose degradation, for a given alkali charge, was the
same for all lines (Figure 7), suggesting that down-
regulation of COMT or CAD does not affect cellu-
lose biosynthesis. Another important characteristic
of the Kraft process is the evolution of the screened
pulp yield with active alkali charge. Whereas a de-
crease in the screened pulp yield was observed at
lower alkali charges for the control and COMT
down-regulated poplars, the pulp yield remained
high for CAD down-regulated poplars (Figure 8).
The selectivity curve (Figure 9) shows the bene-
ficial effect of CAD down-regulated lines on Kraft
pulping in terms of cellulose preservation and delig-
nification: for a given kappa number, the cellulose
was less degraded for the CAD lines, particularly
for ASCADZ21. In contrast, when wood of COMT-
down-regulated poplars was similarly pulped, the
cellulose DP was lower than that of control wood.
The conclusions from these experiments are
that suppression of CAD activity leads to the

Kappa number
SoRB88E5308

1000 1200 1400 1600 1800 2000 2200 2400
Cellulose DP

FIGURE 9. Selectivity curve: kappa number
versus cellulose DP for Kraft pulping of 4-year-
old poplar trees from the French field trial.

333

RIGHTS

ir



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/05/12
For personal use only.

formation of wood with better Kraft pulping prop-

has been investigated in laboratory-scale simulated

erties, probably because of the slightly decreased Kraft pulping experiments. Stems of four transgenic

lignin content and mofdiied lignin composition. In-
terestingly, ASCADZ21, the line with the best pulp-

tobacco lines, two down-regulated in CCR and two
down-regulated in CAD were pulped. For each gene,

ing characteristics, had an increased proportion of enzyme activity was suppressed moderately in one

free phenolic groups in both G and S lignin units,
possibly irfluencing the solubility of the polymer
during Kraft pulping. Savings in chemical use and
increase in pulp yield for this line have been esti-
mated at 6% and-3%, respectively, which is com-
mercially valuable (Pilatet al., 2002). Most impor-
tantly, this line performed as well as wild-type trees
in thefield and showed no adverse effects of the ge-
netic modfication. In contrast, down-regulation of
COMT has a negative effect on Kraft pulp prop-
erties, supporting the hypothesis that lignin rich
in G units is dificult to extract by the Kraft pro-

line and severely in the other. Thus, lines CCR34
and CCR86 had 48% and 1% residual CCR activity,
whereas lines CADJ40 and CADJ50 had 20% and
7% residual CAD activity, respectively. As shown in
Table 9, the pulps of both types of transgenic plants
had a lower kappa number than those of the con-
trol plants (OConnellet al., 2002). The greatest re-
duction in kappa number was obtained for the lines
with the lower CCR or CAD activity. The degree
of cellulose DP was similar for the pulp of all lines
tested. Micrographs dfbers from the unbleached
pulps showed a higher level of cell separation for

cess because of the more condensed lignin. Thethe transgenic than for the control lines. Whereas
lower proportion of free phenolic groups rO- the CADJ40 pulp was bleached to a higher bright-
4-linked G units in COMT-suppressed poplars may ness than the control, the pulp from CCR86 was less
also contribute to the higher kappa numbers (see bright than the control. This lower brightness was

section 111.D). Although incorporation of 50HG
(with two hydroxyl functions) into lignin in COMT-
suppressed plants might be expected to befioeak

for pulping because of an increase in solubility, this
apparently did not counterbalance the detrimental
effects of a more condensed lignin in these lines.
The results obtained from bofteld trials demon-
strated that, contrary to original expectations, de-
pleting COMT activity reduces wood quality for
Kraft pulping.

B. Chemical Pulping of Wood from
Transgenic Poplar Overexpressing
F5H

Lignin of transgenic poplars overexpressing
F5H is signficantly enriched in S units (Franke
et al, 2000). Kraft pulping experiments on wood
of 2-year-old greenhouse-grown poplars resulted in
a pulp with lower kappa number and an increase in
brightness (Huntlewt al., 2003). This genetic im-
provement may increase pulp throughput by 60%,
concomitantly with a decreased consumption of
pulping chemicals (Huntlegt al., 2003).

C. Chemical Pulping of Wood from
Transgenic Tobacco
Down-Regulated for CCR and CAD

Althoughtobacco is not normally used for pulp-
ing, its value as a model for species that are pulped

334

apparently due to a higher content of unextracted
chlorophyll in CCR-suppressed stems @onnell

et al, 2002). Because the pulping data obtained
with CAD-down-regulated tobacco are comparable
to those from CAD-suppressed poplar (both species
had reduced kappa number and better bleaching
with no modfication of other pulp properties), these
data indicate that tobacco may be an appropriate
model for rapid evaluation of the impact of spfeci
genetic modications on pulping. In this respect, it
will be interesting to see whether or not the results of
pulping experiments on CCR-down-regulated trees,
when these become available, are comparable with

those already obtained in CCR-suppressed tobacco.

D. Chemical Pulping of Wood from
a Pine cad Mutant

Different pulping experiments have been per-
formed with wood from a 12-year-old pireadmu-
tant (MacKayet al.,, 1999). As shown in Table 10,
soda pulping (2628% active alkali) resulted in pulp
with alower kappa number than that of the wild type.
These results are in agreement with the increased
lignin reactivity observed with mild alkali treat-
ment (MacKayet al., 1999). In contrast to the re-
sults obtained with the transgenic CAD-suppressed
poplars, no improved deligiication was obtained
using either the Kraft-Pressure bomb* 2@% ac-
tive alkali) or the Kraft-micro autoclave* (17-25%
active alkali), possibly because of the abundant pres-
ence of dihydroconiferyl alcohol in the lignin of
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TABLE 9
Lignin Characteristics and Properties of Bleached Kraft Pulps for CCR- and CAD-Down-
Regulated Tobacco

Characteristics Control CCR34 Control CCR86 Control CADJ40 Control CADJ50
Enzymatic Activity (%) 100 48& 10 12 1000 20 100  7+b
Lignin Characteristics

Klason lignin content 100 100 100 58 100 100 100 100

(% of control)
Yield in S+ G (umol/g 2106 1695 1295 (1711) 766° (7267) — — — —
Klason lignin)

SIG 0.72 0.78 0.72 1.61 — — — —
Free OH in linked — — 20.2 20.9 — — — —
B-0-4 G units
Pulp Properties
Kappa number 216 206 20.3 17.7 20.0 18.0 27.0 240
Cellulose DP 1430 1430 1330 1220 1575 1600— —
Cellulose yield (% wt) 359 36.6 34.0 37.0 343 36.6 33.0 324
Pulp Properties After Bleaching
Brightness (% 1SO) — — 82.8 77.5 88d 889 — —
Breaking length (m) — — 5960 821C 9730 9270 — —
Tear index (MNri/g) — — 4.9 3.4 53 6.2 — —
Fiber length (mm) — — 0.9 0.98 077 072 — —

All data are from OConnellet al. (2002) except which are from Halpiret al. (1994). All data were obtained by using

mature stems as plant material excgpand’; 2determined on 34- to 45-day-old plantlets regenerateitro; "determined

on 60- to 70-day-old greenhouse-grown plafitigtermined on 7-week-old greenhouse-grown pldiistermined on
21-week-old greenhouse-grown plants. Conditions of Kraft pulping were 28% active alkali, 26éttsfiBleaching

was performed using an O-D-E/O-D-E-C-F sequenhdgleaching performed using an C-E-D-E-D sequeneg;not
determined. CCR34 and CCR86 are suppressed CCR plants whereas CADJ40 and CADJ50 are suppressed CAD plants.

the pine mutant, which is involved in C-C linkages thereby reducing the production of volatile organic
(MacKay et al,, 1999). The latter compound has sulfur compounds.

not been detected in the transgenic poplars, possibly Generally, the pulp yield obtained for the wood
reflecting the differences in the lignin biosynthetic of the mutant tree was lower than that of the wild
pathway between gymnosperms and angiosperms.type. MacKayet al. (1999) suggest this could be
Interestingly, the reduced kappa number in the mu- due to the difference in kappa number after soda
tant after soda pulping opens up the possibility of pulping or excessive peeling of polysaccharides be-

lowering consumption of sfile during pulping, cause of overpulping. Brightness of the soda pulp
TABLE 10
Properties of Soda Pulping for a 12-Year-Old  cad Pine Mutant
Characteristics Control cad Mutant
26% active alkali
Kappa number 53.1 41.6
Pulp yield (%) 31.1 26.9
Brightness (% 1SO) 31.3 28.7
28% active alkali
Kappa number 46.3 26.0
Pulp yield (%) 33.7 30.0
Brightness (% ISO) 33.0 34.0

Data are from MacKagt al. (1999).
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of the pinecad mutant was similar to that of the
wild type (Table 10). In contrast, brightness of the
Kraft pulp of the mutant was slightly lower than that

yses should provide a comprehensive and holistic
view on cell wall assembly at a level that was not
possible just a few years ago. In addition to the

of the wild type, although kappa values were com- identffication of novel genes involved in wood for-

parable (MacKayet al., 1999). Taken together, the

mation, whose function can be further studied by

data currently available concerning the potential of reverse genetics, applications of these techniques
gene engineering forimproving pulping suggestthat will shed light onto the interrelations between

CAD and CCR suppression affect lignin structure
in ways that improve chemical pulpingfigiency

the biochemical pathways leading to the biosyn-
thesis of the different cell wall macromolecules

by reducing the amount of required chemicals, and and onto their relation with plant growth and
thereby reducing the environmental impact of pulp development.

production.

E. Mechanical Pulping of Wood
from Transgenic Poplars
Down-Regulated for COMT
and CAD

Preliminary réiner mechanical pulp (RMP) ex-

Despite our currently poor understanding of the
detailed biochemistry of plant cell walls, it is clear
that we can modify this biochemistry for useful pur-
poses. We already have evidence that genetic engi-
neering of lignin biosynthesis has potential for im-
proving both the dfciency and the environmental
impact of pulp and papermaking. A major objec-
tive for the future will be to learn how to optimize
lignin prdfiles for ease of pulping. Similarly, lignin-

periments, carried out at a pilot scale, have been per- modified plants will need to be grown, experimen-

formed with wood of poplar trees down-regulated
for COMT and CAD grown in both the French and
UK field trials mentioned above (Petit-Coet al.,

tally at least, on a scale useful for assessing their im-
pact for industrial pulping. Results obtained to date
concern mainly model plants, such as tobacco and

1999, 2000). The mechanical properties of the RMP poplar. In the next step, the technology needs to be

pulp were not modied, except for the ASCOMT
line ASB10B which presented higher tensile and
tear strength. For the wood of the ASCAD line

transferred to other species and to elite clones suit-
able to clonal forestry plantations. Transformation
protocols for most of the commercially important

ASCAD?21, the brightness of the unbleached pulps tree species, including gymnosperms, have been es-
and the pulp bleachability were lower than those of tablished over the past years.

the control. These results are possibly caused by a

It is important to appreciate that tree breed-

modification in the chromophore nature caused by ing is only in the third or fourth generation of se-

the alteration of CAD expression (Petit-Coeilal.,
2000).

VI. CONCLUSIONS AND
PERSPECTIVES

Our understanding of the lignin biosynthetic
pathway is constantly and rapidly changing. The

lection and, therefore, siditant genetic improve-
ments can be expected through conventional breed-
ing alone. However, the genetic improvement by
classical breeding is inevitably slow because of the
long generation times typical of trees, and the fact
that many traits can only be scored at rotation age.
Because the current level of wood consumption is
higher than the amount of wood that natural forests
can sustainably produce, more wood will need to
be grown in high-yielding plantations (Food and

combination of classical biochemical approaches, Agriculture Organization, 2001b). Molecular biol-

allied with the use of transgenic plants to investi-
gate the pathwayn vivo, and the interest in im-
proving wood and plarfibers for industrial appli-

ogy and genetic engineering can be of great value
in advancing progress in this sector, for example,
by allowing genes of interest to be iddigd and

cations, have contributed to recent progress in this introduced into elite genotypes or by altering the
research area. A new avenue for studying the molec- expression of native genes. It is conceivable that

ular biology of plant cell walls is to characterize de-

future agro-forestry will utilize genetically engi-

velopmental processes, such as wood formation, atneered trees that produce wood of better quality
the level of the transcriptome and the metabolome and with higher yields, either for pulping or for

(Hertzberget al., 2001; Trethewagt al., 1999), and

timber use. In that context, plantation of trans-

compare these processes in wild-type and transgenicgenic trees could increase wood production and help

plants modied in cell wall biosynthesis. Such anal-
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(Fenning and Gershenzon, 2002). Several forestry
companies and Universities currently manéigéd
trials of transgenic trees with potentially improved
traits (for a list, see Information Systems for
Biotechnology http://www.isb.vt.edu/) and these
will hopefully pave the way to commercialization.
Alternatively, when the function of agronomically
important genes has been demonstrated in trans-
genic plants, a more fe€ient exploitation of the ex-
isting genetic diversity within a given species will
be possible by combining favorable alleles for these

genes by marker-assisted breeding, again accelerat-

ing the domestication of trees.

Potential risks of large-scale production of en-
gineered trees have obviously to be taken into ac-
count, but these must be balanced with the clear
potential bents of cultivating genetically mod-
ified clones (Strauss, 2003). At present, the im-
pact of transgenes on the environment is evaluated
in controlled and environmentally safeeld trials
(Hancock & Hokanson, 2001; Dalet al., 2002).
However, a variety of research strategies aimed
at minimizing the possible escape of introduced
genes are being investigated, such as the frodi
cation offlowering and sterility (Weigel & Nilsson,
1995; Rottmanret al., 2000; Péa & Seguin, 2001,
Daniell, 2002), and the use of transformation meth-
ods to produce plants harboring only the target gene,
devoid of selectable marker genes conferring antibi-
otic resistance (Ebinunet al., 1997; Hare & Chua,
2002; Eriksoret al., 2003). Because of the impor-
tance of high yielding plantation forests to sustain-
ably supply wood and reduce destruction of nat-
ural forests, regulatory costs and hurdles fietd
trials involving certain classes of genetically mod-
ified trees, such as those that are transformed with
species-own genes, should be reduced field-
trialing promoted (Fenning and Gershenzon, 2002;
Strauss, 2003).

A critical point to consider is whether the gene

transgenic approach. In conclusion, biotechnology

and genetic engineering hold promise for the ge-

netic improvement of trees and are important strate-
gies to be considered to accelerate current breeding
programs.
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GLOSSARY

aAcetyl bromide extraction—Method to
quantify lignin in which lignin is extracted by acetyl
bromide and then quafigd spectrophotometrically
by measuring the absorbance at 280 nm (liyama &
Wallis, 1988).

Active alkali—Percentage of active ingredi-
ents in the pulping liquor (NaOH- N&S in the
Kraft pulping process; NaOH in the soda pulping
process).

bAlkaline nitrobenzene oxidation—Method
to determine lignin composition. Lignin is oxi-
dized with nitrobenzene in alkali and the degra-
dation products are measured after HPLC separa-
tion or gas chromatography. This method cleaves
the 8-O-4 and the @-Cy linkages in the poly-
mer. The compounds recovered do not represent
an absolute value for phenylpropanoid units in
lignin and may also include estéad cell wall
phenolics. Nitrobenzene oxidation yields vanillin

engineering approach to tree improvement is eco- (degradation product of coniferyl alcohol and fer-
nomically attractive in comparison with the cost of ulic acid [Van]), syringaldehyde (degradation prod-
traditional breeding methods. The traits introduced uct of sinapyl alcohol and sinapic acid [Syr]) and
should have major economic value, as it is the case p-hydroxybenzaldehyde (degradation product of
for lignin content or quality. In addition, the ge- p-coumaryl alcohol andp-coumaric acid). The
netic engineering should confer improvement not monomeric composition of lignin is generally ex-
easily obtainable by other means and should not pressed by the Syr/Van ratio.

adversely affect growth or survival of the plants. Basis weight (g/m?) or grammage—Weight
Important in this respect is the fact that current ge- of paper per ream (spéid area of paper or paper-
netic engineering technology allows the stacking of board). The TAPPI Standard ream is % af paper
several transgenes simultaneously in elite genotypesor board.

by co-transformation (Halpin & Boerjan, 2003; Li Breaking length (km)—Measure of tensile
et al., 2003), further speeding-up the domestication strength obtained by calculating the length at which
of trees, and improving the cost effectivity of the a strip of paper would break under its own weight
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when suspended by one end (NF EN ISO 1924-2).
The breaking length of most papers varies from 2.5
to 12 km.

Brightness—Measure of the whiteness of the
pulp or paper. Itis the percentage of diffuséeeted
blue light (457 nm) from the paper, relative to an
MgO standard (NF Q 03039).

Bulk (cm3/g)—Volume per unit weight (g) of a
paper sheet (NF EN ISO 536-NF EN 20534). Bulk
is the reciprocal of density (g/cih

Burst index (kPam?/g)—Burst strength is the

dFourier transform infrared (FTIR) and
diffuse reflectance infrared Fourier transform
(DRIFT) spectroscopy—Techniques based on in-
terferometry, allowing the analysis of nanograms of
material. FTIR and DRIFT spectroscopy rely on the
absorption of energy from an illuminating laser. An
FTIR spectrum is generated from radiation absorbed
by molecules with polarized bonds or dipole bonds
after excitation with infrared light. The ratio of ab-
sorbance intensities at different wavelengths is re-
lated to the concentration of different molecules in a

resistance of a paper sheet to rupture by a stretchingcell wall sample. The DRIFT technique provides ab-

force perpendicular to the sheet (NF Q 03053). The

sorption spectra generated with lighflezted from

burst strength measures the hydrostatic pressure re-the surface of opaque materials. DRIFT of cell wall

quired to rupture a piece of paper.

Canadian Standard Freeness (CSF)—
Measure of pulp particle size and ability of a pulp to
drain water. Water drainage is a crucial parameter
in paper manufacture because it determines the
consistency of paper products. A high drainage

materials is non-destructive.

Kappa number—Measure of the residual
lignin in the pulp, obtained by measuring the con-
sumption of permanganate ions that react with lignin
in the pulp. A high kappa number is indicative of a
high lignin content. As a rough estimate, KlaSon

rate means a high freeness. The CSF test measuredignin content (%)= 0.15 x kappa number.

the drainage of 1 liter of pulp slurry at 0.3% pulp
consistency through a calibrated screen.

Céllulose degree of polymerization (DP)—
Number of monomers in the chain of the cellulose
polymer. Cellulose DP is indicated by the mea-
sure of cellulose viscosity, which is determined
after dissolving the pulp in a solvent, such as a
cupriethylene-diamine solution. A higher viscosity
indicates a higher cellulose DP, and is generally cor-
related with better pulp and paper properties.

“Derivatization followed by reductive
cleavage (DFRC)—Method to determine the com-
position of lignin. Thex- andg-aryl ether linkages
in lignin are cleaved by acetyl bromide and the

€Klason lignin deter mination—Method that
guantfies lignin and consists of hydrolyzing the
cell wall polysaccharides with sulfuric acid, leav-
ing lignin as an insoluble material, which is dried
and quanfied gravimetrically (BEtand, 1977).

Kraft-Pressure bomb and Kraft-micro
autoclave—Small reactors designed for laboratory-
scale simulation of chemical pulping processes.

Liquor—Agqueous solution of chemicals used
to delignify wood. The white liquor is the fresh
pulping liquor for the Kraft process and consists
mainly of NaOH, NaS, a small quantity of N&COs,
and several impurities coming from wood, when
the white liquor is recycled. Black liquor is the

released monomers (cinnamyl acetates) are quan-waste liquor of the Kraft pulping process after com-

tified by gas chromatography (Lu & Ralph, 1997).
The results obtained are similar to those obtained
by thioacidolysis. However, yields of released
monomers are lower than with thioacidolysis.

Drainage index—Degree Schopper Reigler
(°SR) or Canadian Standard Freeness* (ml CSF),
both based on a similar concept. Drainagies
the ease of removing water from the pulp by gravity
or by mechanical means.

dDiffuse reflectance infrared Fourier trans-
form (DRIFT) spectroscopy—See Fourier trans-
form infrared (FTIR) spectroscopy

Fiber coar seness (mg/m)—Mass per chain of
fibers 1 mlong. Fiber coarsenestieets the relative
thickness of cell walls.

Fibrillation—Loosening of the cross-linking
within a fiber wall, allowing partial separation of

pletion of pulping. It includes most of the orig-
inal cooking chemicals and the dissolved wood
substances.

fNMR spectroscopy—Technique that pro-
vides a compositional and structurfihgerprint
of isolated lignin fractions and allows the char-
acterization of the major lignin units (H, G, and
S units), the determination of functional groups
(such as methoxy and hydroxyl), and the main in-
terunit bonds. Limitations are overlapping signals,
the complexity of assigning signals, and the low
sensitivity.

Opacity (% )—Ability of paper to hide or mask
a color or object beyond the sheet. The higher the
opacity, the better the hiding power (opaque papers
have an opacity of 100%).

Pulp consistency—Ratio of dry to humid pulp

constituenfibrils at thefiber surface. weight.
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Pulp viscosity—Measure of the average chain
length (degree of polymerization, DP) of cellulose.
A high viscosity is indicative of a high cellulose DP

runs at 2428% sufidity depending on the wood
to be pulped. Sftildity increases the rate of delig-
nification by cleavage of thg-O-4 linkages and

andis asign of a strong pulp or paper. This parameter the methoxy groups. Because lower cooking times

has little importance in mechanical pulping because
the cellulose chains are not sifjpantly degraded
by mechanical pulping.

Pulp yield (% weight)—Ratio between the
oven-dry weight of the pulp and the initial oven-dry
wood mass used for pulping.

9Pyrolysis gas chromatography mass
spectrometry (pyrolysis GC-MS)—Direct de-
polymerization of lignin by rapid heating followed
by mass spectrometry of the breakdown products.
The limitation is the presence of overlapping
peaks originating from other compounds and the
structural changes that may occur during pyrolysis.
This technique allows evaluation of lignin content
and composition but cannot provide information on
interunit linkages.

Refining—Mechanical treatment of pulp
fibers, performed in a beater or diner, to develop
their optimal papermaking properties, such as
strength properties. The effects offireng are
increasedflexibility of the fibers, fibrillation* of
cellulose, and delamination of the cell wall.fRed
pulp has a low freeness. fRaing is monitored by
the drainage rate of water through the pulp, related
to the freeness.

S or scattering coeficient (m?/kg)—
Describes the ability of a paper sheet to scattering
of light. Defined as S= the limiting fraction of
light energy scattered backward per unit thickness
as the thickness of the layer approaches zero.
Alternatively, when the equations are written
down in terms of basis weight: S the fractional
scattering loss of light energy per unit basis weight
as the weight of the layer approaches zero.

Screening of the pulp—Process that consists
of removing particles, such as rigid and ldfiigers,
shives, andines fragments, by passing the diluted
pulp suspension through screens under pressure.

SO, charge (%)—For acidic cooking, the
terms total S@, free SQ, or combined S@ are
used. The total SP(free SQ + combined SQ)
charge is the quantity of S@etermined by iodome-
try. The combined S@charge represents the weight
of SO, equivalent to the CaO charge contained in
bisuffite. The free S@charge is the difference be-
tween the percentages of total S&nd combined
SQO.,.

Sulfidity—Ratio of NaS to the active alkali
(NaS/(NaOH+ NapS) x 100%). Typically, a mill

are required at high sfidlity, carbohydrates are less
degraded.

Tear index—Ratio of the tear strength* by the
basis weight* of the paper sheet and expressed as
mNn?/g.

Tear strength—Measure of the energy re-
quired to propagate an initial tear through several
sheets of paper ovefixed distance (NF EN 21974).

Tensile index—Ratio of tensile strength* to the
basis weight* of the paper sheet (NF EN ISO 1924-
2) and expressed as mN/g.

Tensile strength-Resistance of a paper sheet
to rupture by a stretching force parallel to the sheet
and measured on paper strips using a constant rate
of elongation according to TAPPI standard T 494.

hThioglycolic acid extraction—Method to
quantify lignin. After its extraction by thioglycolic
acid and alkali, lignin is measured spectrophoto-
metrically by measuring the absorbance at 280 nm
(Campbell & Ellis, 1992).

'Thioacidolysis—Method to determine the
composition of lignin. Thioacidolysis and sub-
sequent gas chromatography analysis idiesti
monomers that are released by selectively break-
ing of the intermonomerig-0-4 linkages, the ma-
jor linkages in lignin (Lapierre, 1993). This method
is spediic for phenylpropanoids and is very sen-
sitive. The vyield of degradation products is—40
50% for softwoods and approximately 70% for
hardwoods (Boudeet al, 1995). The yield of
the thioacidolysis products {S35) reflects the fre-
guency of 8-O-4 linkages, which are referred to
as “non-condensédlinkages, whereas C-C link-
ages are designatédondensetllinkages. An ad-
ditional analysis of the released dimeric structures
allows the determination of the different types of
carbon-carbon and diphenyl ether bonds between
monomers (Lapierret al., 1999).
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