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Abstract

A comprehensive assessment of lignin configuration in transgenic and mutant plants is long overdue. This review thus undertook
the systematic analysis of trends manifested through genetic and mutational manipulations of the various steps associated with
monolignol biosynthesis; this included consideration of the downstream effects on organized lignin assembly in the various cell

types, on vascular function/integrity, and on plant growth and development. As previously noted for dirigent protein (homologs),
distinct and sophisticated monolignol forming metabolic networks were operative in various cell types, tissues and organs, and form
the cell-specific guaiacyl (G) and guaiacyl–syringyl (G–S) enriched lignin biopolymers, respectively. Regardless of cell type under-

going lignification, carbon allocation to the different monolignol pools is apparently determined by a combination of phenylalanine
availability and cinnamate-4-hydroxylase/‘‘p-coumarate-3-hydroxylase’’ (C4H/C3H) activities, as revealed by transcriptional and
metabolic profiling. Downregulation of either phenylalanine ammonia lyase or cinnamate-4-hydroxylase thus predictably results in
reduced lignin levels and impaired vascular integrity, as well as affecting related (phenylpropanoid-dependent) metabolism. Depletion

of C3H activity also results in reduced lignin deposition, albeit with the latter being derived only from hydroxyphenyl (H) units, due
to both the guaiacyl (G) and syringyl (S) pathways being blocked. Apparently the cells affected are unable to compensate for
reduced G/S levels by increasing the amounts of H-components. The downstream metabolic networks for G-lignin enriched for-

mation in both angiosperms and gymnosperms utilize specific cinnamoyl CoA O-methyltransferase (CCOMT), 4-coumarate:CoA
ligase (4CL), cinnamoyl CoA reductase (CCR) and cinnamyl alcohol dehydrogenase (CAD) isoforms: however, these steps neither
affect carbon allocation nor H/G designations, this being determined by C4H/C3H activities. Such enzymes thus fulfill subsidiary

processing roles, with all (except CCOMT) apparently being bifunctional for both H and G substrates. Their severe downregulation
does, however, predictably result in impaired monolignol biosynthesis, reduced lignin deposition/vascular integrity, (upstream)
metabolite build-up and/or shunt pathway metabolism. There was no evidence for an alternative acid/ester O-methyltransferase
(AEOMT) being involved in lignin biosynthesis.

The G/S lignin pathway networks are operative in specific cell types in angiosperms and employ two additional biosynthetic steps
to afford the corresponding S components, i.e. through introduction of an hydroxyl group at C-5 and its subsequent O-methylation.
[These enzymes were originally classified as ferulate-5-hydroxylase (F5H) and caffeate O-methyltransferase (COMT), respectively.]

As before, neither step has apparently any role in carbon allocation to the pathway; hence their individual downregulation/
manipulation, respectively, gives either a G enriched lignin or formation of the well-known S-deficient bm3 ‘‘lignin’’ mutant, with
cell walls of impaired vascular integrity. In the latter case, COMT downregulation/mutation apparently results in utilization of the

isoelectronic 5-hydroxyconiferyl alcohol species albeit in an unsuccessful attempt to form G-S lignin proper. However, there is
apparently no effect on overall G content, thereby indicating that deposition of both G and S moieties in the G/S lignin forming
cells are kept spatially, and presumably temporally, fully separate. Downregulation/mutation of further downstream steps in the

G/S network [i.e. utilizing 4CL, CCR and CAD isoforms] gives predictable effects in terms of their subsidiary processing roles:
while severe downregulation of 4CL gave phenotypes with impaired vascular integrity due to reduced monolignol supply, there was
no evidence in support of increased growth and/or enhanced cellulose biosynthesis. CCR and CAD downregulation/mutations also
established that a depletion in monolignol supply reduced both lignin contents and vascular integrity, with a concomitant shift

towards (upstream) metabolite build-up and/or shunting.
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The extraordinary claims of involvement of surrogate monomers (2-methoxybenzaldehyde, feruloyl tyramine, vanillic acid, etc.)

in lignification were fully disproven and put to rest, with the investigators themselves having largely retracted former claims.
Furthermore analysis of the well-known bm1 mutation, a presumed CAD disrupted system, apparently revealed that both G and S
lignin components were reduced. This seems to imply that there is no monolignol specific dehydrogenase, such as the recently

described sinapyl alcohol dehydrogenase (SAD) for sinapyl alcohol formation. Nevertheless, different CAD isoforms of differing
homology seem to be operative in different lignifying cell types, thereby giving the G-enriched and G/S-enriched lignin biopolymers,
respectively. For the G-lignin forming network, however, the CAD isoform is apparently catalytically less efficient with all three

monolignols than that additionally associated with the corresponding G/S lignin forming network(s), which can more efficiently use
all three monolignols. However, since CAD does not determine either H, G, or S designation, it again serves in a subsidiary role—
albeit using different isoforms for different cell wall developmental and cell wall type responses.
The results from this analysis contrasts further with speculations of some early investigators, who had viewed lignin assembly as

resulting from non-specific oxidative coupling of monolignols and subsequent random polymerization. At that time, though, the
study of the complex biological (biochemical) process of lignin assembly had begun without any of the (bio)chemical tools to either
address or answer the questions posed as to how its formation might actually occur. Today, by contrast, there is growing recogni-

tion of both sophisticated and differential control of monolignol biosynthetic networks in different cell types, which serve to
underscore the fact that complexity of assembly need not be confused any further with random formation. Moreover, this analysis
revealed another factor which continues to cloud interpretations of lignin downregulation/mutational analyses, namely the serious

technical problems associated with all aspects of lignin characterization, whether for lignin quantification, isolation of lignin-
enriched preparations and/or in determining monomeric compositions. For example, in the latter analyses, some 50–90% of the
lignin components still cannot be detected using current methodologies, e.g. by thioacidolysis cleavage and nitrobenzene oxidative

cleavage. This deficiency in lignin characterization thus represents one of the major hurdles remaining in delineating how lignin
assembly (in distinct cell types) and their configuration actually occurs.
# 2002 Elsevier Science Ltd. All rights reserved.

Contents

1. Introduction: overall scope of the analysis.................................................................................................................................223

2. Monolignol-derived lignification is highly conserved in the plant kingdom .............................................................................. 224

2.1. The functional basis for organized heterogeneous lignin assembly ................................................................................... 224
2.2. Challenges in studying lignification ...................................................................................................................................224

3. The control of monolignol ratio and lignin composition: metabolic and transcriptional profiling ...........................................227

4. Technical limitations in current lignin analysis ..........................................................................................................................228
4.1. Limitations in methods of lignin quantification (Klason, acetyl bromide, and thioglycolic acid analyses) ......................228

4.2. Limitations in estimations of lignin monomeric compositions (pyrolysis GC/MS, nitrobenzene oxidation and
thioacidolysis).................................................................................................................................................................... 229

4.3. Limitations in lignin isolation procedures and spectroscopic analyses of lignin-derived fragments (e.g. 1H and
13C NMR spectroscopic analyses) .....................................................................................................................................229

5. Does perturbing lignin assembly always occur at the expense of vascular integrity?................................................................. 230

5.1. Phenylalanine ammonia lyase (E.C. 4.3.1.5) .....................................................................................................................230
5.1.1. Questioning its role as a rate-limiting step ............................................................................................................230
5.1.2. PAL downregulated transformants: reversion back to wild type-like phenotypes over successive generations ....231
5.1.3. Effects on lignin content........................................................................................................................................233

5.1.4. Effects on lignin monomeric composition: evidence for differential control of G and G–S pathways? ................234
5.1.5. Effects of Phe downregulation on other branches of phenylpropanoid metabolism: the existence of distinct

metabolic networks? ..............................................................................................................................................235

5.1.6. Special concerns as regards the use of tobacco for studying the effects of lignin downregulation........................235
5.1.7. Challenges for the future .......................................................................................................................................235

5.2. Cinnamate 4-hydroxylase (E.C. 1.14.13.11) ......................................................................................................................236

5.2.1. Challenges for the future .......................................................................................................................................238
5.3. p-Coumarate 3-hydroxylase...............................................................................................................................................238

5.3.1. The postulated importance of C3H downregulation in carbon allocation and lignin organization and
assembly ................................................................................................................................................................ 239

5.3.2. Challenges for the future .......................................................................................................................................239
5.4. The consequences of manipulating the presumed non-rate-determining steps in monolignol and lignin pathways..........239

222 A.M. Anterola, N.G. Lewis / Phytochemistry 61 (2002) 221–294



1. Introduction: overall scope of the analysis

In just over a decade, a number of studies have been
conducted to manipulate gene expression in the mono-
lignol (1–3) pathway, with important ramifications for
control of subsequent lignin assembly(ies) (see Fig. 1).
These studies have usually been done with the overall
aim of modifying lignin contents and/or their composi-
tions in plants. The anticipated benefits to humanity are
potentially economic and environmental, in terms of
cheaper and more process-amenable trees for pulp and
paper manufacture with less pollution, more readily
digestible forage for livestock (Baucher et al., 1998) and
improved feedstock for fuel/chemical production (Lor-
enz and Morris, 1995). However, meaningful inter-
pretation of many of these studies has frequently been

limited, in large part because of substantial difficulties in
the methodologies currently used for lignin analyses and
characterization.
Nevertheless, as described herein, these research

endeavors, together with related transcriptional and
metabolic profiling studies, are steadily yielding a
growing treasury of scientific data. This includes gaining
important insight into: (1) how genetic manipulations
can predictably perturb and disrupt programmed lignin
assembly, albeit in so doing often deleteriously weaken-
ing the vascular apparatus, and hence its ability to ade-
quately function; (2) the dynamics of phenylpropanoid
metabolism and how carbon flux through various path-
ways is differentially controlled; and (3) how specific
segments of interconnected metabolic networks are dif-
ferentially regulated and compartmentalized.
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Before discussing the results of genetic down-
regulation and mutant plant studies, an understanding
of the dynamic factors affecting metabolic control of
the phenylpropanoid pathway branch networks to
the monolignols (1–3) is required. This necessitates
taking into full account the interconnectedness of each
biochemical step as it occurs in vivo, as opposed to
analyzing each in isolation. Furthermore, although the
biochemical properties of enzymes in the monolignol-
forming pathway are quite well characterized (summar-
ized in Lewis et al., 1999), this information cannot
readily be extrapolated to identifying the actual reg-
ulatory (or even functional) roles of any of the steps in
vivo. On the other hand, metabolic flux and transcrip-
tional profiling analyses (Anterola et al., 1999, 2002), as
well as the study of mutant and transgenic plants, help
to reveal further the response of the whole metabolic
system, when each of the steps is individually perturbed.
As indicated throughout this contribution, some
responses in different species share certain common
features whereas others are more species-specific.
Hence, there is the opportunity to infer from the result-
ing phenotypes a much more precise understanding of
each of the enzymes’ roles in vivo, and/or a particular
species’ ability to respond to such changes, e.g. through
either deployment or activation of shunt pathways and
the like.
This article thus considers the results of both muta-

tions and transgenic experiments directed to lignin
modification, and how differential control of carbon
flux through the phenylpropanoid pathway towards the
various monolignols (1–3) is effectuated. A primary goal
is to apply findings from metabolic and transcriptional
profiling studies for the prediction of trends with trans-
genic plants and mutants, i.e. with those subjected to
either down- or up-regulation or mutation of the gene
expression of various phenylpropanoid and/or related
pathway enzymes. This analysis also addresses the
effects of modulating both monomer supply and mono-
mer type on lignin assembly, and, by extrapolation, on
the resulting biomechanical properties of the vascular
tissues.

2. Monolignol-derived lignification is highly conserved

in the plant kingdom

2.1. The functional basis for organized heterogeneous
lignin assembly

From an evolutionary perspective, the monolignol-
derived lignins are found in the pteridophytes (ferns),
gymnosperms and angiosperms. [Fig. 1 summarizes our
current understanding of the biosynthetic pathway to
the monolignols (1–3) from Phe (4) and/or Tyr (5).]
With few exceptions, it has long been known (Lewis and

Yamamoto, 1990) that the monolignol pathway afford-
ing the corresponding lignins in pteridophytes and
gymnosperms only utilizes p-coumaryl (1) and coniferyl
(2) alcohols, whereas in angiosperms, a third mono-
lignol, sinapyl alcohol (3), is employed. That is, the
monolignol pathway is remarkably highly conserved
throughout the evolution of these vascular plant forms,
although mutants in the pathway (discussed later) have
been known and well-studied for almost eight decades.
[Note that the various lignin aromatic components
derived from 1–3 are known as p-hydroxyphenyl (H),
guaiacyl (G) and syringyl (S) constitutents, respectively
(see Fig. 1, inset).]
Monolignol deposition is, however, both spatially and

temporally targeted differentially in a heterogeneous
manner throughout various cell wall types and layers. In
contemplating why this is the case, it is apparent that
little consideration has yet been given as to the bene-
ficial properties bestowed by this heterogeneous deposi-
tion, i.e. in achieving the required physiological
properties and functions of a particular cell wall type
within the vascular apparatus. Put in another way, var-
ious cell types biosynthesize distinct forms of lignified
polymeric matrices in order to attain a particular form
of vascular integrity, and hence achieve the overall
physiological functions needed for specific tissues, e.g.
for water/nutrient conduction in tracheary elements and
to withstand the forces of compression in supporting
tissues.
In gymnosperms, such as black spruce (Picea mari-

ana), the lignin in the tracheary secondary wall is mainly
guaiacyl rich (i.e. derived from coniferyl alcohol (2)),
whereas p-coumaryl alcohol (1) is a significant compo-
nent in the middle lamella regions (Whiting and Goring,
1982). On the other hand, the secondary walls of fibers
and ray cells in birch (Betula papyrifera, an angiosperm)
are guaiacyl-syringyl rich since they mainly contain
sinapyl (3) and coniferyl (2) alcohol derived lignins, as
do the middle lamella regions between the fibers. Vessel
lignins, by contrast, are primarily coniferyl alcohol (2)
derived (Fergus and Goring, 1970a,b). Grasses contain,
in addition to the three monolignols (1–3), considerable
amounts of covalently linked hydroxycinnamic acids
(He and Terashima, 1990; Lewis and Yamamoto, 1990).
This cell (wall) heterogeneity is thus considered to result
in different biomechanical properties of the lignified
matrix within the various cell wall layers. These obser-
vations alone imply that lignin assembly is a highly
organized biochemical process, which can predictably
differ according to cell type.

2.2. Challenges in studying lignification

Understanding the complexities involved in lignin
assembly (e.g. how the process is initiated and how
heterogeneous deposition of the various monomers is
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Fig. 1. Major segments of phenylpropanoid metabolism in vascular plants as currently understood: (a) Phenylalanine ammonia-lyase, PAL, (b) tyrosine ammonia-lyase, TAL (mainly believed to occur

in grasses as a bifunctional PAL/TAL), (c) cinnamate-4-hydroxylase, C4H and its associated reductase, (d) 4-coumarate:CoA ligase, 4CL, (e) cinnamoyl-CoA reductase, CCR, (f) cinnamyl alcohol

dehydrogenase, CAD, (g) p-coumarate 3-hydroxylase, C3H, (h) caffeoyl-CoA O-methyltransferase, CCOMT, (i) caffeate O-methyltransferase, COMT, (j) ferulate 5-hydroxylase, F5H and associated

reductase and (k) p-coumaroyl CoA 3-hydroxylase, C3H and associated reductase. (Note: X=OH, quinate, shikimate, or an unknown functional group.) Inset shows the common denotation for

unsubstituted (not cross-linked) aromatic rings in lignin polymers, as well as for the monomeric aldehyde products released by nitrobenzene oxidation and the monomeric thioethers obtained during

thioacidolysis. Adapted from Lewis et al. (1999). Blue box displays provisional G-enriched lignin forming network; blue and green boxes display provisional G/S enriched lignin forming networks.

A
.M

.
A
n
tero

la
,
N
.G
.
L
ew

is
/
P
h
y
to
ch
em

istry
6
1
(
2
0
0
2
)
2
2
1
–
2
9
4

2
2
5



controlled) represents the main challenge in studying
lignification today. Indeed, it is becoming increasingly
clear that the formation and targetting of distinct
monolignols (1–3) to regions of the cell walls, and to
different cell types is at a much higher level of organi-
zation (and thus complexity) than previously supposed.
Yet, surprisingly, a number of investigators believe that
lignin macromolecular assembly, and consequently their
structures, are completely random. This belief was
recently boldly extended to encompass the view that if
the traditional monomeric precursors are not available,
other (monomeric) ‘‘non-traditional’’ metabolites can
readily be incorporated. Indeed, to quote Boudet
(1998), ‘‘Ralph suggests that plants simply require a
polymer with specific mechanical properties, and that

the actual composition of lignins is not particularly
important.’’ It was also claimed by Ralph (1997) that
‘‘perfectly viable plants are produced when traditional
monomer production is inhibited and plants make lig-
nins from ‘abnormal’ precursors’’. As the forthcoming
pages consistently make clear, the experimental evidence
in favor of this contention was not found at any level of
inquiry.
The contributors of this article demonstrate further

the existence of an exquisitely orchestrated biochemical
process for lignin macromolecular assembly, in order to
attain the requisite reinforcement of various cell types
that are needed for vascular integrity of the tissues
involved (Lewis and Davin, 1994; Lewis, 1999; Lewis et
al., 1999; Croteau et al., 2000). This model not only
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demands full biochemical control of macromolecular
lignin assembly on a cell by cell basis, but it is also able
to predict the deleterious effects on vascular integrity
when assembly is perturbed in somemanner. Lignification
is thus within the realm of all other biochemical sys-
tems, in terms of it being both ordered and organized.

3. The control of monolignol ratio and lignin composi-

tion: metabolic and transcriptional profiling

Why do vascular plants consistently produce various
types of cell walls with lignins from either two or three
monolignols, and how does this occur in vivo? Further-
more, why are these moieties also differentially depos-
ited into specific regions of developing cell wall types?
To begin to answer such questions, two approaches
have been taken: one is via metabolic flux and tran-
scriptional profiling studies, and the second involves
analysis of transgenic plants and/or mutants, where
levels of particular pathway enzymes have been modified
in some manner. Both have yielded valuable findings.
Metabolic and transcriptional profiling analyses in

monolignol 1–3 biosynthesis were undertaken to ascer-
tain the actual regulatory points in the phenylpropanoid
pathway. [In this regard, the major ‘‘rate-determining’’
steps in a biochemical pathway are considered to be
those catalyzed by enzymes with the highest flux control
coefficient(s), with the latter being ‘‘the fractional change
in metabolic flux effected by a fractional change in
amount (or activity) of the enzyme’’ (Fell, 1997).] The
experiments were hence designed to begin to system-
atically understand control of flux in monolignol
biosynthesis, taking into account all of the steps in
the pathway (Anterola et al., 1999). The approach
employed Pinus taeda cell suspension cultures, whose
undifferentiated cells could be indefinitely maintained
on a growth medium containing 2,4-dichlorophenoxy-

acetic acid (Eberhardt et al., 1993). When transferred to
a solution containing 8% sucrose (and 20 mM KI as an
H2O2 scavenger), the cells essentially go into a static
growth phase. However, the biochemical pathway
(see Fig. 1) leading to p-coumaryl (1) and coniferyl (2)
alcohols is induced, with both monolignols (1, 2) being
primarily excreted into the cell culture medium (Nose
et al., 1995). [At present, cell cultures are the only
means of effectively studying directly the biosynthesis of
how monolignol composition and ratios are determined,
i.e. without the complications associated with the assembly
of different cell types within a growing plant form.]
The pool sizes of each intracellular phenylpropanoid

metabolite were thus initially quantified during the
course of monolignol pathway induction, in the pre-
sence and absence of exogenously supplied Phe (4)
(Anterola et al., 1999). Addition of increasing amounts
of Phe (4) to the point of metabolic saturation resulted
in substantial increases in intracellular accumulation
of cinnamic (6) and p-coumaric (7) acids up to 16- and
10-fold the basal level (Fig. 2A) (Anterola et al., 1999).
None of the other metabolic intermediates to the
monolignols in the cells were observed to increase in
their levels despite Phe (4) saturation of the pathway.
By contrast, the amounts of both p-coumaryl (1) and
coniferyl (2) alcohols accumulating in the medium
increased 26- and 3-fold, respectively, with preferential
enhancement of the former, i.e. from relative ratios of
�1:8 when no Phe (4) was added, to �1:1 at saturating
levels (40 mM Phe) (Fig. 2B). Such fluctuations in
monomeric content are also noted between lignins of
‘‘normal’’ and ‘‘reaction’’ woods of gymnosperms,
respectively (Timell, 1986). This differential monolignol
deposition, at least in part, gives cell walls very distinct
functions, which help both to support the plant body
weight and in achieving its orientation (Westing, 1965).
It was thus concluded that monolignol biosynthetic flux

was controlled, not by a single rate-determining step, but

Fig. 2. Time course of metabolite accumulation in P. taeda cell suspension cultures: Intracellular accumulation of cinnamic (6,*) and p-coumaric

(7,^) acids in P. taeda cell suspension cultures incubated in 8% sucrose/20 mM KI solution (A), and corresponding levels of p-coumaryl (1,~) and
coniferyl (2, &) alcohol accumulation in the cell bathing medium (B). Solid and broken lines refer to the effects of 0 and 40 mM exogenously

provided Phe (4), respectively. Adapted from Anterola et al. (2002).
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by at least three factors, namely: Phe (4) supply, and the
relative activities of cinnamate 4-hydroxylase (C4H) and
p-coumarate 3-hydroxylase (C3H). There was no evi-
dence obtained for any of the other downstream steps in
the pathway exercising a rate-determining role in mono-
lignol biosynthesis under the conditions employed. Addi-
tionally, when cinnamic (6), p-coumaric (7), caffeic (10) and
ferulic (12) acids were administered to P. taeda cells, they
were not metabolized further, but were instead con-
verted into the corresponding glucosides. This suggested
a channel pathway i.e. unlike Phe (4), the exogenously
provided substrates were not accumulating in their cor-
rect location(s) within the cells, and that either shunt and/
or detoxification pathways were being activated under
such conditions.
Subsequent transcriptional profiling of the genes involved

in monolignol biosynthesis reinforced these findings, i.e.
that C4H and C3Hwere rate-limiting steps in the pathway
(Anterola et al., 2002). Following cloning of all known
genes encoding the phenylpropanoid pathway enzymes
in P. taeda, quantitative real time PCR analyses were
performed to measure transcript levels of each in the
P. taeda cell cultures. It was found that the 8% sucrose/
20 mM KI cell bathing solution coordinately induced
all the genes required for monolignol formation, includ-
ing phenylalanine ammonia lyase (PAL), cinnamate
4-hydroxylase (C4H), p-coumarate 3-hydroxylase
(C3H), 4-coumarate:CoA ligase (4CL), caffeoyl-CoA O-
methyltransferase (CCOMT), cinnamoyl-CoA reduc-
tase (CCR), and cinnamyl alcohol dehydrogenase
(CAD), respectively.
Addition of exogenously provided Phe (4), which led

to significant increases in intracellular cinnamic (6) and
p-coumaric (7) acid levels, differentially upregulated further
the expression of PAL, 4CL, CCOMT, and CCR, whereas
C4H, C3H and CAD were only marginally affected.
From these data, together with those of metabolic pool
sizes, it appears that only C4H and C3H have true rate-
limiting roles via transcriptional modulation, while the
rest of the genes adjusted their respective transcript
levels to accommodate higher metabolic flux. [CAD,
apparently, has sufficient reducing potential, and there-
fore may not require much additional adjustment to
increase metabolic flux.]
Another gene product, trivially called SAM:hydroxy-

cinnamic acid/hydroxycinnamoyl CoA ester O-methyl-
transferase (AEOMT), and proposed as an alternative O-
methyltransferase (OMT) involved in lignin biosynthesis in
gymnosperms (Li et al., 1997) was not upregulated either
in the absence or in the presence of Phe (4) in the induc-
tion medium; thus its proposed role in monolignol (1–2)
biosynthesis in P. taeda is in doubt (Anterola et al., 2002).
Given AEOMT’s very low similarity to known caffeic acid
and caffeoyl CoA OMTs (circa 34–41 similarity and 15–
17% identity, respectively), its now presumed non-involve-
ment in monolignol biosynthesis may not be surprising.

The metabolic and transcriptional profiling studies
thus uncovered rudimentary aspects of phenylpropa-
noid pathway regulation. However, such investigations
represent only one phase in defining the overall biologi-
cal processes controlling monolignol formation, content
and composition. There remains much to do. Other
studies underway include: defining further signal trans-
duction pathways that induces this differential regula-
tion of gene expression in the various cell types
involved; establishing what other ‘‘pathways’’ are coor-
dinately up-regulated; and identifying the extent of
post-trancriptional control of enzyme activities. More-
over, the identification of MYB (Tamagnone et al.,
1998) and LIM (Kawaoka et al., 2000; Kawaoka and
Ebinuma, 2001) transcription factors affecting phenyl-
propanoid metabolism represents yet another dimension
in control of monolignol formation, whose import will
need to be carefully factored in. Taken together, these
findings permit the testing of a model for predicting
results obtained with transgenic plants, modulated in
their respective monolignol biosynthetic pathway
enzyme levels. Much of the following article builds on
the model, namely that Phe (4) supply, and relative
activities of C4H and C3H, exercise decisive roles in
establishing carbon allocation and differential metabolic
flux to the various monolignols.

4. Technical limitations in current lignin analysis

Given that lignin deposition and composition can
vary with cell wall layer, cell wall type and species, it is
necessary to consider the efficacy and limitations of the
lignin analytical procedures currently employed. Typi-
cally, these include methods of lignin quantification,
estimates of lignin monomeric compositions, the isola-
tion of lignin-derived preparations, and their spectro-
scopic analyses. None of these methods, however, are
cell specific. Furthermore, each has serious limitations,
most of which, while having been documented over
several decades, are frequently either overlooked and/or
ignored. This has been particularly true in the more
recent analyses of transgenic plant tissues. However, as
indicated below, the limitations are serious enough such
that: (1) renewed efforts need to be launched to identify
more suitable methods of lignin (fragment) analysis,
including that of lignins within individual cell wall
types; and (2) scientific reports in the future need to
both specify, and be cognizant of, the limitations and
assumptions in the lignin analyses undertaken.

4.1. Limitations in methods of lignin quantification
(Klason, acetyl bromide, and thioglycolic acid analyses)

Two of the currently most popular analyses for
apparently estimating lignin amounts are the Klason
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(Klason et al., 1908) and acetyl bromide (Iiyama and
Wallis, 1990) determinations; a less often utilized pro-
cedure is that of thioglycolic acid analysis (Brauns,
1952). The former method, developed for gymnosperm
wood, involves the partial digestion of the plant mate-
rial with 72% H2SO4 thereby leaving an insoluble
(Klason lignin) residue. This method also releases smal-
ler amounts of so-called soluble Klason lignin material,
the quantities of which are significantly higher (up to
15% or so) when applied to the more acid-susceptible
woody angiosperm lignins (Lai and Sarkanen, 1971).
The procedure is, however, significantly compromised
when used with herbaceous plants, this being believed to
be due to overestimation because of co-precipitation of
proteinaceous substances and the presence of non-lignin
inorganic components (so-called ash constituents), i.e.
depending upon the sample and development stage,
values can be off by a factor of up to 2 and perhaps even
higher (Lai and Sarkanen, 1971). Furthermore, the Kla-
son procedure can also give overestimations when other
non-lignin phenolics, such as those in woody bark tissues,
are present. Accordingly, overestimations of lignin
amounts due to contributions of non-lignin constituents
can be sizeable, the extent of which needs to be determined
and the lignin amounts revised accordingly (summarized
in Lai and Sarkanen, 1971). For these reasons, Klason
lignin data and their interpretations need to be both
carefully collected and analyzed, particularly for trans-
genic herbaceous and juvenile (woody) plants.
Another popular lignin estimation method is the acetyl

bromide determination, which relies upon solubilization
of lignin fragments, with the amounts being quantified
using an extinction coefficient of �20 l g�1 cm�1. How-
ever, this method can result in significant lignin over-
estimations if non-lignin UV-absorbing substances are
also solubilized. Another concern is that it has not been
established whether this extinction coefficient can accu-
rately be used for all lignins from all sources and devel-
opmental stages, including those derived from
transgenic plants. The third and less often used method
is that of thioglycolic acid extraction, which measures
the absorbance at 280 nm of soluble materials released;
of the three methods, as discussed later, this one can
give very unreliable estimations.

4.2. Limitations in estimations of lignin monomeric
compositions (pyrolysis GC/MS, nitrobenzene oxidation
and thioacidolysis)

The three main methods used to estimate monomeric
compositions of lignins include pyrolysis GC/MS
(Ralph and Hatfield, 1991), nitrobenzene oxidation
(Creighton et al., 1941) and thioacidolysis (Lapierre et
al., 1986). There are several caveats to these analyses: (i)
S/G values obtained by analysis of pyrolysis-GC/MS
data do not currently give accurate quantification, and

thus it is difficult to gauge how representative the
reported S/G ratios are using this qualitative method.
Hence, trends in S/G ratios by pyrolysis-GC/MS must
be confirmed in other ways. (ii) S/G values obtained by
all of the methods used currently are also surprisingly
seldom reported in terms of actual percentages of lignin
content. Moreover, the S/G amounts recovered, as esti-
mated by the wet chemical methods (nitrobenzene oxi-
dation and thioacidolysis), often represent only a very
small proportion (�10–50% at best) of the overall esti-
mated lignin present; Fig. 1 inset shows the products
(22–27) obtained by these methods. [Of these, thioaci-
dolysis is a procedure that releases monomeric adducts
(25–27) from lignins, this being believed to occur pri-
marily via cleavage of so-called b-O-aryl bonds. On the
other hand, nitrobenzene oxidation, in strong alkali and
at elevated temperatures, cleaves the side chains of var-
ious phenylpropanoids including those with unsub-
stituted (non-cross-linked) aromatic rings to yield the
corresponding aldehydes (22–24). The thioacidolysis
method is thought to be lignin specific, whereas the lat-
ter cleaves a variety of other phenylpropanoid con-
stituents, e.g. hydroxycinnamic acids.] (iii) More often
than not, the p-hydroxyphenyl (H) components of lignin
cannot be detected by any of these methods. This is
probably because the H-units are involved in other
types of covalent interunit linkages which do not release
appreciable levels of monomeric moieties (i.e. 22, 25)
during the tests employed. Thus, between 50 and 90% of
the lignin cannot be detected using any of these methods.
In short, none of the H/S/G analyses currently used can
account for the bulk of the lignin being examined.
Hence, since lignin degradative analyses typically

cannot provide an accurate assessment of both the
presence and extent of H units, and even the G and S
components are only recovered in amounts ranging
from 10 to 50% of lignin apparently deposited, future
major technological developments are urgently required
to overcome these limitations. These are needed in order
to advance further our understanding of the lignifica-
tion process, i.e. as has already been done for the rapid
progress in our ability to genetically manipulate each
enzymatic step in lignin biosynthesis.

4.3. Limitations in lignin isolation procedures and
spectroscopic analyses of lignin-derived fragments (e.g.
1H and 13C NMR spectroscopic analyses)

This review mainly uses three examples, described
later in the text, to illustrate the serious limitations of
both current ‘‘lignin’’ isolation procedures and applica-
tion of various 1H and 13C NMR spectroscopic analyses
in the study of such isolates. These limitations are dis-
cussed in detail in sections on 4-coumarate:CoA ligase,
cinnamoyl CoA reductase, and cinnamyl alcohol dehy-
drogenase, respectively. It is first important for the
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reader, however, to be cognizant of the fact that
‘‘native’’ lignin, regardless of specific cell type, cannot be
isolated in an intact form. Additonally, even preparations
originally described as ‘‘native’’ lignin by Brauns and
coworkers (Brauns, 1939) were ultimately determined
to be oligomeric polylignans, derived from a distinct
biochemical pathway (Lewis and Davin, 1999) and
involved in defense (Sakakibara et al., 1987). Moreover,
the harsher ‘‘lignin’’ isolation procedures used today
involve lengthy periods of hydrolysis (up to 11 or so
days) in order to solubilize lignin fragments; however,
neither the true extent of both bond-breaking and bond-
making (artifact formation) is well understood, nor is
the contribution of other non-lignin phenolic impurities,
present in various cell and tissue types, accurately
known. An additional concern is that such methods,
originally developed for woody stem tissues, are now
being routinely employed to non-woody species (juve-
nile and/or transgenic plants), even though the applic-
ability of these technologies is largely both untested and
unknown. Often, the so-called ‘‘lignin’’ isolates are dis-
solved in solvents such as dichloroethane–EtOH (2:1);
such solubilization conditions are indicative of very low
molecular weight components rather than polymeric
moieties. For brevity, the limitations of these pro-
cedures and analyses are addressed in later sections.

5. Does perturbing lignin assembly always occur at the

expense of vascular integrity?

To date, many transgenic plants and mutants have
only been very preliminarily characterized, and thus the
overall effects of genetic alteration are not well under-
stood. This is especially true in terms of determining the
effects on lignin assembly proper and the differential
regulation of compartmentalized metabolic segments in
the phenylpropanoid network. Nevertheless, it is
instructive to consider what has been obtained thus far
from studies directed towards lignin modification, and
to identify some of the key information needed for the
future. To the extent possible, these data include: (i)
description of phenotypes obtained, including statistical
analyses of results from same; (ii) the impact on lignin
assembly and structure in particular cell types and the
extent of their characterization (e.g. through compre-
hensive analyses of molecular weight profiles, and the
application of various spectroscopic techniques); (iii)
the effects on vascular integrity and on the biomechani-
cal properties of the tissues so obtained; (iv) whether the
pathways to the H, G, and S components of lignins are
coordinately regulated in some manner or are main-
tained distinct; (v) the effects on pool sizes of metabolic
intermediates in the phenylpropanoid pathway, as well as
on levels of other Phe (4) derived metabolites; and (vi) the
localization/expression of the various enzymes and genes.

Due to the limited (preliminary) information cur-
rently available, which mostly consists of changes in
perceived gross lignin contents and variable syringyl/
guaiacyl ratios (S/G, see inset, Fig. 1) (discussed below),
only certain trends noted in these experiments can yet be
discussed in any insightful manner. Indeed, some of the
trends illustrated are based on only very few data
points, and thus the statistical validity of several obser-
vations cannot be rigorously assessed at present.
In spite of such paucity of data, the transgenic plant

and mutant studies are providing some inklings as to
how lignin deposition and assembly differentially occur
in cell walls, and the effects of perturbing and disrupting
the lignin-forming system(s). Yet, fully understanding
these effects at the molecular level remains difficult in
large part due to lack of suitable methodologies. Indeed,
as explained previously, current methodologies to study
lignin deposition and structure remain seriously inade-
quate, and this is further complicated by the inability at
present to effectively study lignification in individual cell
wall assembly processes.
With these limitations in mind, a consideration of the

analyses of various transgenic and mutant plant lines is
given below.

5.1. Phenylalanine ammonia lyase (E.C. 4.3.1.5)

5.1.1. Questioning its role as a rate-limiting step
Being considered as the entry point enzyme to the

phenylpropanoid pathway, the hypothesis that PAL
served as a rate-determining step was initially reason-
able (Rubery and Fosket, 1969). This hypothesis was
based mainly on correlative studies of gene expression
and enzyme induction with phenylpropanoid accumu-
lation (Camm and Towers, 1973), as well as from teleo-
logical arguments (Rubery and Fosket, 1969). Thus,
PAL was proposed as a rate-determining step in lig-
nification mainly because it is a ‘‘metabolic branch-
point’’ from which Phe (4) can give rise to lignins as well
as to proteins (Rubery and Fosket, 1969). However, its
role as a rate-determining step needed to be proven
experimentally, not with correlative evidence.
Yet, in contrast, the previous discussion on both

metabolic and transcriptional profiling in P. taeda indi-
cated that PAL does not, in fact, serve as a rate-limiting
step (Anterola et al., 1999, 2002). Furthermore, there
may be distinct Phe (4) pools for specific purposes. That
is, there may be a coordinated and specific upregulation
of upstream pathways [leading to Phe (4)] for phenyl-
propanoid metabolism, including to specific branch
pathways e.g. flavonoids. If correct, this would even
remove PAL as being the ‘‘entry step’’, due to the exis-
tence of distinct and coordinated metabolic networks
beginning from, for example, the pentose phosphate
and glycolysis pathways and ending with the mono-
lignols/lignins directly. In this regard, however, it is
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readily acknowledged in many areas of inquiry, that
our appreciation of transcriptional control, metabolic
channeling and transport in living cells is grossly inade-
quate at present.
Nevertheless, various studies have been carried out to

ascertain the effects of a general reduction of PAL
activities in developing plants. This has been achieved
through either the use of inhibitors or by generating
transgenic plants with altered PAL activities. Such
studies are particularly instructive when the precise
effect(s) of down-regulation are examined, e.g. as
regards the outcome on the vascular apparatus, as well
as on build-up of associated metabolic intermediates,
shunt metabolites and other end products.
The first manipulation of in vivo PAL activity was

achieved with the use of l-a-aminooxy-b-phenylpro-
pionic acid (l-AOPP, 28), considered a specific inhibitor
of PAL (Amrhein and Gödeke, 1977). Treatment with
this inhibitor had many effects on various branches of
phenylpropanoid metabolism. It reduced both the for-
mation and the extent of accumulation of anthocyanins
in Ipomoea tricolor and Catharanthus roseus flowers, red
cabbage (Brassica oleracea var. capitata) seedlings, and
buckwheat (Fagopyrum esculentum) hypocotyls (Amr-
hein and Holländer, 1979), as well as isoflavones in
Cicer arietinum (Amrhein and Diederich, 1980), hydroxy-
cinnamic acid esters in gherkin (Cucumis sativus) seed-
lings (Amrhein and Gerhardt, 1979), and lignins in
mungbean (Vigna radiata) (Amrhein et al., 1983; Smart
and Amrhein, 1985). The effects of l-AOPP (28) on
mungbean development revealed that, upon comparison
to the control (Fig. 3A), this treatment reduced the
extent of lignin biosynthesis as evidenced by collapsed
xylem vessels (Fig. 3B), due to weakening of the vas-
cular apparatus. These studies could not, however,

establish whether or not PAL quantitatively controlled
metabolic flux towards any of these natural products.
Nevertheless, it has been known for almost 20 years that
a reduction in lignin content had serious physiological
consequences on the vascular apparatus.

5.1.2. PAL downregulated transformants: reversion back
to wild type-like phenotypes over successive generations
In most plant species, phenylalanine ammonia lyase

exists as a multigene family (Lewis et al., 1999), and
although not proven, it has been speculated that indi-
vidual genes have distinct metabolic roles, e.g. to flavo-
noids, lignins, etc. (Liang et al., 1989). In tobacco
(Nicotiana tabacum), for example, there are at least four
PAL genes known (Fukasawa-Akada et al., 1996).
However, the precise physiological roles of the corre-
sponding enzymes have not yet been established in
terms of specific involvement in any particular branch
or network of phenylpropanoid metabolism. Never-
theless, transgenic tobacco plants with altered PAL
activities and decreased lignin contents have been suc-
cessively generated using antisense and sense suppres-
sion strategies.
Tobacco plants were first transformed using the PAL2

gene from French bean (Phaseolus vulgaris) in the sense
and antisense orientations, under control of the con-
stitutive CaMV 35S promoter (Elkind et al., 1990). The
primary transformants (T0) were selfed to afford the
first generation progeny (T1), with the second (T2) up to
the fifth (T5) generation progenies being obtained by
subsequent selfing. This resulted in sense transformants
having either a reduction (through sense suppression) or
an increase (from overexpression) in PAL activities,
from as low as 1% to as high as 210% of control levels
(Sewalt et al., 1997a).

Fig. 3. Effect of PAL inhibitor l-AOPP (28) on vascular integrity of mungbean (Vigna radiata) hypocotyls. Normal and collapsed vessels of control

(A) and l-AOPP (28)-treated (B) mungbean plants are indicated by arrows. Reproduced from Amrhein et al. (1983) with permission of Urban &

Fischer Verlag.
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This study made the assumption that introduction of
a particular PAL gene from one species into another,
under control of the CaMV 35S constitutive promoter,
does not give phenotypes resulting from any other
unintended effect(s) of heterologous gene transfer.
(This matter is discussed later.) The phenotypes of
T0 transformants did, however, display a number of
abnormalities, which included stunted growth, deformed
flowers, leaf epinasty and localized lesions in the leaves
(Bate et al., 1994) (see Fig. 4A and Table 1, where the
latter summarizes the preliminary characterization of
the plants completed to date). Note that given the many
functions of PAL in different metabolic processes, it is
not yet possible to fully ascertain which physiological
effects are due to downstream reduction of lignin levels
and which are not.

The transformants were also not stable, since from the T0
to T5 generations PAL activity was gradually restored
to near wild type levels, with corresponding increases in
the lignin levels measured. Moreover, the restoration of
PAL activity afforded both somatic revertant and ‘‘over-
expressor’’ phenotypes, while others remained PAL-
downregulated (Korth et al., 2001). Interestingly, the
analysis of xylem tissues of petiole cross-sections in the
PAL-suppressed (Fig. 4B), somatic revertant (Fig. 4C),
PAL overexpressors (Fig. 4D) and wild type (Fig. 4E)
plants displayed significant differences, i.e. the overall
vascular integrity was greatly compromised in the PAL-
silenced tissues, as evidenced by the near absence of
detectable vascular elements. By contrast, the over-
expressors and somatic revertants hadwell-defined vascular
elements of good apparent integrity (Korth et al., 2001).

Fig. 4. Physiological effect of up- and down-regulation of PAL in tobacco (Nicotiana tabacum L. cv. Xanthi) plants. (A) Transgenic tobacco lines

transformed with bean PAL2 gene, showing both somatic revertant (left) and PAL-downregulated (right) phenotypes in the same plant after five

generations of selfing. UV fluorescence of stem cross-sections of antisense PAL suppressed (B), somatic revertant (C), PAL overexpressing (D), and

wild type (E) plants. Reproduced from Korth et al. (2001) with permission of Blackwell Munksgaard.!=Vascular apparatus (lignified elements).
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5.1.3. Effects on lignin content
It was considered instructive to plot the reported

reductions in lignin contents of T1, T2 and T5 transfor-
mants against the corresponding PAL activities mea-
sured in vitro. These were plotted relative to the
controls, with the latter being previously transformed
plants in which the bean PAL2 gene could no longer be
detected following segregation (after five generations of
selfing) (Fig. 5A). The graph makes the provisional
assumption that detectable PAL activities can in fact be
compared with lignin contents, even though the data
collection for each occurs only at the harvesting stage.
That is, it is hoped that such correlations might reflect a
comparable trend during overall growth and develop-
ment, i.e. that are valid not only at the specific stage of
plant growth when the data were collected. However, it
must be emphasized that essentially all transgenic stud-
ies conducted thus far have the same gross limitations.
Clearly, in the future what actually transpires (e.g. how
PAL activities and lignin contents change as the plant
matures) needs to be determined by more extensive
analyses.
Nevertheless, a preliminary trendline has been drawn,

based on nine out of the 11 data points, to represent

the most likely effect of decreasing PAL activity on the
production and deposition of lignin. The graph (Fig. 5A)
suggests that significant reductions in lignin can indeed
occur, but apparently only if PAL activity has been
reduced below half that of the control plants. The actual
method of lignin analysis used (acid insoluble Klason
lignin of ‘‘neutral detergent fiber’’), however, gave very
low lignin contents (e.g. �11% in wild type, see
Table 1), relative to other methods; indeed, their values
are almost half of those estimated using the other pro-
tocols, this perhaps being a consequence of the fiber
fractionation process employed.
Yet, if the overall trends observed truly reflect the

general relationship between PAL and lignin content at
all stages of plant development, then there are at least
four important implications for the role of PAL in vivo;
however, it must be emphasized that caution needs to be
exercised in making these extrapolations. Conclusions
provisionally made must be more rigorously verified by
additional and more detailed analysis of transgenic
plant studies.
Firstly, the fact that lignin production is unaffected

until PAL activity is apparently reduced to half its ori-
ginal amount provisionally suggests that there is more

Table 1

Preliminary characterization of transgenic tobacco (T1–T5 generations) following introduction of sense PAL2 from bean (adapted from data from

Elkind et al., 1990; Sewalt et al., 1997a)

Plant

line

Generationa Transgene

orientation

Promoter Gross

morphological

changes in

phenotypes of

primary (T0)

transformants*

Tissue

analyzed

for lignins

PAL

activity

(% relative

to average

activity of

controls)

Lignin

amountsb

(% NDF)

S/G

ratioc
Analytical

techniques

employed

Ultrastructural

effects on

cell wall

types and

patterns of

lignin

deposition

C17a T5 (Control) Midstems

(10th–11th

internodes

counting

from the top)

from 5-week-old

plants

148 11.2 1.10 Pyrolysis-

GC/MS to

determine S/G

ratio; Klason

lignin analysis

of neutral

detergent

fiber;

histochemical

staining;

methoxyl

group

analysis

C17c T5 (Control) 103 10.8 n.d.d

C17b T5 (Control) 49 10.9 n.d.d

10–6a T1 Sense 35S Stunted growth,

curled leaves,

localized

lesions, less

pollen and

reduced

viability,

deformed

flowers, thinner

xylem,

and less lignin

210 11.2 1.22

10–6c T1 Sense 35S 199 8.6 n.d.e

160P3b T2 Sense 35S 26 8.0 n.d.f
Patterned

wine-red/brown

stain in xylem

ray cells and

sclerenchyma

fibers

(data not

shown)

160P3a T2 Sense 35S 2 5.7 1.88

160P3c T2 Sense 35S 1 3.4 n.d.f

274T5b T5 Sense 35S 56 10.2 n.d.

274T5c T5 Sense 35S 41 9.8 n.d.

274T5a T5 Sense 35S 50 7.1 n.d.

n.d.=not determined; NDF=neutral detergent fiber. The enzyme and gene expression localizations, as well as the frequency of interunit linkages in,

and MW ranges of, lignins were not reported.
a The phenotypes of the T1–T5 progeny were not provided.
b Klason lignin contents are approximately half of that obtained by other methods. Neutral detergent fiber (NDF) lignin refers to a procedure for

fractionation of tobacco plant material (Van Soest et al., 1991) prior to Klason lignin analysis.
c S/G ratios were estimated by pyrolysis-GC/MS; this method does not give accurate quantification.
d An average S/G ratio of 1.1 was estimated for control plants (n=3).
e An average S/G ratio of 1.1 was estimated for PAL over-expressors (n=3).
f An average S/G ratio of 1.6 was estimated for PAL sense-suppressed lines (n=3).
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PAL activity present in the control plants than ‘‘neces-
sary’’ to support the carbon flow towards lignin bio-
synthesis. Thus, at least in the context of lignin
biosynthesis, PAL cannot be rate-determining since
there is apparently more of its activity than necessary.
Conversely, the in vitro activities (measured from mid-
stem sections) represent total activities of PAL enzymes
that are not exclusively involved in lignin production,
but which are also utilized in the biosynthesis of other
phenylpropanoid products. It is unlikely, however, that
the biosynthesis of any other phenylpropanoids would
require the same levels of PAL activity as needed for
lignins.
Secondly, since the amount of PAL present in control

plants is apparently more than that necessary to support
lignin biosynthesis, this implies that provision of more
Phe (4) should result in an increased formation of
downstream metabolites, at least up to cinnamic acid
(6). Although this has not been demonstrated yet, such
a finding would be consistent with the earlier investiga-
tions using P. taeda cell cultures where, as the amounts
of available Phe (4) rose, both the intracellular pool of
cinnamic acid (6) and the amounts of monolignols (1
and 2) formed increased (Anterola et al., 1999). This
would yet be another line of evidence supporting further
the role of increased Phe (4) supply in determining the

amount of carbon allocated to the monolignol-forming
pathway.
Thirdly, increasing further the activity of PAL did not

result in any appreciable increase in lignins (as the
trendline in Fig. 5A reveals). This again implies that
PAL is not a rate-limiting step. Thus in order to
increase lignin contents, it can be considered that the
upstream steps controlling Phe (4) supply to the phe-
nylpropanoid pathway may need to be upregulated,
together perhaps with those of other slower steps
downstream. Indeed, while it is recognized that the
control points prior to Phe (4) deamination remain to
be fully established, our previous studies had also indi-
cated that N-recycling via the glutamine synthase/glu-
tamate 2-oxoglutarate amino transferase (GS/GOGAT)
pathway is involved in controlling Phe (4) supply (van
Heerden et al., 1996; van Rensburg et al., 2000; Anterola
et al., 2002).
Fourthly, the resulting plant material has significantly

lower lignin levels and a weakened vasculature at highly
repressed PAL activities. Indeed, as will become
increasingly clear from this analysis, essentially all
studies aimed at reduction of lignin typically resulted in
�50–60% lignin reduction at best, as determined by
current analytical methods for quantification. Accord-
ingly, this is the second line of evidence offered in this
article to demonstrate that plants do not respond to
reductions in lignin monomer supply by synthesizing
other ‘‘non-traditional’’ (phenolic) metabolites to
‘‘compensate’’ for this reduction, and incorporating
them into lignin.

5.1.4. Effects on lignin monomeric composition: evidence
for differential control of G and G–S pathways?
One potentially interesting effect of PAL down-

regulation, however, was the suggested increase in
syringyl/guaiacyl (S/G) ratios in the lignified tissues
from �1.1 in the wild type to �1.9 in the sense-sup-
pressed line as the lignin contents decreased (see Table 1
and Fig. 1 inset). However, the study was not extended
to the analysis of the various cell wall types in the tissue
to establish if their relative proportions and/or lig-
nification patterns had been altered. [In this regard, the
S component in G–S lignin-forming cell walls is often
considered to be mainly restricted to the fibers and is
mainly laid down towards the end of lignin deposition
in most mature tissues. This matter though needs to be
investigated much more fully.]
The above data were taken by the investigators to

provisionally suggest a preferential decrease in coniferyl
alcohol (2) formation relative to that of sinapyl alcohol
(3), which by extrapolation could suggest differential
control of the G and G–S monolignol networks present
in vessels (G) and fibers/ray cells (G–S), respectively;
moreover, this might also extend to that of the H path-
way as well, even though the latter was not detected by

Fig. 5. Preliminary plots of lignin contents versus gross enzyme activ-

ities in transgenic tobacco plants with up- and down-regulated PAL

(A) and C4H (B). Data recalculated from Sewalt et al. (1997b).

Reported values were recalculated to obtain the percentages relative to

the controls (see text for details).
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the methods used and thus cannot be adequately quan-
tified at this time. It should be emphasized though that
only one transformant (160P3a) was reported as having
this �2-fold increase in S/G ratio (Table 1). The
increase in S/G ratios of the other sense-suppressed lines
was presumably not as large, since the reported average
ratio was only 1.6 (Sewalt et al., 1997a). This trend was
also qualitatively suggested by the use of the Wiesner
(phloroglucinol-HCl) reagent; this test did not detect
lignin in the PAL sense-suppressed line (160P3a), even
though it still apparently contained �50% of the wild
type lignin content. The Wiesner test is often described
as being ‘‘coniferaldehyde (14) end group’’ specific, and
typically gives weak or no staining in the presence of
syringyl units (Sarkanen and Ludwig, 1971). However,
phloroglucinol-HCl is not absolutely specific, as often
claimed, to coniferaldehyde (14) end groups.

5.1.5. Effects of Phe downregulation on other branches
of phenylpropanoid metabolism: the existence of distinct
metabolic networks?
The study using transgenic tobacco plants (Bate et al.,

1994) also permitted examination of other effects of
downregulating PAL on specific ‘‘branches’’ of phenyl-
propanoid metabolism, i.e. of rutin (29) and chlorogenic
acid (30) levels in the leaves. Unlike lignin biosynthesis,
the formation of these two phenylpropanoid metabo-
lites seemed to be directly proportional to the residual
PAL activities in the transformants, based on logarith-
mic plots of rutin (29) and chlorogenic acid (30) against
PAL activity. It provisionally appears therefore that
heterologous PAL gene repression affects distinct PAL-
dependent pathways differentially, as would be expec-
ted. Furthermore, the chlorogenic acid (30) response
curve had a steeper slope than that of rutin (29), which
suggests that formation of the former was more sensi-
tive to changes in PAL activity than that of the latter. If
correct, these differences in the rate-determining capa-
city of PAL for distinct ‘‘branches’’ of the phenylpro-
panoid pathway can be considered as providing
provisional support for the existence of distinct meta-
bolic networks to each end product, as would be expec-
ted. Furthermore, the effect on chlorogenic acid (30)
accumulation is of particular interest; PAL down-
regulation could potentially affect caffeic acid (10) for-
mation but perhaps not that to the shikimate pathway
intermediate, quinic acid (31), which is also needed for
chlorogenic acid (30) formation. These data suggest,
however, that PAL reduction has decreased caffeic acid
(10) availability and hence the ability to form chloro-
genic acid (30).

5.1.6. Special concerns as regards the use of tobacco for
studying the effects of lignin downregulation
Plants in the Solanaceae, such as tobacco, produce

other ‘‘mixed’’ metabolic products such as p-coumaroyl

(32) and feruloyl (33) tyramines, particularly in response
to ‘‘stress’’. These substances are, for example, found in
both soluble (extractable) form and as cell wall bound
entities in tobacco (Pearce et al., 1998, and references
therein). It would thus be useful to establish the effect of
downregulating PAL on the ability to accumulate tyr-
amine (34), and its downstream p-coumarate and fer-
ulate derivatives (32) and (33).

5.1.7. Challenges for the future
A major effect of severely repressing PAL activity

(to �1% wild type) through genetic downregulation
was observed in the significant reduction in the total
amounts of lignin formed (>50%), while there was no
effect on lignin content by overexpression. Yet, in spite
of such interesting results, these transgenics need to
be more fully characterized, e.g. in terms of ascertain-
ing potential differential effects on H, G, and G–S
pathways, on lignin polymerization proper, on PAL
isozyme localization and gene expression, and on ultra-
structural analyses of the lignins in various cell types.
For example, it is unknown as to what changes, if
any, on the average lignin polymer molecular weight
distributions and/or frequencies of inter-unit linkages
have occurred upon PAL downregulation. Nor is it
known what the physiological effects are of compro-
mising the vascular apparatus on, for example, water
and nutrient conduction. Note, however, that these
limitations apply to the study of each enzymatic step in
lignin formation.
It will also be important to statistically ascertain

how compositional and quantitative changes in lignin
biopolymer assembly are translated into different
overall biomechanical properties of the vasculature.
This could include different patterns of lignin deposition
in distinct cell wall types and perhaps even on the
frequencies of the resulting architectures encountered
(e.g. number of vessels, fibers, etc.). Indeed, these
data suggest that an examination of the effects of
progressively downregulating PAL should be quite
instructive.
Moreover, such studies will hopefully begin to shed

light on the reasons for the abnormalities noted in
growth and development. Clearly, such growth and
developmental abnormalities represent important clues,
and require full explanation in the future. For example,
does the stunted growth reflect some sort of feedback
mechanism? Or, what branches of metabolism are
impacted other than those involving PAL? Further-
more, what changes occur in levels of mixed pathway
intermediates, such as to the tyramine derivatives (32
and 33), and which cells are involved? Finally, it must
also be cautioned that the use of the ‘‘constitutive’’
CaMV 35S promoter may also have inadvertent effects,
due to its action not being restricted to the lignin form-
ing vasculature.
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5.2. Cinnamate 4-hydroxylase (E.C. 1.14.13.11)

Cinnamate 4-hydroxylase (C4H) can exist in at least
two forms depending upon the species, namely C4H-1
and C4H-1/C4H-2, based on studies of alfalfa (Fahren-
dorf and Dixon, 1993) and French bean (Nedelkina et
al., 1999), respectively. C4H-1 has long been correlated
with lignification (Lewis et al., 1999) and other phenyl-
propanoid pathway branchpoints, whereas the physio-
logical role of C4H-2 still needs to be fully established.
Two preliminary studies have been directed to

manipulating C4H levels and Table 2 and Figs. 5B, 6A
to D summarize what is known thus far about these T0
transformants and their lignin constituents. Interest-
ingly, neither study reported any visible abnormalities in
the growth and development of the phenotypes
obtained (discussed later) in spite of the substantial
reductions in estimated lignin contents achieved (see
Table 2A and B); however, there is currently no infor-
mation of effects on the vascular integrity and bio-
mechanical properties of the C4H-downregulated
lignified tissues (relative to the controls).

When the alfalfa C4H-1 gene was placed downstream
of the CaMV 35S promoter in tobacco, the results
obtained were of interest. Downregulation of C4H-1 via
sense and antisense suppression (Sewalt et al., 1997a;
Blount et al., 2000) apparently resulted in essentially a
proportional decrease in lignin content, as indicated by
Klason lignin analyses of the ‘‘neutral detergent fiber’’
as noted before; note again that this method gave lignin
contents in tobacco that are, however, reduced by a
factor �2, relative to other methods. Nevertheless, C4H
activity over a wide range of detectable activities (24–
214%) was plotted against lignin content as shown in
Fig. 5B (controls employed transformants with an
empty vector). The assumptions made in plotting C4H
activity versus lignin content have the same limitations
as for the PAL data analysis. Thus, assuming the trend
of decreasing lignin content is correct, then this trend-
line would extend our prediction that C4H activity
modulates metabolic flux in a rate-limiting manner, but
cannot increase overall carbon allocation (Anterola et al.,
1999, 2002). Indeed, increasing C4H activity did not result
in more lignin being formed (Fig. 5B), in accordance

Table 2

Preliminary characterization of transgenic tobacco (T0) following introduction of sense and antisense C4H

Plant

line

Transgene

orientation

Promoter Tissues

analyzed

for lignins

% C4H activity

(relative to

average activity

of controls)

Lignin

amountsa
Estimated

S and G

recovery

(% of lignin)

S/G

ratiob
Analytical

techniques

employed

A. 11A (Control) Midstems

(8th–11th

internodes

counting from

the top),

harvested 4

weeks after

regrowth

117 9.7 n.d. n.d. Pyrolysis-GC/MS;

Klason lignin analysis

of neutral detergent

fiber; histochemical

staining; methoxyl

group analysis

8A (Control) 83 8.6 n.d. 0.6

201C Sense 35S 214 9.3 n.d. 0.6

2C Sense 35S 66 11.1 n.d. n.d.

32C Sense 35S 60 8.0 n.d. n.d.

25C Sense 35S 39 7.6 n.d. n.d.

72B Antisense 35S 41 6.5 n.d. 0.1

13B Antisense 35S 24 3.4 n.d. 0.0

B. C4H WT (Control) Xylem tissues

from the fourth

internodes

of mature

plants

n.d. 20.2 34.5 0.8 Thioacidolysis; acetyl

bromide lignin

determination;

histochemical staining

C4H 32 Sense 35S n.d. 20.3 35.6 1.1

C4H 38 Sense 35S n.d. 18.6 33.9 0.8

C4H 30 Sense 35S n.d. 14.7 33.4 0.8

C4H 49 Sense 35S n.d. 17.9 29.1 0.8

C4H 45 Sense 35S n.d. 20.1 29.3 0.7

C4H 34 Sense 35S n.d. 18.4 27.4 0.5

C4H 10 Antisense 35S n.d. 17.6 29.3 1.0

C4H 12 Antisense 35S n.d. 19.0 34.7 0.9

C4H 2 Antisense 35S n.d. 19.0 38.8 0.7

C4H 24 Antisense 35S n.d. 19.2 34.9 0.7

Transgenes used were alfalfa C4H (A) (Sewalt et al., 1997a; Blount et al., 2000) and French bean C4H (B) (Blee et al., 2001). The enzyme and gene

expression localizations, the frequency of interunit linkages in and MW ranges of lignins, as well as the ultrastructural effects on cell wall types and

patterns of lignin deposition were not determined (n.d.).
a Lignin amounts in entry (A) are shown as Klason lignin percentages of neutral detergent fiber (NDF), whereas those in the (B) entries are acetyl

bromide lignin estimates as percentages of cell wall residue (CWR). Corrections were not included for protein and/or ash contents.
b Estimated by pyrolysis-GC/MS (A), and by thioacidolysis (B).
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with Phe (4) supply being controlled by processes further
upstream.
Besides the effects on overall lignin content, C4H

downregulation reportedly also markedly affected the
S/G composition of the transformants (Sewalt et al.,
1997a). Using the non-quantitative method of pyrolysis-
GC as discussed before for analysis of the mid-stems of
4-week old (from regrowth) transformed tobacco plants,
the results obtained suggested significant decreases in
the S/G ratio, i.e. from 0.6 in the control to 0 and 0.1
in the antisense-suppressed lines (Table 2A). The use
of Wiesner staining also provisionally agreed with this
observation, since the color reaction of lignified cross-
sections remained essentially the same, except for its
intensity being diminished due to the reduction in lignin
content. Taken together, this is apparently the opposite
trend to that reported for PAL. It was thus suggested
that manipulation of C4H seems to exert greater control
over metabolic flux to sinapyl alcohol (3), and hence
potentially the G–S networks operative in fibers and ray
cells. This explanation, however, assumes that (i) the
data obtained is representative of S/G ratios and (ii) the
C4H gene from alfalfa under control of the CaMV 35S
promoter affects only expression of the endogenous
C4H gene in the transformed tobacco.
In addition to the concerns raised previously about

the limitations of the methodologies employed, an
alternative possible explanation for the proposed
decrease in the S/G ratios is that the expression of
another P450 gene encoding ferulate 5-hydroxylase
(F5H) may have been suppressed by introduction of the

alfalfa C4H gene. Inadvertent epigenetic silencing of
F5H (which is specifically involved in introducing the
additional aromatic hydroxyl group before its methyla-
tion for sinapyl alcohol (3) biosynthesis) would be
expected to cause a reduction in the S/G ratio. Hence,
the effects of heterologous genetic silencing of C4H in
tobacco on F5H levels should be examined in the future
to establish if this indeed was adversely affected.
A second study (Blee et al., 2001) also examined the

effects of C4H downregulation on lignification in
tobacco, but this time using the French bean C4H-2
gene (of unknown physiological function) downstream
of the CaMV 35S promoter as before (see Table 2B and
Fig. 6A–D). In that study, a smaller decrease in the
apparent lignin content [from �20.2 to �14.7% acetyl
bromide (Table 2B, Fig. 6A and C) and �21.9 to
�16.8% Klason (Fig. 6B and D) lignin, respectively],
was noted, with the rate of lignification provisionally
appearing to have been decelerated during growth and
development; note that the Klason lignin estimates were
uncorrected as before (see Section 4.1).
It was, nevertheless, considered instructive to indi-

vidually plot the %G and %S contents (released by
thioacidolysis) of the cell wall residues (CWR) for both
transgenic and control plants versus their corresponding
acetyl bromide and Klason lignin estimations, respec-
tively, and to draw the best fitted line based on the least
squares fit method (Freedman et al., 1978). From the
limited data available, the plots of %G versus lignin
contents (Klason lignin and acetyl bromide lignin,
Fig. 6A and B) provisionally suggested an essentially

Fig. 6. Correlation of lignin in cell wall residues (CWR) of wild type (solid symbols) and C4H-transformed tobacco plants (open symbols) versus

guaiacyl (G, &, &) and syringyl (S, �, *) contents. Lignin estimates were determined by both the acetyl bromide (A, C) and Klason (B, D) methods.
%G and %S amounts were determined by thioacidolysis analyses. SD=standard deviation. Adapted from Blee et al. (2001).
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linear correlation with decreasing lignin amount,
whereas the plots of %S versus lignin content (acetyl
bromide and Klason lignin, Fig. 6C and D) were more
erratic. However, only about 30–40% of the total lignin
could be accounted for by the thioacidolysis technique,
and thus the bulk of the lignin present was not detected
(discussed later). Finally, the availability of only one
control plant precluded a meaningful comparison of the
lignin levels and monomeric compositional variations
within the controls themselves.
Interestingly, the thioacidolysis analysis gave very

slightly lower overall recoveries of S units relative to G;
nitrobenzene oxidation, on the other hand, had an
opposite effect (data not shown). The latter will be
slightly overestimated by contributions from covalently
bound tyramine (34), its hydroxycinnamic acid amides
(32 and 33), and other hydroxycinnamic acids, which
are also present in tobacco tissues in small amounts
(discussed later). Additionally, based on the fitted line,
G and S reductions do not appear to fully account for
the decrease in total lignin amounts as judged by the
projected intersection at the X-axis, assuming a linear
trend (Fig. 6). If correct, this would imply one or more
of the following: (i) that the earlier stages of lignin
deposition either involve formation of substructures
whose covalent linkages are not readily cleavable by
thioacidolysis or nitrobenzene oxidation to give the
monomeric derivatives (22–27); (ii) that lignin values are
overestimated using the protocols employed; and/or (iii)
a combination of both.

5.2.1. Challenges for the future
The data from downregulation of C4H-1 provisionally

supports our interpretation that C4H is a major rate-
limiting step whose downregulation apparently results
in a progressive and quantitative reduction in lignin
content. However, these data need to be extended using
additional analyses such as those employed for the
C4H-2 study. It will also be important to ascertain what
other effects on metabolism have occurred, e.g. on for-
mation of ‘‘mixed’’ pathway metabolites in tobacco,
such as feruloyl (33) and p-coumaroyl (32) tyramine
levels.
As for the PAL transformants, it will be important to

correlate progressively decreasing C4H activities with
cell wall developmental and morphological changes on a
statistical basis, as well as in examining the effects on
lignin composition (i.e. nature of inter-unit linkages,
monomeric composition, and molecular weight dis-
tributions). It is anticipated that reductions in lignin will
have profound effects on both lignin structure and cell
wall morphology/biomechanical properties.
Additionally, it is not known whether the C4H

downregulated phenotypes will revert back in sub-
sequent generations or not, since all analyses to date

were only carried out using T0 transformants. This
concern also applies to the other transformants dis-
cussed throughout the article. This raises another
important point: in these two studies, as in many others,
reports often indicate that there are no observable
phenotypical changes, as determined by visual inspec-
tion. As will become increasingly clear in the article,
many significant changes (such as in reductions in bio-
mechanical tissue strength properties) can occur, even
though they are not visible to the naked eye.

5.3. p-Coumarate 3-hydroxylase

p-Coumarate 3-hydroxylase is the name tentatively
assigned to the enzyme responsible for introducing a
hydroxyl group at the meta-position of phenylpropa-
noids (Lewis et al., 1999), i.e. presumably to produce
caffeic acid (10) or a derivative thereof. In this regard,
p-coumarate (7) and p-coumaroyl CoA (8) hydroxylating
activities have been well documented in mungbean
(Kojima and Takeuchi, 1989), sweet potato (Ipomoea
batatas) (Tanaka and Kojima, 1991), and parsley (Pet-
roselinum crispum) cell cultures (Kneusel et al., 1989).
However, the enzymes were never purified to electro-
phoretic homogeneity. Polyphenol oxidases capable of
hydroxylating p-coumaric acid (7), as well as those using
p-coumaroyl CoA (8) and p-coumaroyl d-glucose (35) as
substrates, have been purified from I. batatas (Tanaka and
Kojima, 1991) and Lithospermum erythrorhizon (Wang
et al., 1997), respectively. Yet, their involvement in lig-
nification was considered unlikely, since inhibition of
phenol oxidases in mungbean did not apparently affect
activities involving the meta-hydroxylation of p-cou-
maric acid (7) (Duke and Vaughn, 1982).
A P450 gene from arabidopsis, known as CYP98A3,

was recently found to encode a protein that, when
expressed in yeast, catalyzes the 3-hydroxylation of both
p-coumaroyl shikimate (36) and p-coumaroyl quinate
(37), but not p-coumaric acid (7) itself or p-coumaroyl
CoA (8) (Schoch et al., 2001). These activities have been
previously reported in in vitro assays of microsomal
preparations from carrot (Daucus carota) cell suspen-
sion cultures (Kühnl et al., 1987) but a link to lignin
biosynthesis was not made. However, there is additional
evidence for C3H (CYP98A3) being required for intro-
duction of the 3-hydroxyl group, as well as a rate-limit-
ing step in the monolignol pathway: (i) based on mRNA
and protein localization in arabidopsis, its expression is
correlated with the onset of lignification (Schoch et al.,
2001); (ii) a mutation of the same gene in arabidopsis
resulted in an extremely dwarfed phenotype whose lig-
nin content was estimated to be considerably lower
using thioglycolic acid extraction and Klason analyses,
respectively (Franke et al., 2002). Furthermore, based
on pyrolysis-GC/MS, nitrobenzene oxidation and
DFRC (derivatization followed by reductive cleavage)
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analyses, it was concluded to be essentially an H-derived
lignin (Franke et al., 2002). In the thioglycolic acid
extraction method, the lignin content was estimated to
be �20% of the control since the relative absorbance at
280 nm was reduced from 3.12 to 0.57; however, the
extinction coefficient of an H-containing lignin is
unknown and thus this measurement has little meaning
at present. The Klason lignin content, by contrast, was
also reduced in this case to �40% of the original wild
type (6.2 vs. 16.3%). Interestingly, in the mutant only H
units were detected by nitrobenzene oxidation (�9.5%
of Klason lignin content), whereas in the control wild
type plants just traces of H units were detectable, in
comparison to the G and S components which corre-
spond to �16.2 and 3.5% of the Klason lignin, respec-
tively. These data are thus consistent with the pathways
to both coniferyl (2) and sinapyl (3) alcohols apparently
being blocked; and (iii) transcriptional profiling of P.
taeda C3H was directly correlated with induction of
monolignol biosynthesis in a rate-determining capacity
(Anterola et al., 2002). Interestingly, in each of these
plant species, as well as in Sesamum indicum (Ichikawa,
Xia, Davin and Lewis, manuscript in preparation) and
Sorghum bicolor (Bak et al., 1998), this gene apparently
exists as a single copy.

5.3.1. The postulated importance of C3H
downregulation in carbon allocation and lignin
organization and assembly
Even though there remains the issue of the actual

substrate being utilized, the above findings with C3H
are fully consistent with it being a rate-limiting step
(together with those of C4H and the factors controlling
Phe (4) supply). Of particular interest are the data
obtained with the C3H mutant: this apparently pos-
sessed an H-lignin, whose estimated Klason lignin con-
tent was �40% relative to the wild type, with �9.5%
recovery of H units being obtained by nitrobenzene
oxidation. In contrast, the actual percentage of the H
component in arabidopsis wild type lignin has been dif-
ficult to determine by this oxidative degradation
method. Such analyses, as described earlier, are cur-
rently restricted to the estimation of only non-cross-
linked aromatic residues, e.g. p-hydroxybenzaldehyde
(22) and the H corresponding thioacidolysis product (25),
which are essentially undetectable in the wild type plants.
Importantly, this mutant phenotype apparently

demonstrates that elimination of C3H activity has the
effect of restricting carbon flow into the monolignol and
lignin pathways, as well as on growth and developmental
processes. This is because the overall levels of the H-
constituents in the lignin did not increase correspond-
ingly to act as surrogate precursors for G and S mono-
lignols. A central question to be answered in the future is
therefore why does H-lignification not compensate for
their reduction?

One possibility is that normal growth and develop-
ment is arrested in the absence of G and S constituents
[which lead not only to G/S lignin but also to ferulate
(12) and sinapate (19) wall bound esters]. In wild type
plants, the deposition of the H-lignin component is
currently viewed as being primarily involved in initia-
tion of lignin assembly, with a preponderance being laid
down in the middle lamella regions: the G and S com-
ponents, by contrast, are considered to be laid down
later on particularly at other locations. However, this
pattern of deposition needs to be more comprehensively
examined, particularly in the different cell types which
undergo lignification. In particular, it will be very
instructive to examine in detail the pattern(s) of lignin
deposition in both mutant and wild type, as regards the
requisite and presumed selective initiation sites for H-
lignin assembly (Lewis et al., 1999).
Additionally, it also needs to be determined whether

the full extent of cell wall assembly (so-called secondary
thickening process) can even occur in the absence of the
G and S components, including whether the H-lignin
component can effectively penetrate the various regions
of the cell wall that typically primarily contain the S+G
constituents. Nevertheless, these data strongly suggest
that C3H downregulation has a most significant effect
on lignin content, its organization and assembly; this, in
turn, raises other important questions including how
this is (transcriptionally) controlled, and indeed to what
extent the H, G, and G–S pathways are kept separate.

5.3.2. Challenges for the future
As mentioned before for PAL and C4H down-

regulation, much needs to be investigated: This includes
determining how lignin assembly has been perturbed,
and why its overall amount has decreased. Is there a
feedback mechanism operative (e.g. acting on C4H and/
or Phe (4) supply), when coniferyl (2) and sinapyl (3)
alcohol formation is blocked or are there other con-
sequences involving yet unknown (signaling) pathways?
And what is the true H content of lignin in wild type
arabidopsis, given the current limitations for both
detection and quantification of the H components?
Additionally, determining the effects this mutation has
on, for example, growth and development, accumula-
tion of non-lignin constituents (e.g. soluble phenolics),
water/nutrient conduction and tissue mechanical strength
(vascular integrity), should be most instructive to clarify
further the nature of the rate-limiting (regulatory) role
of C3H.

5.4. The consequences of manipulating the presumed
non-rate-determining steps in monolignol and lignin
pathways

A major assumption made in this analysis is that the
rate-determining steps in carbon (i.e. phenylpropanoid)
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allocation to the monolignol pathway involve Phe (4)
availability (supply), and the relative levels of cinnamate
4-hydroxylase and p-coumarate 3-hydroxylase activities.
Thus, restricting and/or downregulating subsequent
downstream conversions can be anticipated to have no
effect on overall carbon allocation to the pathway,
unless, of course, there are other feedback and/or tran-
scriptional control mechanisms operative that were not
detected in any of the preceding studies.
Hence, downregulation of downstream steps to the

monolignols (1–3) should have predictable con-
sequences. These could include (i) build-up of pathway
metabolites, including those upstream, in the particular
cells impacted, (ii) metabolites being redirected (shunted)
into competing biochemical pathways that also utilize
these substrates, and/or (iii) non-lignin metabolites being
transported into the wall where lignification would nor-
mally have occurred. If the latter happened during lig-
nification, this would negatively impact upon lignin
assembly proper. The reasons are straightforward: if lig-
nin biosynthesis was perturbed by the presence of non-
lignin monomers, lignin assembly which gives the needed
biopolymeric matrix for the requisite vasculature prop-
erties would not occur and the corresponding cell-wall
properties would be compromised. As emphasized ear-
lier and now described below, the biochemical control
of lignin assembly in the cell wall is clearly carefully
orchestrated, including the need for spatially controlled
lignin heterogeneity, to achieve the required physi-
ological functions. Furthermore, the subsequent ana-
lyses of transgenic plants downregulated in each of the
downstream pathway steps validate the above concept.

5.5. 4-Coumarate:CoA ligase (E.C. 6.2.1.12): dwarfed,
normal and giant phenotypes?

4-Coumarate:CoA ligase (4CL) generally exists as a
multigene family (Lewis et al., 1999). The isoforms
typically have different substrate specificities and spa-
tial/temporal expression patterns, which have long sug-
gested distinct physiological roles (summarized in Lewis
and Yamamoto, 1990). For example, in arabidopsis,
At4CL1 and At4CL2 were believed to be involved in
lignification, whereas At4CL3 is considered to function
in flavonoid biosynthesis (Ehlting et al., 1999). Simi-
larly, in aspen, it was proposed that Pt4CL1 was speci-
fically involved in lignin biosynthesis, whereas Pt4CL2
participated in flavonoid formation (Hu et al., 1998).
More recently, a 4CL isoform (Gm4CL1), capable of
utilizing sinapate (19) as substrate, has been isolated
from soybean (Glycine max), together with three others
(Gm4CL2, Gm4CL3, Gm4CL4) (Lindermayr et al.,
2002). Gm4CL1 and Gm4CL2 were proposed to be
involved in growth and development (including lignin
biosynthesis), whereas Gm4CL3 and Gm4CL4 were
thought to respond to environmental stimuli. Thus far,

4CL downregulation has been carried out only on iso-
forms considered involved in lignin biosynthesis. It is
not certain, however, whether these manipulations also
affected any other 4CL isoforms (and hence other
pathways), since, for example, the flavonoid levels in
4CL-suppressed plants were not analyzed (see below).
Genetic downregulation of 4CL was carried out using

three different species, namely tobacco (Kajita et al.,
1996), arabidopsis (Lee et al., 1997) and aspen (Populus
tremuloides) (Hu et al., 1999); Tables 3–5 and Fig. 7A
summarize what is currently known about the corre-
sponding phenotypes and their lignin compositions. Yet
even with the same enzymatic step being repressed, sig-
nificant species-specific differences in the resulting
transgenic plants were reported. These ranged, relative
to the corresponding controls, from no visible pheno-
typic differences in arabidopsis, to dwarfing in tobacco,
and to a report of spectacular enhanced growth in
aspen. No explanation of any sort then or since has
been provided for such dramatic differences.
Yet in spite of the reported species-specific growth

and developmental differences, the effects on overall
lignin content as a function of residual 4CL activity
revealed a consistent trend for all three species exam-
ined (Fig. 7A). Although in these cases different species
(tobacco, aspen, and arabidopsis) and different methods
of lignin determination (acetyl bromide, Klason and
thioglycolate, respectively) were used, the graph provi-
sionally suggests relatively good agreement when the
results were recalculated to express lignin contents and
4CL activities as percentages of the controls. A trend-
line based on all of the data points was drawn, illus-
trating the general effect of 4CL downregulation;
controls employed either transformants with an empty
vector in tobacco, or wild type plants in aspen and ara-
bidopsis. The plots of lignin content versus 4CL activity
suggest that significant reductions in lignin contents
occur only after >60% reduction of 4CL activity. This
again provisionally implies that there is more 4CL
activity available in the wild type plants than necessary
for the biosynthetic flux to the lignins. Following the
same line of reasoning as for PAL, 4CL is thus con-
sidered not to be a rate-determining enzyme in lignin
biosynthesis. This finding is consistent with that noted
earlier for metabolic and transcriptional profiling in P.
taeda (Anterola et al., 1999, 2002).

5.5.1. 4CL downregulation in tobacco
The most detailed analyses of the effects of down-

regulation of 4CL have been carried out with tobacco
(Kajita et al., 1996). In those studies, the transformants
were obtained using a near full-length 4CL cDNA con-
stitutively expressed, under control of the CaMV 35S
promoter, in either the sense or the antisense orienta-
tion. Nine transformants and three control plants
(transformants with an empty vector) were grown until
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flowering, and Table 3 summarizes the known effects on
the phenotypes so obtained.

5.5.1.1. Phenotypes. Four of the five antisense plants
were apparently morphologically indistinguishable from
controls with lignin contents �20.5–22.9% and S/G
ratios �0.7–0.9, whereas a fifth (�11% 4CL activity)
had slightly brown stems, with an estimated lignin
content of 17.6% and S/G ratio of 1. By comparison,
all sense transformants had unusual brownish green
stems, with brown and white cell walls, resulting in a

mottled appearance and most were severely dwarfed.
Moreover, the effects of 4CL downregulation (to �1%
of wild type 4CL activity) had a more pronounced effect
on lignification: acetyl bromide lignin contents were
reduced from �22% in the wild type to �14–17%
in the sense transformants, with S/G ratios ranging
from �0.45 to �2. However, even at such low levels of
4CL activity, the bulk of the carbon allocated to the
pathway was still apparently directed towards lignin
deposition, in accordance with this step not being rate-
limiting.

Table 3

Preliminary characterization of transgenic tobacco following introduction of sense and antisense tobacco 4CL (adapted from Kajita et al., 1996,

1997a,b)

Plant

line

Enzyme

and gene

expression

localization

Transgene

orientation

Promoter Gross

morphological

changes in

phenotypes of T0
transformants

Tissue

analyzed

for lignins

% 4CL

activity

(relative to

average

activity of

controls)

Lignin

amountsa

(% CWR)

Estimated

S and G

recovery

(% of lignin)

S/G

ratio

Analytical

techniques

employed

C1 See text (Control) Xylem

tissues

(age of

plants

were not

specified)

85 21.6 29.2 0.78 Nitrobenzene

oxidation;

acetyl bromide

lignin

determination;

histochemical

staining;

pyrolysis-

GC/MS; NMR

C2 n.d. (Control) 74 22.1 25.9 0.76

C3 n.d. (Control) 141 21.3 28.5 0.86

S3 n.d. Sense 35S Dwarfed, brown stem 1 17.0 17.6 2.00

S2 n.d. Sense 35S Dwarfed, brown stem 19 17.3 15.6 1.87

S4 See text Sense 35S Dark brown stem 1 16.8 20.6 0.79

S1 n.d. Sense 35S Dwarfed, brown stem 1 14.2 4.3 0.45

A5 n.d. Antisense 35S Light brown stem 11 17.6 20.1 1.03

A1 n.d. Antisense 35S None 42 20.5 24.6 0.87

A4 n.d. Antisense 35S None 135 21.9 24.9 0.80

A2 n.d. Antisense 35S None 101 22.9 26.1 0.76

A3 n.d. Antisense 35S None 88 20.5 24.9 0.72

Ultrastructural effects on cell wall types and patterns of lignin deposition were not studied. n.d.=not determined.
a Estimated by acetyl bromide method.

Table 4

Preliminary characterization of transgenic arabidopsis following introduction of antisense arabidopsis 4CL (adapted from Lee et al., 1997)

Plant

line

Transgene

orientation

Promoter Gross

morphological

changes in

phenotypes of T0
transformants

Tissue

analyzed

for

lignins

% 4CL activity

(relative to

average activity

of controls)

Lignin

amountsa

(% CWR)

Estimated

S and G

recovery

(% of lignin)

S/G

ratio

Analytical

techniques

employed

RLD (Control) Bolting stems

that were 15

cm in height

100 15.0 62.1 0.48 Nitrobenzene

oxidation,

thioglycolate

lignin

analysis,

histochemical

staining

RLD:35S Antisense 35S None 49 12.0 88.0 0.55

RLD:Pc4CL Antisense 4CL1 None 16 9.7 84.1 1.07

Columbia (Control) 100 17.0 43.3 0.49

Col:Pc4CL Antisense 4CL1 None 22 12.0 48.0 0.88

Col:35S Antisense 35S None 7 7.3 114.7 1.17

The enzyme and gene expression localizations, the frequency of interunit linkages in, and MW ranges of lignins, as well as the ultrastructural effects

on cell wall types and patterns of lignin deposition were not determined.
a Lignin contents were estimated by a measurement of relative absorbance at 280 nm, using the thioglycolic acid extraction method. This method

does not quantify lignin relative to the cell wall residue. In this analysis, Columbia ecotypes were assumed to have �17% lignin in the cell wall

residue, with the amounts of lignin in the remaining lines being estimated according to relative absorbance levels. However, as explained in the text,

these data are suspect.
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Additionally, none of the analyses reported the
amounts or compositions of the aqueous and organic
solubles (so-called extractives) removed prior to lignin
determination. Hence, no details of possible metabolic
build-up as low molecular weight substances were dis-
closed. Such data are required in order to fully define
both the nature and amounts of phenolics, or other
substances, accumulating in the plant tissues when 4CL
is downregulated.
One of the sense transformants (S4, see Table 3) was

also arbitrarily subjected to a detailed morphological
analysis of its stem tissues. This revealed an ‘‘uneven’’ gene
silencing effect, as visualized by a ‘‘patchy’’ distribution
of 4CL, using an immunolocalization approach (Kajita
et al., 1997b). This patchiness only occurred in regions
where vessel elements had partially collapsed, and
where vascular integrity was compromised. On the other
hand, the same cross-sections showed apparently intact
vascular regions where 4CL was present; these data
further underscore limitations in the gene-silencing
approaches currently in use. Fig. 8 shows a cross-section
of collapsed vessels (Fig. 8B) relative to controls
(Fig. 8A).

5.5.1.2. Effects on lignification. The plots of G and S as
percentages of the CWR versus corresponding percen-
tage acetyl bromide lignin estimations were most
instructive (Fig. 9A and B). Thus, the effect of decreas-
ing 4CL activity (from �100% in the wild type plants
to �1% in the transgenics) resulted in the precipitous
reduction of detectable G and S fragments released
during nitrobenzene oxidation, albeit possibly to
slightly differing extents. That is, when lignin amounts
were reduced to �10–15% acetyl bromide lignin con-
tents of the CWR, the G and S moieties were barely
detectable, even though significant amounts of lignin
were ostensibly still present. [Typically, the recoveries of
the S and G nitrobenzene fragments recovered were
�25% of the estimated lignin levels, although one
transformant had only �5% recovery.] Additionally, in
all cases, no H units were detected. These data thus
clearly suggest that either the G and S components
cannot be recovered (even with the nitrobenzene oxida-
tion method) when lignin levels are reduced to <50%,
and/or that the lignin determinations are overestimated.
If the former, this would indicate that during the initial
phases of lignin deposition, so-called ‘‘condensed’’

Fig. 7. Provisional plots of lignin contents versus gross enzyme activities in transgenic plants up- and down-regulated with: (A) 4CL; adapted from

Kajita et al. (1996) (tobacco, ^), Lee et al. (1997) (arabidopsis, ~) and Hu et al. (1999) (aspen, &); (B) CCOMT; adapted from Zhong et al. (1998)

(tobacco, ^), Guo et al. (2001) (alfalfa, &), Pinçon et al. (2001) (tobacco,~), Meyermans et al. (2000) (poplar, �), and Zhong et al. (2000) (poplar, �).

Fig. 8. Cross-sections of lower stem tissues of control (A) and 4CL-downregulated (B) tobacco plants. Ca= Cambium; NV=normal-shaped vessels;

CV=collapsed vessels. Reproduced from Kajita et al. (1997b) with permission of Elsevier Science.
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structures are formed (e.g. the 8-50 structure 49 as an
example); these, however, cannot be detected and
quantified using the degradative methods commonly
employed.
Note, however, that the extent to which the H path-

way is involved in the early phases of lignification is not
well understood, although it is considered to be mainly
involved in C–C rather than C–O linkage formation.
Indeed, it is curious that in spite of the massive number
of lignin degradative analyses (by nitrobenzene oxida-
tion and thioacidolysis) conducted thus far, it is only
now that the limitations of these techniques are
exposed. If correct, these data imply that the alkali
nitrobenzene oxidation cleavable moieties in lignin are
formed only in the later stages of lignification. This
immediately underscores the need to develop techniques
to determine the precise chemical nature and the
amounts of the lignins laid down in both the early and
late stages of lignification.

5.5.1.3. NMR spectroscopic characterization of pre-
sumed lignin-derived fragments. In a related report
(Kajita et al., 1997a), the 5-month old homozygous
second generation (T1) offspring was obtained by selfing
of line S4. This transformant was further analyzed in
terms of the presumed lignin and phenylpropenoic acid
composition of its (4CL-downregulated) brownish xylem
tissues: however, this now had a Klason lignin content
very similar to that of wild type (�19.9 vs. 22.6%) and
no estimation of its 4CL activity was provided.

Nevertheless, a ‘‘dioxane-soluble lignin’’ fraction
from the brownish tissues of this transformant was iso-
lated and compared with that obtained from the whitish
xylem tissues of the corresponding control. This proce-
dure, in both cases, only solubilized very minor
amounts of the presumed lignin-derived substances in
each tissue (�6 and �9.6%), leaving 94 and 91.4% of
the lignin unaccounted for, respectively. That is, the
bulk of the lignin was either not solubilized or recover-
able using this method. In any case, the 13C NMR
spectra of both samples (Fig. 10A and B) were nearly
identical, except for four slightly larger resonances in
the 4CL-downregulated transformant at � �170 ppm
(peak 2), �129 ppm (peak 9), �115 ppm (peak 12) and
�36 ppm (peak 26), respectively, and slightly reduced
intensities of signals (peaks 17–20, �83–86 ppm)
attributed mainly to b-O-4 linkages. The investigators,
however, assigned the enhanced resonances at �129
and 115 ppm to esterified p-coumaric (7) and ferulic (12)
acids ester-linked to the lignin, even though alkaline
hydrolysis had revealed that these were only present (in
esterified and/or etherified form) in minute amounts
(�0.25% of the cell wall residue). An alternative expla-
nation is proposed herein: the resonances at �129 (peak
9), �115 (peak 12), and �36 ppm (peak 26 which was
unassigned by the authors) are detectable in both the
NMR spectra of the transformant and that of the wild
type (see Fig. 10A and B). These signals are more con-
sistent with tyramine-linked amide linkages, i.e. such as
in p-coumaroyl (32) and feruloyl (33) tyramines (Pearce

Fig. 9. Estimated lignin contents versus guaiacyl (G, &, &) and syringyl (S, �, *) recoveries of cell wall residues (CWR) of control (solid symbols)
and 4CL transgenic lines (open symbols) of tobacco (A, B) and arabidopsis (C, D). Lignin contents were determined using either the acetyl bromide

or thioglycolic acid protocols, whereas G+S recoveries, from nitrobenzene oxidation (NBO), are calculated in terms of percentage of cell wall residue

(%CWR). Data recalculated from Kajita et al. (1996) (A, B) and Lee et al. (1997) (C, D). SD=standard deviation.
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et al., 1998). [The remaining presumed methylene group
on the tyramine side-chain at C-8 is not detected as it is
masked by the solvent peak (�40 ppm).] In any event,
based on these spectral data, it is difficult to establish
whether levels of the putative tyramine-derived derivatives

32 and 33 had actually increased (due to metabolic build-
up) or were more prominent due to the small reduction in
lignin content.
At this juncture, several points again need to be raised

regarding the most serious limitations in the ‘‘lignin’’

Fig. 10. 13C NMR spectra of various isolates obtained using current lignin solubilization protocols, with preparations derived from control (wild

type) and transgenic tobacco plants: control (A); sense 4CL-downregulated (B); antisense CCR downregulated (C); and wild type (D). Redrawn

from Kajita et al. (1997a) (A, B) with permission of the American Society of Plant Biologists, and from Ralph et al. (1998) (C, D) with permission of

the National Academy of Sciences, USA (Copyright 1998). Note: signal intensities do not reflect relative abundance. #=Resonances indicating

tyramine derivatives of unknown cellular origin.
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isolation and NMR spectroscopic characterization pro-
cedures currently used: First, relative peak sizes in
NMR spectra do not reflect relative abundance when, as
in this case, spectra are not acquired under conditions
for quantification. Indeed, it is very well known that
minor impurities and/or highly mobile components in
polymeric preparations can display disproportionately
large signals when present in very small amount. In this
case, the resonances at �129, 115 and 36 ppm are rela-
tively sharp, which further suggests that the tyramine-
derived moieties are part of very low molecular weight
compounds and thus would display disproportionately
large signals.
Additionally, the procedures for lignin isolation, as

described earlier, are most inadequate: the procedure
employed in this case involved ‘‘ball-milling’’ of dried
extractive-free plant tissue in toluene for 4 days,
extracting the ‘‘lignin’’ with dioxane/water (96:4) for an
additional 7 days, then concentrating the solution so
obtained and precipitating the organics in diethyl ether.
The resulting precipitates were then individually dis-
solved in �90% acetic acid, and diluted �20-fold in
water in order to reprecipitate the ‘‘milled tobacco lig-
nin’’ preparation. This procedure thus only provides a
means for recovery of �6–10% of the presumed lignin,
and gives no indication of molecular size and/or the
extent of unrelated (non-lignin) substances co-pre-
cipitating; i.e. preparations obtained in 9.6 and 6.0%
yields, respectively, cannot be taken as being repre-
sentative of the bulk lignin present. Nor does this
method distinguish between the different cell types in
the plant species examined, and thus cannot be viewed
as being lignin specific. Nor does this lengthy procedure
establish where, for example, the tyramine (34) compo-
nents have originated from, since their specific cellular
origins are unknown.
An even more serious limitation lies within the solu-

bility of the ‘‘lignin’’ preparations, these being dissolved
in dichloroethane/ethanol (2:1) prior to NMR spectral
analyses. Lignins are, however, not soluble in such sol-
vents, and in order to do so would have to be greatly
degraded (chemically modified) during the grinding and
solubilization procedures used. Thus, at best, the sub-
stances observed by NMR spectroscopic analyses are of
very low molecular weight, the origins of which are not
well understood in terms of cell types involved. As an
additional concern, the ‘‘lignin’’ isolation conditions were
conducted under mild (including grinding and milling
steps) to strongly acidic conditions, for very lengthy peri-
ods of time; these favor not only bond-breaking but also
bond-making processes which can lead to artifacts.

5.5.1.4. Challenges for the future. These data, when
taken together, clearly emphasize the need for more
detailed analyses on the effects of 4CL downregulation:
i.e. on both the nature and amounts of the soluble

components (so-called extractives), as well as on the
‘‘bulk’’ and more readily cleavable lignin constitutents,
and how and when they are deposited; in the identifica-
tion and quantification of the cell wall chemical moieties
to which the putative tyramine (34) derivatives are
linked; what shunt and/or competing biochemical path-
way metabolites are formed; and whether their presence
in any way results in disruption of normal lignin
assembly. The overall effects on the vasculature also
need to be more fully understood, in terms of water/
nutrient conduction and on the strength properties of
the corresponding tissues.

5.5.2. 4CL downregulation in arabidopsis
In arabidopsis, the antisense transformants were gen-

erated using a near full-length 4CL gene, placed down-
stream of either a CaMV 35S or a parsley 4CL
promoter (Lee et al., 1997). The transformants (con-
taining either construct) consequently had reduced
levels of 4CL transcripts in the leaves, but not in the
other genes examined, which included 6-phosphogluco-
nate dehydrogenase, 3-deoxy-d-arabino-heptulosonate-
7-phosphate synthase, 5-enolpyruvyl-shikimate-3-phos-
phate synthase, PAL and C4H. Immunoblot analysis
and spectrophotometric enzyme assays further revealed
reduced levels of 4CL in the stems of the antisense lines.
These data were taken to suggest that only 4CL activity
was being affected.
Based on transcript, protein and enzyme activity

levels, 4CL downregulation did not appear to be
dependent on the promoter used, although the uni-
formity of 4CL repression among the different cell types
and regions within the leaves and stems was not exam-
ined for each. The effect of 4CL downregulation on lig-
nin composition of arabidopsis transformants did,
however, display a quite different trend from that in
tobacco. Firstly, there were apparently no visible phe-
notypic changes in the transformants relative to the wild
type, even though the estimated thioglycolic acid (TGA)
lignin contents dropped significantly: from �15 to 9.7%
in the RLD lines, and from �17 to 7.3% in the
Columbia lines (Table 4). Enzymatic activities relative
to controls were also reduced down to �7–16% of the
corresponding controls. If these reductions in estimated
lignin contents are correct, this would suggest that the
vasculature has been significantly weakened. Unfortu-
nately, no tests were conducted either to establish to what
extent the vascular apparatus had been compromised.
Secondly, the plots of %G and %S in the CWR rela-

tive to the absorbance measured at 280 nm (corre-
sponding to TGA-extractable lignin) was instructive:
Although the variability in the data is very large, the
results suggest that a progressive decrease in %G con-
tent occurs whereas the S levels increase relative to the
decrease in absorbance (i.e. TGA lignin) (Fig. 9C and
D, and Table 4). Overall, however, the total amounts
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recovered of both the G and S components in the CWR
remained generally the same; while these data might
suggest a differential effect on either the G or G–S
monolignol forming networks in the various cell types,
the nitrobenzene oxidation method does not establish
the chemical identity of the S and G components (e.g.
whether it is monolignol or hydroxycinnamic acid
derived).
Thirdly, the trends, at least in terms of S+G recoveries

by nitrobenzene oxidation relative to TGA-extractable
lignin isolation require re-evaluation, as they are not in
apparent agreement with each other. If the controls were
assumed to have �17% lignin (as estimated by other
methods) and the lignin contents of the transformants
were estimated proportionally based on relative absor-
bances at 280 nm of the TGA-extractable components,
the S+G recoveries in three of the transformants would
range between 80 and 115% rather than the 10–50%
found in all other lignin degradation analyses. Accord-
ingly, these data thus strongly suggest that the thiogly-
colic acid estimated lignin amounts cannot be accurately
correlated with the nitrobenzene oxidation data.
There are several possibilities to account for the

observations made, which can include one or more of
the following: (i) the lignin determination analyses using
the thioglycolic acid procedure are inaccurate as sug-
gested earlier for the C3H study; (ii) due to reduction in
4CL activity, increased metabolism into other metabo-
lites, such as cell-wall bound (unlignified) hydroxy-
cinnamic acids occurs which overestimate the results
obtained by nitrobenzene oxidation analyses; (iii) dif-
ferent CoA ligases may be differentially affected; and
(iv) the various transformants may even be at different
developmental stages: S levels are considered to typi-
cally increase with increasing maturity.

5.5.3. 4CL downregulation in aspen
5.5.3.1. Phenotypes: reassessment of increased cellulose
biosynthesis. The findings regarding 4CL down-
regulation of aspen differed greatly from those of the
other two studies. In these investigations (Hu et al.,
1999), the reverse of the coding sequence of the 4CL1
gene, which was considered to be lignin-specific (Hu et
al., 1998), was constitutively expressed in transformants
using a duplicated enhancer CaMV 35S promoter. The
aspen transformants so obtained were reported to have
grown much faster than the controls (wild type plants),
i.e. being about 50% taller after 10 weeks growth. While
no additional report on this proposed growth enhance-
ment has since been forthcoming, the observations
made could not have been directly related to either lig-
nin reduction or 4CL downregulation as stated. Plants
with only �6% reduction in overall lignin content (20.4
versus 21.6% wild type) and having �90% residual
4CL activity grew to the same height as those with
�45% reduction in lignin content (11.8% versus 21.6%
wild type) with residual 4CL activity <7% (see Tables 5
and 6 and Fig. 11). Consequently, the proposed growth
enhancement, if correct, is not explicable based on the
reasoning and data given.
It was also reported (Hu et al., 1999) that the rate of

cellulose formation and its accumulation in aspen
transformants had increased, in order to compensate for
lignin reduction. However, the authors did not address
whether the putatively higher cellulose contents of the
4CL-suppressed lines were in fact due to an elevated
production of the latter, or simply a consequence of
decreasing the amounts of one structural component (in
this case, lignin) in the whole tissue. Table 6 thus recal-
culates (adjusts) the cellulose content of each aspen
transformants on the basis of the measured lignin

Table 5

Preliminary characterization of transgenic aspen following introduction of antisense aspen 4CL1 (adapted from Hu et al., 1999)

Plant

line

Enzyme

and gene

expression

localization

Transgene

orientation

Promoter Gross

morphological

changes in

phenotypes of T0
transformants

Tissue

analyzed

for

lignins

% 4CL activity

(relative to average

activity of controls)

Lignin

amountsa

(% CWR)

S/G

ratio

Analytical

techniques

employed

Control Developing

xylem

(Control) Wood from

10-month

old trees

100 21.6 2.3 Thioacidolysis,

Klason lignina

analysis, NMRA12 n.d. Antisense 35S Taller than control 90 20.6 1.8–2.2

A11 n.d. Antisense 35S Taller than control 90 20.4 1.8–2.2

A9 n.d. Antisense 35S Taller than control 60 19.4 1.8–2.2

A15 n.d. Antisense 35S n.r. 30 18.6 1.8–2.2

A5 n.d. Antisense 35S n.r. <7 13.0 1.8–2.2

A8 n.d. Antisense 35S n.r. <7 12.9 1.8–2.2

A4 n.d. Antisense 35S n.r. <7 12.8 1.8–2.2

A6 n.d. Antisense 35S Taller than control <7 11.8 1.8–2.2

The frequency of interunit linkages in and MW ranges of lignins, as well as ultrastructural effects on cell wall types and patterns of lignin deposition

were not determined (n.d.). n.r.=not reported.
a Lignin determinations/values were apparently not corrected for proteinaceous and/or ash-forming substances.
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reductions, and compares these with the observed
values. The recalculation clearly demonstrates that there
were only modest changes (2–4% increase or decrease)
in cellulose content, with the largest ‘‘increase’’ occurring
in the less severely lignin-depleted transformants (A12,
A11 and A9). Thus, it is concluded that there was no
increased production in cellulose in contrast to the ori-
ginal reports by Hu et al. (1999).

5.5.3.2. Effects on lignification. The 4CL-down-
regulated aspen tissues were also subjected to NMR
spectroscopic and nitrobenzene oxidation/thioacidolysis
analyses. Thus, milled wood lignins (MWLs) were pre-
pared from both the wild type and the transformant A6,
which had �45% lignin reduction and less than 7%
residual 4CL activity (Table 5); details were not pro-

vided on the methods employed or yields obtained.
Additionally, while the HSQC-TOCSY and HMQC
spectral data were not provided for evaluation, both
these and the HSQC spectra of both transgenic and wild
type lignin samples were reportedly similar: unlike
tobacco, however, no hydroxycinnamic acids were
apparently evident. On the other hand, these researchers
reported increased levels of non-lignin cell-wall asso-
ciated alkali extractable p-coumaric (7), ferulic (12) and
sinapic (19) acids in the aspen A6 transformant relative
to the wild type, i.e. increasing from 199 to 2145, 510 to
2431, and 0 to 2452 nmol/g dry wood, respectively.
While this observation is consistent with phenylprope-
noic acids accumulating, they account for only �0.14%
of dry wood, which even if associated with lignin would
represent only �0.63% of the latter.

Table 6

Recalculation of cellulose contents of aspen transformants adjusted for reductions in lignin contents, relative to observed values (recalculated from

data in Hu et al., 1999)

Plant

line

Observed

lignin content

[% (w/w) of dry

wood]

Calculateda

cellulose content

[% (w/w) of dry wood]

Observed

cellulose content

[% (w/w) of dry wood]

Percentage

difference between

observed and

calculated cellulose

contents

Control 21.62 44.23 44.23 0.00

A12 20.60 44.81 46.55 3.89

A11 20.40 44.92 45.95 2.30

A9 19.40 45.48 47.49 4.41

A15 18.60 45.93 45.98 0.10

A5 13.02 49.08 49.74 1.34

A8 12.90 49.15 48.14 �2.06

A4 12.83 49.19 48.35 �1.71

A6 11.84 49.75 50.83 2.17

a To account for % decrease in lignin amounts, cellulose contents, C0, were calculated as follows: C0=C/(100�D) � 100, where C is cellulose

content (% of dry wood) of the control, D is the decrease in lignin per 100 g of dry wood. D=L�R, where L is the lignin content (% of dry wood) of

the control, R is the lignin content that remained per 100 g of dry wood, normalized to the control. R=[(100�L) � O]/(100�O), where O is the

observed lignin content. Example (for A12): R=[(100�21.62) � 20.60]/(100�20.60)=20.34; D=21.62�20.34=1.28; C0=44.23/(100�1.28) �

100=44.81.

Fig. 11. Putative enhanced growth of 4CL-downregulated aspen relative to the wild type. Ten-week old control (left) beside four transgenic aspen

plants (right) of the same age (see text for details). Reproduced from Hu et al. (1999) with permission of Nature America.
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The S/G ratios (�1.8 to �2.2) of transgenic aspen
plants were also reported to be essentially the same as
that of wild type, an observation again at variance with
the findings with tobacco and arabidopsis. However, no
additional comment can be made with respect to these
S/G values, since the yields (on a CWR basis) were not
provided, relative to the controls. Based on the data
obtained in the previous and subsequent analyses, the
recoveries would be expected to be low if lignin reduc-
tions to the extent reported are observed. Unfortu-
nately, the extent of any vasculature collapse in the
tissues was not determined. Nor was any testing of the
mechanical properties of the transformants reported in
order to gauge the effects of the downregulation descri-
bed on vascular integrity.

5.6. Caffeoyl-CoA O-methyltransferases (EC 2.1.1.104)

The first cloning of a gene encoding a CCOMT was
reported using parsley (Schmitt et al., 1991). Later,
CCOMT was reported to be involved in lignification in
zinnia, tobacco, tomato (Lycopersicon esculentum), soy-
bean, alfalfa and forsythia (Forsythia suspensa) (Ye,
1997). CCOMT cDNAs have also been isolated from a
number of species, including arabidopsis (Zou and
Taylor, 1994), aspen (Meng and Campbell, 1998), Stel-
laria longipes (Zhang et al., 1995), Vitis vinifera (Busam
et al., 1997), tobacco (Martz et al., 1998), and poplar
(Populus trichocarpa) (Chen et al., 1998). Typically,
CCOMT exists as a multigene family (Lewis et al.,
1999): for example, tobacco has at least six known
CCOMT isoforms, zinnia has at least five and both
poplar and arabidopsis have two each. However, to date,
there is only one known CCOMT isoform in aspen,
alfalfa, parsley, V. vinifera and S. longipes.
CCOMT, when heterologously expressed in E. coli

and assayed in vitro, is considered specific for caffeoyl
(11) and 5-hydroxyferuloyl (16) CoA, and generally
does not efficiently use hydroxycinnamic acids as sub-
strates (Busam et al., 1997; Inoue et al., 1998; Martz et
al., 1998). There is as yet no report of the activity of this
enzyme towards the aldehydes and alcohols. Thus, the
known in vitro properties of CCOMT lead to at least
three possible physiological functions during mono-
lignol biosynthesis: (i) methylation of caffeoyl CoA (11)
to form feruloyl CoA (13), (ii) methylation of 5-hydro-
xyferuloyl CoA (16) to form sinapoyl CoA (20), and (iii)
methylation of both substrates (see Fig. 1). Whatever
substrate is actually used, downregulation of CCOMT
would again not be expected to decrease the amount of
carbon allocated to the phenylpropanoid pathway, since
the corresponding regulatory steps are considered to be
situated further upstream.
Five studies have been reported thus far examining

the effects of suppressing the expression of various
caffeoyl CoA O-methyltransferases (CCOMTs), these

being performed in tobacco (Zhong et al., 1998; Pinçon
et al., 2001), alfalfa (Guo et al., 2001) and poplar
(Meyermans et al., 2000; Zhong et al., 2000). In each
case, the transgene was overexpressed under the control
of the CaMV 35S promoter, except for alfalfa, which
utilized the bean PAL2 promoter to drive expression of
CCOMT in either sense or antisense orientations. The
results of these experiments are summarized in Tables 7
and 8 and Figs. 7B, 12A–D and 13A–D, respectively;
again significant differences were noted.
As mentioned before, the relative lignin contents

from CCOMT downregulation experiments were re-
calculated as percentages of the controls, these being
plotted as a function of either CCOMT protein levels
or CCOMT activities (Fig. 7B). Lignin estimations
employed the Klason procedure, whereas CCOMT
levels were quantified either through immunoblot ana-
lyses in the case of tobacco (Pinçon et al., 2001) and
poplar (Meyermans et al., 2000), or by using caffeoyl
CoA (11) as a substrate for the enzyme assays in
tobacco (Zhong et al., 1998), poplar (Zhong et al., 2000)
and alfalfa (Guo et al., 2001). Although it would be
preferable to estimate relative CCOMT activities by
both methods, CCOMT immunoblotting may possibly
be a more accurate way of evaluation. This is because
endogenous COMTs are also capable of methylating
caffeoyl CoA (11), i.e. it was reported that an alfalfa
COMT expressed in E. coli can methylate caffeoyl CoA
(11) to about half of that for caffeic acid (10) (Inoue et
al., 1998). Hence, CCOMT activities measured in plant
extracts using caffeoyl CoA (11) may be overestimated
due to the presence of endogenous COMTs.

5.6.1. CCOMT differential downregulation in tobacco
The two studies on CCOMT downregulation in

tobacco gave most different results, and thus both the
design of each experiment and the analytical methodol-
ogies employed are discussed. First, Zhong et al. (1998)
isolated four different CCOMT cDNAs from tobacco
stem cDNA library, and classified them into two
groups, in which the members of each group shared
>94% nucleotide sequence identity. However, it must
be emphasized that the precise physiological role of
each is unknown, e.g. as regards temporal/spatial
expression and physiological function in a particular cell
type. [One or more may, for example, be specifically
used for feruloyl tyramine (33) formation.] Never-
theless, CCOMT 1 and 2 were assigned to Group 1,
whereas CCOMT 3 and 9 were allocated to Group 2.
Antisense CCOMT1 and CCOMT9 sequences were
then used to downregulate both isoforms in Groups 1
and 2, respectively. On the other hand, Maury et al.
(1999) isolated six CCOMT genes and grouped them
into three classes, of which CCOMT 1, 2, 3 and 4 were
in Class 1, CCOMT5 was in Class 2, and CCOMT6 was
in Class 3: Pinçon and associates (Pinçon et al., 2001)
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Table 7

Preliminary characterization of transgenic tobacco and alfalfa following introduction of homologous CCOMT transgene

Plant

line

Enzyme

and gene

expression

localization

Transgene

orientation

Promoter Gross

morphological

changes in

phenotypes of T0
transformants

Tissue

analyzed

for lignins

CCOMT

levels (%

relative to

average of

controls)

Lignin

amountsa

(% CWR)

Estimated

S and G

recovery

(% of lignin)

S/G

ratio

Analytical

techniques

employed

A. Tobacco, Zhong et al. (1998)

XT1 Protein localized

mainly in xylem

ray cells, some in

phloem and xylem

fibers

(Control) ‘‘Mature’’

stems from

plants of

unspecified age

100 17.3 17.2 0.70 Pyrolysis-MS;

Klason lignin analysis;

NaOH hydrolysis;

histochemical staining

XT2 (Control) 100 18.1 16.8 0.79

1+9–123 Antisense 35S None reported 28 11.9 13.0 0.91

9–164 Antisense 35S None reported 23 9.7 17.4 1.05

B. Tobacco, Pinçon et al. (2001)

Control n.d. (Control) Stems of 12-

week old

plants

100 17.4 50.7 0.92 Thioacidolysisb;

Klason lignin

analysis;

histochemical staining

AS27 n.d. Antisense 35S Dwarfed stem,

narrow leaves,

short stamen

40 14.8 47.0 0.90

AS30 n.d. Antisense 35S 21 16.0 52.0 0.84

C. Alfalfa, Guo et al. (2001)

1 mRNA localized

in xylem in 2nd

internode, xylem

and phloem in 3rd

and 5th internodes,

some in xylem in

7th internode

(Control) Sixth to ninth

internodes

from stems

of the same

development

stage (age not

specified)

106 17.9 50.6 0.47 Thioacidolysisb;

Raney nickel

desulfurization;

Klason lignin

analysis; NMR;

histochemical

staining

2 (Control) 100 17.2 51.3 0.52

48 (Control) 94 17.6 47.1 0.56

ACC315 Antisense PAL2 None reported 5 15.5 50.5 0.67

ACC305 Antisense PAL2 None reported 3 14.6 41.5 1.06

The frequency of interunit linkages in and MW ranges of lignins, as well as the ultrastructural effects on cell wall types and patterns of lignin deposition were not

determined (n.d.).
a Lignin amounts were not corrected for proteinaceous and/or ash-forming constituents.
b Assumes that all thioacidolytic products came from b-O-4 linked coniferyl (2) and sinapyl (3) alcohols in the lignin polymers.

Table 8

Preliminary characterization of transgenic poplar following introduction of homologous CCOMT transgene

Plant

line

Enzyme

and gene

expression

localization

Transgene

orientation

Promoter Gross

morphological

changes in

phenotypes

Tissue

analyzed

for lignins

CCOMT

levels (%

relative to

average of

controls)

Lignin

amountsa
Estimated

S and G

recovery

(% of lignin)b

S/G

ratio

Analytical

techniques

employed

A. Zhong et al. (2000) (% of average

of controls )

AV1 Protein localized

mainly in xylem

parenchyma cells and

phloem in top part of

stem; in lower part of

stem, found in xylary

fibers, xylem ray

parenchyma cells,

phloem fibers and

phloem

(Control) Stems from

9-month old

plants

87 98 n.d. n.d. Klason;

histochemical

staining;

pyrolysis-MS;

diffusion

reflectance

infrared Fourier

transform

spectral

analysis

AV2 (Control) 104 102 n.d. n.d.

ACoA1 Antisense 35S None 105 102 n.d. n.d.

ACoA2 Antisense 35S None 120 107 n.d. n.d.

ACoA3 Antisense 35S None 60 78 n.d. n.d.

ACoA4 Antisense 35S None 83 88 n.d. n.d.

ACoA5 Antisense 35S None 86 110 n.d. n.d.

ACoA6 Antisense 35S None 75 90 n.d. n.d.

ACoA7 Antisense 35S None 70 81 n.d. n.d.

ACoA8 Antisense 35S Light orange

wood

32 55 n.d. n.d.

B. Meyermans et al. (2000) (% CWR)

Wild type mRNA localized in

xylem in top

internodes, xylem

and phloem in

middle and lower

internodes

(Control)

Stems from

7-month old

plants

100 19.9 42.6 1.77

Thioacidolysis;

Klason lignin

analysis; NMR;

histochemical

staining

sccoaomt-16 Sense 35S Pink-red

xylem

8.4 17.6 40.6 1.97

sccoaomt-29 Sense 35S Pink-red

xylem

10.2 17.5 41.4 1.91

The frequency of interunit linkages in and MW ranges of lignins, as well as the ultrastructural effects on cell wall types and patterns of lignin deposition were not

determined (n.d.).
a Meyermans et al. (2000) reported Klason lignin as %CWR; Zhong et al. (2000) reported Klason lignin as % relative to average of controls. Lignin estimations were

not corrected for proteinaceous and/or ash-forming constituents.
b Assumes that all thioacidolytic products came from b-O-4 linked coniferyl (2) and sinapyl (3) alcohols in the lignin polymers.
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used the CCOMT2 to downregulate CCOMTs in
tobacco. Thus, all of the experiments were designed in a
manner that would not be expected to yield incisive
results regarding the physiological role of each isoform.

5.6.1.1. Phenotypes. Both tobacco CCOMT down-
regulation studies (Zhong et al., 1998; Pinçon et al.,
2001) gave very different findings, including phenotypes
which were quite distinct: Zhong et al.’s transgenic

Fig. 12. Estimated lignin contents versus guaiacyl (G, &, &) and syringyl (S, �, *) recoveries of cell wall residues (CWR) of control (solid symbols)
and CCOMT transgenic lines (open symbols) in tobacco. Klason lignin contents and G (A, C) and S (B, D) recoveries, following alkaline hydrolysis

(A, B) and thioacidolysis (C, D), are estimated in terms percentage of cell wall residue (% CWR). Data recalculated from Zhong et al. (1998) (A, B)

and Pincon et al. (2001) (C, D). SD=standard deviation.

Fig. 13. Estimated lignin contents versus guaiacyl (G, &, &) and syringyl (S, �, *) recoveries of cell wall residues (CWR) of control (solid symbols)
and CCOMT transgenic lines (open symbols) in poplar (A, B) and alfalfa (C, D). Klason lignin contents and G (A, C) and S (B, D) recoveries from

thioacidolysis are estimated in terms of percentage cell wall residue (% CWR). Data recalculated from Meyermans et al. (2000) (A, B) and Guo et al.

(2001) (C, D). SD=standard deviation.
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plants grew normally, whereas those of Pinçon et al.
were dwarfed. Of the 109 antisense plants produced by
Zhong et al., two (see Table 7A, lines 1+9–123 and 9–
164 and Fig. 12A and B) were selected for further study,
those having 28 and 23% residual CCOMT activities,
and estimated lignin contents reduced by �33 and 45%,
respectively, relative to the controls.
Despite the changes in lignin content and composi-

tions, however, both transgenic lines apparently grew to
the same height at the same rate, and flowered at the
same time as the wild type. Tissue analyses also revealed
that some of the vessel elements in both the primary and
secondary xylem were deformed (crushed and collapsed
inward), as expected from the reduction in lignin con-
tents and, hence, compromised vascular integrity. The
ages (i.e. maturity) of the plants were not described in
this study.
On the other hand, Pinçon et al. (2001) generated 27

antisense plants, of which only two (see Table 7B, lines
AS27 and AS30, and Fig. 12C and D) were selected for
further analysis. These mature (12-week old) transfor-
mants had more moderate reductions in both CCOMT
activities and Klason lignin contents (�15 and 8%,
respectively), with essentially no effect on S/G ratios
(�0.9) relative to the controls.
It is also noteworthy that, in the latter study, the level

of CCOMT inhibition apparently also varied depending
on the developmental stage of the plant. Plants having
<40% residual CCOMT activity at the in vitro plantlet
stage attained CCOMT activities comparable to (or
even greater than) the controls after 6 weeks of growth,
but were again reduced to <60% of the controls after
another 6 weeks. However, it is uncertain whether the
activity detected was due to resurgence of CCOMT
levels or to (transient) upregulation of other OMTs.
Nevertheless, these results emphasize the need to
measure directly and unambiguously the actual protein
levels at different developmental stages of the plant,
before any correlation between enzyme suppression and
lignin biosynthesis can be made.

5.6.1.2. Effects on lignification. Fig. 12A and B plot the
%G and %S recoveries in the CWR versus the Klason
lignin content of the Zhong et al. tobacco transfor-
mants, with G and S recoveries being estimated by
alkaline hydrolysis of each line. There are two note-
worthy features, although the number of data points is
very small: first, both G and S levels appear to have
decreased in roughly comparable ways, relative to the
lowering of the lignin contents. However, the overall
G+S recoveries using this method, were much lower
than that typically attained, and thus this alkaline
hydrolysis method may not give an accurate depiction
of the overall effect. Second, the S/G ratios apparently
increased slightly from �0.70–0.79 in the wild type to
0.91–1.05 in the transformants (Table 7A). While this is

perhaps indicative of differential control over G and G–S
monolignol-forming pathway networks in different cell
types and/or differential hydrolytic properties of lignin
fragments in the transgenic plants, the data are too few
to draw any statistically valid conclusions. Further-
more, no thioacidolysis determinations were carried out
to exclude interference from non-lignin moieties, such as
cell wall-bound hydroxycinnamic acids. Clearly, it
would be instructive to determine the precise effects on
G and S compositions and recoveries by studying each
CCOMT individually.
In the Pinçon et al. (2001) contribution, by com-

parison, the S and G recoveries once again decreased
relatively uniformly with the reduction in estimated
Klason lignin content (Fig. 12C and D). Note in this
case, however, that the corresponding G and S recoveries
were more than 2–3-fold higher than that of the Zhong
et al. study. As emphasized earlier, the Klason lignin
values in both studies may not be accurate for reasons
of both overestimation (due to proteinaceous and ash-
forming components) and underestimation (due to more
readily hydrolysable angiosperm lignins). Furthermore,
although the data are insufficient to extrapolate both G
and S recoveries as lignin contents are decreased further,
they provisionally suggest that thioacidolytic recoveries
may be undetectable at about 30% of the estimated
overall Klason lignin levels. Yet, in spite of the con-
siderable differences in both phenotypes observed and
analytical methodologies employed, the Zhong et al.
(1998) and Pinçon et al. (2001) studies displayed the same
overall trend, in terms of reducing S+G recoveries and
lignin amounts.

5.6.1.3. Challenges for the future. One question that
remains unanswered is why did both studies generate
such vastly different phenotypes, in terms of growth and
development, as a consequence of differential down-
regulation of arbitrarily selected CCOMT gene family
members. Unfortunately, due to the very small number
of fully characterized transformants selected, it is not
possible at this time to discern what trend, if any, is
representative. Indeed, the apparently contradictory
results obtained again emphasize the need for statisti-
cally valid data using many more transformants, as well
as studying the effects of progressive downregulation.
The requirement for more comprehensive analyses
becomes even more important considering the varia-
bility of CCOMT expression across the different devel-
opmental stages of the plant, and interference from
other OMTs. Accordingly, much more needs to be done
with each of the CCOMTs individually to determine
unambiguously what role each has, what substrate is
used, and in what tissues. Could the observations being
made result from different, albeit related, CCOMT
functions in different cell types/tissues being differen-
tially affected?
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Additonally, neither study reported the presence of
any other phenylpropanoid constituents accumulating
in either the cell wall residue or in the ‘‘extractable’’
portions of the transgenic tissues; these analyses are
needed in order to account for the carbon no longer
directed to lignin assembly. Mechanical testing is also
required in order to help quantify the weakening of the
vascular apparatus, as is comprehensive analysis of the
lignins present in these tissues.

5.6.2. CCOMT downregulation in poplar
Two studies have also been reported on CCOMT

downregulation in poplar (Meyermans et al., 2000;
Zhong et al., 2000). Zhong et al. generated eight trans-
genic Populus tremula � Populus alba plants (see
Table 8A, lines ACoA1–8) using CCOMT cDNA from
same (sequence not reported), expressed in the antisense
orientation using the CaMV 35S promoter. Of these,
only line ACoA8 had significant reductions in both
CCOMT activity (68%), and in lignin contents (45%
reduction), relative to the controls (transformed plants
with empty vector). The other transformants had smaller
reductions in lignin levels.
In the work of Meyermans et al. (2000), two isoforms

of CCOMT were obtained from Populus trichocarpa, of
which one was arbitrarily selected to downregulate
CCOMT in Populus tremula � Populus alba, using both
sense and antisense constructs. Of the transformants
obtained, only those with the sense construct had
strongly reduced CCOMT levels (�8–10% of control,
see Table 8B).

5.6.2.1. Phenotypes. Line ACoA8 was used by Zhong et
al. for further characterization, and while no abnormal
growth patterns or lesions were observed, some vessels
were again slightly deformed. The wood also displayed
a light orange color, which was resistant to extraction
with 50% aqueous methanol. Gas–liquid chromato-
graphic analysis of the extracted phenolics showed no
significant increase in caffeic acid (10) levels, but an �2-
to �3-fold increase in minute levels of p-hydroxy-
benzoic acid (pHBA, 38) was observed (data was not
shown and exact amounts were not reported). Note
however that pHBA (38) is a well-known minor
‘‘extractive’’ constituent of poplar (Populus tremula)
wood (Smith, 1955) (discussed later). Unfortunately, S
and G recoveries relative to decreasing lignin contents
were not provided, thereby limiting the analysis of this
study.
Two sense transformants (see Table 8B and Fig. 13A

and B, lines sccoaomt-16 and sccoaomt-29) were chosen
by Meyermans et al. (2000) for further analysis: these
had �8.4 and �10.2% residual CCOMT levels relative
to wild type, respectively. Both transformants, with only
moderate reductions in estimated lignin contents (ca.
12% reductions in total), had pink-red xylem, which

fluoresced upon UV microscopic analysis. One antisense
line generated by Meyermans et al. had a mottled pink-
red coloration (data was not shown). This particular
transgenic plant also had reduced CCOMT levels in
the pink-red xylem region, whereas normal levels of
CCOMT were present in the neighboring whitish xylem,
as estimated by immunoblot analysis. Thus, similar to
what was observed in the 4CL-downregulation of
tobacco, gene-silencing seemed not to be uniformly dis-
tributed throughout the xylem. (No other details
regarding this and other antisense lines were reported.)

5.6.2.2. Effects on lignification. It is unknown as to
whether or not the particular CCOMT isoforms used by
either Zhong et al. (2000) or Meyermans et al. (2000)
are those which are specifically involved in lignification,
and again the effects on individual isoforms need to be
thoroughly investigated. Nevertheless, the plots of %G
and %S of the CWR, in relation to estimated Klason
lignin contents, showed relatively comparable reduc-
tions in G and S amounts with reduced lignin levels
(Fig. 13A and B). This effect on both G and S recoveries
would be expected if CCOMT was utilized for bio-
synthesis of both guaiacyl and syringyl moieties. (How-
ever, from the extent of downregulation noted, the
effects on lignin biosynthesis overall were also quite
minimal, indicating that it is not a rate-limiting step.)
Additional attempts to detect thioacidolysis dimers (b-1,
b-b, b-5, 4-O-5, 5-5, and a-b), which are apparently
released during thioacidolysis in trace amounts, showed
no difference between transformants and controls. As
before, there is insufficient data (number of transfor-
mants analyzed) to make statistically valid conclusions.
To investigate whether other possible changes had

occurred, the investigators isolated preparations, fol-
lowing lengthy lignin isolation procedures, and sub-
jected them to NMR spectroscopic analyses
(Meyermans et al., 2000). The procedure used, however,
had many of the limitations noted previously in 4CL
downregulation: in each case, the extractive-free cell
wall material was ‘‘ball-milled, suspended in 50 mM
acetate buffer (pH 5.0), and treated with 30 mg of cel-
lulase (Cellulysin) per 1 g of ball-milled material. Cell
wall digestions ran for 8 days with fresh enzyme and
buffer being added after 2.5 and 5 days of incubation at
30 �C. The resulting lignin polysaccharide complex was
subjected to fractionation in 96:4 (v/v) dioxane/water.’’
The 13C NMR spectra (see Fig. 14A and B, peaks P1–

P7) of the crude dioxane isolates (reported to account
for 73 and 72% of wild type and sccoaomt-16 Klason
lignins, respectively: no details given) were similar.
These data apparently demonstrate that CCOMT
repression did not result in either the possible build up
of intermediates such as caffeic acid (10), caffeyl alde-
hyde (41) or caffeyl alcohol (42), and/or their incor-
poration into the lignin. However, there were ten
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additional resonances in the transformants: five were
ascribed to undefined impurities in the preparation
(designated �) and the remainder corresponded to sig-
nals of well-known esterified pHBA (38) (derivatives). It
is not known though whether both sets of resonances
(i.e. � and P1–P7) are interrelated or not, based on the
data provided. Yet, this is a possibility since all of the
additional signals are increased in intensity relative to
wild type.
As indicated earlier in the 4CL downregulation sec-

tion, care must be exercised in interpreting the spectral
data for the following reasons: (i) mobile components
on a polymer backbone (e.g. side-chain attachments) or
low molecular weight impurities in same can result in
disproportionately large NMR signals; (ii) as for fer-
uloyl tyramine (33) derivatives, the cellular and cell
(type) origin of the pHBA (38) constituents is unknown
and their co-isolation with a lignin fraction may simply
be coincidental; (iii) with the small reduction in lignin
levels observed (presumed to be �12%), the relatively
small increases in pHBA (38) signal intensities may
solely be due to this decrease in lignin content and/or
to a minor form of metabolic shunting. Indeed, quanti-
fication of the levels of pHBA (38) in the poplar cell
wall residue, using GC/MS verified that its levels had
only increased marginally, i.e. from about 0.12% of
the cell wall residue of wild type to 0.19–0.22% in the
transformants.
Initially, (Smith, 1955) had also attributed the pre-

sence of pHBA (38) moieties as being minor con-
stituents of poplar lignin (�0.8%); however, much of
it was removed during cold methanol extraction, which

neither solubilizes lignin nor efficiently removes extrac-
tives. At that time, it was also incorrectly believed that
various ‘‘extractives’’ in different plant species repre-
sented traces of native lignin, which had not been fully
polymerized. It is now known that various metabolites
are primarily defense compounds laid down, for exam-
ple, during heartwood formation and the like (Sakaki-
bara et al., 1987; Gang et al., 1998). Furthermore, their
presence in so-called lignin preparations could occur in
at least two ways other than for lignification: (i) via
artifactual generation (e.g. through transesterification
under acidic conditions during the lengthy isolation
procedures), and/or (ii) by being deposited into pre-
lignified wood, via parenchyma cell excretion, as occurs
during heartwood formation in other tree species
(Chattaway, 1952). Indeed, a portion of such substances
can become immobilized in the lignified matrix, even
though they are not part of the lignified structural
assembly. Thus, even though poplar does not form
heartwood, the constituents to which the pHBA (38)
moieties are covalently linked needs to be determined,
as does how, when, and if these moieties are excreted
into cell walls, and if so, into what type. [Indeed,
whether the increase in pHBA (38) moieties is a direct
effect of CCOMT downregulation or part of the plant’s
stress response also remains unknown at this point.]

5.6.2.3. Accumulation of shunt metabolites. Analysis of
the methanol extracts of xylem tissues from transgenic
lines sccoaomt-16 and sccoaomt-29 also established a
minute increase in apparent metabolic shunting into
non-lignin products, i.e. in terms of increased amounts

Fig. 14. 13C NMR spectra of dioxane-soluble isolates from wild type (A) and CCOMT-downregulated poplar, sccoaomt-16 (B), following appli-

cation of a lengthy lignin isolation procedure (see text). Components depicted as P1 to P7 (#) are estimated to represent 0.1–0.2% of the cell wall

residue. �=impurities in the sample. Reproduced from Meyermans et al. (2000) with permission of the American Society for Biochemistry and

Molecular Biology via Copyright Clearance Center.

A.M. Anterola, N.G. Lewis / Phytochemistry 61 (2002) 221–294 253



of glucosides of caffeic (10) (�1.2–2.5 mg/g), sinapic (19)
(�4–20 mg/g) and vanillic (39) acids (�0.2–0.4 mg/g),
which together though represent only ca. 0.0023% of
the woody tissue. The increased accumulation of gluco-
sides is, however, consistent with a portion of the cor-
responding substrates for CCOMT being shunted into
other metabolic pathways, when the requisite processing
for lignification does not occur. Indeed, although not
proven, the pink-red coloration noted in the tissues is
likely a consequence of oxidation of catechols present,
such as caffeic acid (10), or of related phenolics that
build up. However, when considered together, these
substances only account for a minuscule amount of the
lignin depletion noted. Accordingly, it will be useful to
much more comprehensively examine the transformants
in terms of effects on lignin polymerization (i.e. mole-
cular weight distribution), on integrity of the vascular
tissues, and on the full range of the chemical con-
stituents within the soluble extractives. Nevertheless, on
the basis of the very limited reduction in lignin content
noted, the results are generally consistent with what
would be expected for downregulation of a non-rate-
limiting step.

5.6.3. CCOMT downregulation in alfalfa
A fifth CCOMT downregulation study was performed

using alfalfa (Guo et al., 2001), which apparently only
has one CCOMT; its downregulation had only a mod-
erate effect on overall estimated Klason lignin contents
even at highly repressed levels. In that study, transfor-
mants were generated by expressing the full-length
alfalfa CCOMT gene in the sense or antisense orienta-
tion, under control of the bean PAL2 promoter. Of the
20 sense and 14 antisense plants obtained, two sense
(SCC16 and SCC20) and two antisense (ACC315 and
ACC305) lines were severely depleted in CCOMT
activities (<10% of the wild type).

5.6.3.1. Phenotypes. There was no report of any devel-
opmental abnormalities in the transgenic lines. Only the
two antisense lines, however, were analyzed further, and
these had low residual CCOMT activities (�3–5% of
the wild type, see Table 7C) and almost undetectable
CCOMT transcripts and proteins, as revealed by RNA
and protein gel blot analyses. [By comparison the
COMT protein levels increased �2-fold in ACC305,
but not in ACC315.] Additionally, both phloroglucinol-

Table 9

Preliminary characterization of transgenic arabidopsis plants following introduction of the CYP84 transgene (Meyer et al., 1998; Marita et al., 1999)

Plant

line

Transgene

orientation

Promoter Gross

morphological

changes in

phenotypes of T0
transformants

F5H

activity

Lignin

amountsa

(% CWR)

S and G

recoverya

(% of CWR)

Estimated

S and G

recoverya

(% of lignin)

S/G

ratio

Proposed frequency of

interunit linkages in lignins

(estimated by NMR

analysis with less than 20%

lignin recovered)

Analytical

techniques

employeda

wt (Control) Blue-green under UV n.d. 17 3.81 22.4 0.22 8-50, Dibenzodioxocins,

8-O-40, 8-80
Nitrobenzene

oxidation;

Klason lignin

analysis; NMR;

DFRC method;

histochemical

staining

fah1-2 (Mutant) Red under UV n.d. 19 4.90 25.8 0.00 More 8-50,

dibenzodioxocins,

and 8-O-40, but fewer 8-80

A Sense 35S None reported n.d. 19 6.34 33.4 0.05 Trace 8-50, trace

dibenzodioxocins,

erythro 8-O-40

predominates over

threo 8-O-40

(80% erythro),

more 8-80

B Sense 35S None reported n.d. 19 4.50 23.7 0.16

C Sense 35S None reported n.d. 19 4.69 24.7 0.24

G Sense 35S None reported n.d. 19 4.45 23.4 0.24

E Sense 35S None reported n.d. 19 6.53 34.4 0.29

F Sense 35S None reported n.d. 19 7.22 38.0 0.34

D Sense 35S None reported n.d. 19 4.77 25.1 0.36

H Sense 35S None reported n.d. 19 4.14 21.8 0.37

I Sense 35S None reported n.d. 19 4.57 24.1 0.40

L Sense C4H None reported n.d. 11 7.47 67.9 0.8 Trace 8-50,

trace dibenzodioxins,

erythro 8-O-40

predominates over

threo 8-O-40

(80% erythro),

more 8-80

K Sense C4H None reported n.d. 11 7.36 66.9 0.9

M Sense C4H None reported n.d. 11 7.91 71.9 2.4

O Sense C4H None reported n.d. 11 6.63 60.2 3.5

J Sense C4H None reported n.d. 11 7.33 66.7 4.8

P Sense C4H None reported n.d. 11 9.05 82.2 5.8

N Sense C4H None reported n.d. 11 8.84 80.3 8.9

R Sense C4H None reported n.d. 11 8.49 77.2 9.0

Q Sense C4H None reported n.d. 11 6.95 63.2 11.4

n.d.=not detected.
a Stem tissues of 5-week old plants were used for nitrobenzene oxidation (NBO) and derivatization followed by reductive cleavage (DFRC) analyses; stem

sections of 8-week old plants were employed for Klason lignin determination and NMR spectral analyses. Lignin estimations were not corrected for proteinaceous

and/or ash-forming constituents. The enzyme and gene expression localizations were not carried out.
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HCl and Maüle reagent tests were essentially indis-
tinguishable from the wild type.

5.6.3.2. Effects on lignification and accumulation of
shunt metabolites. Fig. 13C and D plots the %G and
%S thioacidolysis recoveries of the CWR as a function
of estimated Klason lignin contents in the various con-
trol and transformant lines as before. Again there are
too few data points for statistically valid conclusions to
be drawn. The data obtained thus far, however, suggest
that regardless of the estimated small reductions in lignin
contents of both transformants, there may be a trend
towards a differential reduction in the recovery of G
fragments. On the other hand, S recovery is apparently
for the most part unchanged. Furthermore, extrapola-
tion of the data (based only on two points) would
suggest that G components would be undetectable if
estimated lignin levels were reduced to ca. 10–11% lignin
in the CWR (�60% of the original lignin). (Trace
amounts of thioacidolysis dimers were also detected but
no significant differences were noted in comparison
to the controls.) While these data suggest exclusive
involvement of CCOMT in formation of the G units,
and that S biosynthesis does not require CCOMT
(which is in conflict with the previous findings in

tobacco and poplar), it should not be ignored that in
this alfalfa study the CCOMT gene was targeted using a
heterologous bean PAL2 promoter (rather than the 35S
CaMV constitutive or the native CCOMT promoters).
It is therefore possible that the apparent specificity of
the effect of CCOMT downregulation towards G-lignin
biosynthesis may simply be due to the synchronized
activity of the bean PAL2 promoter with the G-forming
network. Nonetheless, the data provisionally suggest
that the G and G–S pathways are kept distinct.
Additionally, in a somewhat analogous manner to the

poplar study, the analysis of soluble phenolics in the
CCOMT-downregulated alfalfa plants revealed an
increased accumulation of caffeoyl-b-d-glucoside (with
a caffeic acid (10) aglycone, whose exact structure is
unknown) albeit in trace amounts, i.e. from <0.000005
to 0.000025% cell wall residue. While these data are
consistent with increased formation of shunt metabo-
lites, the amounts accounted for, relative to lignin
depletion levels, are too minute to draw any meaningful
conclusions.

5.6.3.3. Challenges for the future. The effect of CCOMT
downregulation on lignification in alfalfa may be more
considerable than what Fig. 13C and D suggest, since

Fig. 15. Graphical analyses of reported lignin, guaiacyl and syringyl contents in up- and down-regulated arabidopsis, tobacco and poplar plants.

Arabidopsis fah1 mutant was transformed with either 35S-F5H (A), or C4H promoter-F5H (B) constructs (Meyer et al., 1998), whereas tobacco (C)

and poplar (D) plants were transformed with the arabidopsis C4H promoter-F5H construct (Franke et al., 2000). Legend for (A) and (B): &=G;

�=S; ^=G+S; ~=Klason lignin.
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for almost 70 years it has been known that herbaceous
plants and grasses contain significant levels of proteins,
which are rendered insoluble during the Klason lignin
analyses (summarized in Lai and Sarkanen, 1971).
Indeed, alfalfa is grown, in large part, for its high pro-
tein contents and is thus a prime candidate for over-
estimated lignin contents using the Klason method.
These data thus once again underscore the need to fully
characterize the bulk of the material currently being
classified as lignin, and to determine whether actual lig-
nin levels are indeed being correctly assessed for each
plant system studied.

5.7. Hydroxylation at C-5 (previously ferulate 5-
hydroxylase specific)

Ferulate 5-hydroxylase (F5H) introduces the final
hydroxyl group at C-5 on the aromatic ring, thereby
ultimately giving the substitution pattern necessary for
S unit formation. The enzyme was initially detected in
poplar (Populus � euramericana) (Grand, 1984), whose
crude microsomal extracts were reported capable of
converting ferulic acid (12) into 5-hydroxyferulic acid
(15) (Km=63 mM). [The first report of 5-hydroxyferulic
acid (15) as a natural product came from a study of
maize phenolics some 15 years ago (Ohashi et al.,
1987).] The gene CYP84, presumed to encode F5H was
subsequently cloned from arabidopsis, and is considered
responsible for the final aromatic hydroxylation step,
which ultimately affords sinapyl alcohol (3) (Chapple et
al., 1992). It was identified through mutational studies
using an ethane methylsulfonate-mutagenized sin1 ara-
bidopsis mutant, which was reportedly devoid of sina-
pate esters and lignin syringyl units. When this mutant
was administered [U-14C]-Phe (4), conversion into radi-
olabeled ferulic (12) but not sinapic (19) acids occurred,
whereas the wild type accumulated both. Furthermore,
providing 5-hydroxyferulate (15) to the mutant restored
some capability for formation of sinapic acid (19).
Taken together these data suggested that the muta-
tion(s) had blocked the conversion of ferulic acid (12)
into 5-hydroxyferulic acid (15).
Proof of the role of F5H in sinapate ester formation

came from studies of genetic complementation with the
F5H gene of the T-DNA fah1 arabidopsis mutant
(Chapple et al., 1992), with the latter being similar to
sin1 in that it lacked sinapate esters and S lignins.
Complementation of fah1 with F5H restored the for-
mation of sinapate esters, which proved that F5H was
involved in sinapate ester biosynthesis.

5.7.1. Substrate specificity questions
In a later comprehensive review of the enzymes and

proteins involved in monolignol biosynthesis and lignin
assembly (Lewis et al., 1999), it was noted that there had
been insufficient demonstration in vitro of the substrate

specificity of CYP84. This cautionary remark was made
in part because of other reports by Fukushima et al.
(1997) which suggested the preferred substrate for
hydroxylation was coniferyl alcohol (2) rather than
ferulic acid (12). This in turn implied that the pathway
to sinapyl alcohol (3) in lignin formation was via con-
iferyl (2) and 5-hydroxyconiferyl (18) alcohols
(Fukushima et al., 1997; Chen et al., 1999). Those same
investigators later demonstrated that administration of
pentadeuterated [g,g0-2H2, OC2H3]-coniferyl alcohol (2)
to Magnolia kobus resulted in its intact conversion into
[g,g0-2H2, OC2H3]-sinapyl alcohol (3), albeit in low
overall conversion (�1%) (Matsui et al., 2000). The
data thus suggested that both hydroxylation and
methylation reactions occurred at the hydroxycinnamyl
(coniferyl) alcohol level; however, these researchers did
not rule out the possibility that hydroxylation/methyla-
tion might also (partially) occur with the aldehyde.
This galvanized the subsequent functional expression

of recombinant CYP84 from arabidopsis in yeast by
others, which in turn revealed a preference for the
NADPH-dependent 5-hydroxylation of both coniferyl
alcohol (2) (Km=3 mM, Vmax=6 pkat/mg) and coniferyl
aldehyde (14) (Km=1 mM, Vmax=5 pkat/mg) in vitro,
rather than with ferulic acid (12) (Km=1 mM, Vmax=4
pkat/mg) (Humphreys et al., 1999). At about the same
time, it was reported that a CYP84 from sweetgum also
preferentially catalyzed hydroxylation of coniferyl alde-
hyde (14) rather than either ferulic acid (12) or coniferyl
alcohol (2), and that its activity towards ferulic acid (12)
was inhibited by coniferyl aldehyde (14) (Osakabe et al.,
1999). Furthermore, in vitro hydroxylation and methy-
lation activities, which were required for the formation
of 5-hydroxyconiferyl (17) and sinapyl (21) aldehydes,
respectively, were demonstrated as being present in
several angiosperms: these included aspen, acacia,
basswood, black ash, hophor bean, red maple, sugar
maple, sweetgum, white birch and yellow birch (Li et
al., 2000). Yet, given that many plant systems can
accumulate sinapic acid (19) derivatives, both the
physiological substrates being utilized by CYP84 in
vivo, and whether more than one form of CYP84 with
different substrate specificities exists, still need to be
established.

5.7.2. Implications of manipulating syringyl levels in
transgenic plants
In spite of unresolved issues regarding the actual

physiological substrates, interesting studies have been
conducted on manipulating F5H (CYP84) expression in
arabidopsis (Meyer et al., 1998), tobacco (Franke et al.,
2000) and poplar (Franke et al., 2000). Indeed, the
findings are of considerable potential utility in defining
further how the pathway to sinapyl alcohol (3) is
distinctly organized, although the results obtained for
each species were very different as explained below.
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Unfortunately to date, no biomechanical testing of any
of the F5H transformants has yet been done, in order to
attempt to estimate the changes (weakening or strength-
ening) to the vascular apparatus that may have occurred.
Thus, since sinapyl (S) alcohol (3) units are typically

viewed as being deposited during the later stages of lig-
nification (e.g. during fiber development), the over-
expression of F5H in all cell types would presumably
have important consequences. For example, the con-
iferyl alcohol (2) formed in the early stages of lignin
deposition, could be anticipated to be converted into
5-hydroxy analogs. Thus, the question of the metabolic
fate of the presumed hydroxy analogs is of consider-
able interest, particularly since (as discussed later),
there is a specific COMT involved in introducing the
second methyl group in the biosynthesis of sinapyl
alcohol (3).

5.7.3. Overexpression of F5H in arabidopsis
The CYP84 gene was first overexpressed in the arabi-

dopsis null mutant fah1, a mutant rich in guaiacyl units,
with the gene being linked to either the CaMV 35S or
C4H promoters. The latter has the advantage of being
targeted to every cell where C4H is expressed, whereas
the former is considered to be non-specifically targeted
to most cell types. A rationale for using the null mutant
in the transformation was to avoid potential epigenetic
silencing due to endogenous CYP84 in the wild type.
Based on the analysis of the transgenic data obtained

for PAL, C4H, 4CL and CCOMT, it might be expected
that F5H, while initiating the branch point conversion
to sinapyl alcohol (3), would have no effect on overall
carbon allocation to the phenylpropanoid pathway. If
this assumption is correct, then there are at least two
possibilities that can be considered as regards the effects
of F5H overexpression. One is that this would yield
increased levels of sinapyl alcohol (3) and thus overall
increase the total lignin amounts due to the addition of
an extra methoxyl group. A second possibility is that if
both coniferyl (2) and sinapyl (3) alcohol pathways are
truly kept distinct, both within and among different cell
types, then addition of an extra hydroxyl group to a
guaiacyl moiety might afford a catechol (5-hydroxylated
monomer); the latter, if transported into the cell wall,
would presumably have a deleterious effect on lignin
assembly proper, since catechols can readily undergo
both quinone formation and nucleophilic attack and
thus would be unable to polymerize properly (discussed
later in section on COMTs).

5.7.4. Effects on lignification: arabidopsis
The effects of the genetic manipulation of CYP84

expression in arabidopsis were preliminarily examined
by determining the guaiacyl and syringyl components
released through nitrobenzene oxidation of solvent-
extracted and cell wall enriched preparations (Meyer et

al., 1998), and by measurement of Klason lignin con-
tents of same (Marita et al., 1999). However, these
determinations were surprisingly not conducted at the
same time: nitrobenzene oxidations were conducted on
5-week old plants, whereas Klason lignin estimates were
on 8-week old arabidopsis stems. The results obtained
are summarized in Table 9 and Fig. 15. Note that in
Fig. 15 the levels of recoverable guaiacyl and syringyl
constituents (through nitrobenzene oxidation) are not
plotted as a function of ferulate 5-hydroxylase activity,
because activity was not detected (Meyer et al., 1998).
For illustrative purposes, the transgenic lines are gen-
erally aligned in order of decreasing guaiacyl (G) content,
following the null mutant (fah1) and wild type controls.
At this point, it is important to note that most incon-

sistent data was subsequently reported for the lignin
contents of both wild type and fah1 mutants of arabi-
dopsis. That is, in another study by the same investiga-
tors (Jung et al., 1999), the Klason lignin values
reported (of ash-free residues, with no data provided for
the latter) were very high, and thus cannot be viewed as
being representative of lignin amounts without addi-
tional proof: the reported values were of 30.9% (wild
type) and 31.6–35.8% for the fah1 mutants, these being
in excess of lignin levels in most woody gymnosperm
tissues! Furthermore, while nitrobenzene oxidation
analyses of these tissues were apparently carried out, no
data was provided to correlate H, G and S recoveries as
a function (percentage) of either cell wall residues and/
or putative lignin contents. Such data again underscore
the need for caution in interpretion of putative effects
on lignification/lignin assembly, and the necessity to
overcome the technical obstacles in lignin analyses.
However, in the Meyer et al. (1998) and Marita et al.

(1999) studies, using the CaMV 35S promoter, there
was apparently a very small increase in the Klason lig-
nin contents (�19%) of both the fah1 and the CYP84-
overexpressing arabidopsis transformants A–H when
compared with the wild type (�17%) (Table 9 and
Fig. 15A); however, the statistical significance, if any, of
this cannot be evaluated with only one data point
reported for the wild type plant. Nevertheless, based on
the Klason lignin determinations and the limitations
described earlier, the amount of carbon allocated to the
phenylpropanoid pathway towards the lignins was
apparently unchanged by overexpression of CYP84 in
arabidopsis, as predicted from the previous metabolic
flux and transgenic plant studies. Thus, assuming
CYP84 indeed encodes for ferulate 5-hydroxylase, it
seems that this step is not a flux control point for car-
bon allocation in lignin biosynthesis.
Furthermore, overexpression of CYP84 in arabi-

dopsis using the 35S promoter did not lead to any sig-
nificant increase in syringyl moieties relative to that of
wild type (Fig. 15A), although small increases (up to
�2.5-fold) were noted in transformant F; note also that
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the S and G recoveries as a percentage of the putative
lignin present ranged from 21.8 to 38% in the transfor-
mants. However, S/G ratios only varied from �0.2 to
�0.4, except for one transgenic line (A), which actually
had a lower S/G ratio (0.05). These data may mean that
the CaMV 35S promoter does not efficiently target cells
involved in sinapyl alcohol (3) biosynthesis. Why the
CaMV 35S promoter had this effect is unknown at pre-
sent, but if this is correct, it signifies difficulties in using
promoters of this type that may not drive the expression
in the targeted manner desired. Additionally, why the
wild type had a very low syringyl (S) content was also
surprising [cf. 4CL downregulation in arabidopsis,
where the previous wild type plants with the same
investigators had S/G ratios �0.5 (Lee et al., 1997)].
On the other hand, when CYP84 was placed under

control of the arabidopsis C4H promoter, there were
two notable effects: the first was that the measurable
insoluble Klason lignin content was reduced sub-
stantially (to �11% of wild type control) (Fig. 15B).
The second effect was that the syringyl recoveries from
the cell wall residues increased from �1.2% in the wild
type to as high as �8% in the three transformants (lines
P, N and R), as revealed by nitrobenzene oxidation
analysis. This was also accompanied by a concomitant
decrease in guaiacyl constituents from �25% to as low
as �4% of Klason lignin in line Q.
The first effect, i.e. measured lignin content of �11%,

has been potentially attributed to less cross-linking of
the syringyl units in the lignin polymers so formed, and
thus to greater losses experienced during the Klason
lignin test (Marita et al., 1999). Although these
researchers imply that the lignin contents may actually
be higher (e.g. 17 or 19% or even more), this needs to be
verified experimentally. A second effect (see Fig. 15B) is
the substantial increase in the amount of syringaldehyde
(24) released following nitrobenzene oxidation of the
extractive-free cell wall enriched material. Based on the
�11% lignin content, the recoveries of S and G units
would approximately correspond up to �80% of the
estimated lignin content (Table 9). Alternatively, if
the lignin contents are �19%, then the recoveries would
be closer to that expected (�40%). It is not possible,
using the nitrobenzene oxidation method, to gauge to
what extent, for example, cell wall based hydroxy-
cinnamic acids are also skewing the data obtained.
The increases in observed syringyl residues should

thus also be verified by thioacidolysis, and the poly-
meric nature of the lignins established through, for
example, molecular weight determinations. Hence, while
it appears to be a reasonable assumption that the
guaiacyl components of cells that produce guaiacyl–
syringyl lignins are mainly converted into syringyl
lignins, the data reported do not yet fully prove this, e.g.
given the discrepancies between recoveries of Klason
lignin and nitrobenzene oxidation results.

Preliminary characterization of the partially solubi-
lized portion of the presumed lignin fractions of arabi-
dopsis was also carried out using NMR spectroscopic
analysis (Marita et al., 1999). In that study, the ‘‘lignin’’
recoveries from the tedious, time-consuming, proce-
dures employed were again very low: wild type plants
(�17% total Klason lignin, 24.6% of which was recov-
ered for analysis); the fah1-2 mutant (19% of lignin,
17.4% recovery); 35S–CYP84 construct (17% lignin,
29.7% recovery) and C4H–CYP84 construct (11% lig-
nin, 27.5% recovery). In the latter case, if the lignin
contents are indeed �17–19% as implied by these
investigators, then the recovery is even lower (417%).
The acetylated solubilized lignin sample, derived from

the C4H promoter–CYP84 construct and presumed to
account for <17% of the total lignin solubilized, was
reported to contain S and G units in a ratio of �9:1
(Fig. 16A, compare peaks labeled S and peaks labeled
G). Spectroscopic analysis also suggested that the b-O-4
linkages substantially predominated (% not reported),
in which �80% had an erythro (43) stereochemistry
(Fig. 16A, peaks e and t). By contrast, the acetylated
fah1-2 preparation (predominantly consisting of guaiacyl
moieties) had b-O-4 linkages in the erythro (43)/threo
(44) stereochemistries, in approximately equal ratios
(Fig. 16B, peaks e and t), with syringaresinol-like resi-
dues (peak S2/6) being evident to a much lesser extent.
Fig. 16C displays, for comparative purposes, the NMR
spectrum of the acetylated lignin of the wild type con-
trol. Clearly, it needs to be established whether (i) the
bulk of the lignin yet uncharacterized (presumed to
constitute �83% of the total) displays these same
characteristics or not; (ii) how the regioselectivity is
attained to predominantly afford the b-O-aryl linkage
and (iii) whether the true lignin content of the C4H–
CYP84 construct is 11, 17, 19% or something else.

5.7.5. Tobacco CYP84 transformants
The CYP84 gene from arabidopsis was also trans-

formed into tobacco under the control of the CaMV
35S and arabidopsis C4H promoters (Franke et al.,
2000). The results are summarized in Table 10 and
Fig. 15C with the transformants again being ordered in
terms of decreasing guaiacyl recoveries next to the wild
type (only one control reported for C4H construct).
Again no ferulate 5-hydroxylase activities were reported
for any substrates, and Klason lignin determinations
were obtained only for selected transformants (Fig. 15C).
Once again the nitrobenzene oxidation and Klason lig-
nin determinations were apparently conducted at differ-
ent stages of growth and development, and this may
partially account for why S and G recoveries relative to
estimated lignin contents were uncharacteristically high
(64.6% for wild type versus 111.2% for transformants).
On the other hand, S and G recoveries remained rela-
tively similar (�10–12% CWR) for most transformants,
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Fig. 16. 13C NMR spectra of acetylated dioxane-soluble lignin-enriched preparations from C4H promoter-F5H transgenic (A), fah1-2 mutant (B)

and wild type (C) arabidopsis. Lignin recoveries as percentage of estimated Klason lignin were: (A) 24.6; (B) 17.4; and (C) 4 17%. G=guaiacyl

unit; S=syringyl unit. Reproduced from Marita et al. (1999) with permission of the National Academy of Sciences, USA (Copyright 1999).

Table 10

Preliminary characterization of transgenic tobacco following introduction of the arabidopsis CYP84 transgene (Franke et al., 2000)

Plant

line

Transgene

orientation

Promoter Gross

morphological

changes in phenotypes

of transformants

F5H

activity

Klason

lignin

contents

(% CWR)a

S and G

recovery

(% of CWR)a

Estimated

S and G

recovery

(% of lignin)a

S/G

ratio

Analytical

techniques

employeda

wt n.d. 16.5 10.7 64.6 0.97 Nitrobenzene

oxidation;

Klason lignin

analysis;

thioglycolate

lignin

determination;

DFRC method;

A Sense 35S None reported n.d. n.d. 9.7 n.d. 0.74

D Sense 35S None reported n.d. n.d. 11.8 n.d. 1.08

B Sense 35S None reported n.d. 17.0 8.5 49.8 1.13

C Sense 35S None reported n.d. 17.8 9.3 52.2 1.21

wt n.d. 16.5 12.3 74.7 1.04

F Sense C4H None reported n.d. n.d. 12.0 n.d. 1.75

E Sense C4H None reported n.d. 16.5 6.3 38.0 0.89

G Sense C4H None reported n.d. 13.9 8.1 58.3 2.58

J Sense C4H None reported n.d. 13.1 14.5 111.2 3.64

H Sense C4H None reported n.d. n.d. 11.3 n.d. 3.88

I Sense C4H None reported n.d. n.d. 12.4 n.d. 3.93

K Sense C4H None reported n.d. 12.6 9.9 79.1 5.37

The enzyme and gene expression localizations, the frequency of interunit linkages in, and MW ranges of, lignins as well as the ultrastructural effects

on cell wall types and patterns of lignin deposition were not determined (n.d.).
a Stems and petioles from 3–6 month old tobacco plants were used: one set from T0 plants (age not specified) for NBO and another set from

younger T1 plants (age not specified) for Klason, thioglycolic acid (TGA) and derivatization followed by reductive cleavage (DFRC) analyses.

Lignin estimations were not corrected for proteinaceous and/or ash-forming constituents.
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further indicating that the Klason lignin levels cannot be
compared with G and S recoveries in this manner.
With the CaMV 35S promoter (Fig. 15C, entries A–

D), there was little apparent effect on either Klason
lignin content relative to the wild type control, or on
syringyl/guaiacyl ratios, as previously noted for arabi-
dopsis (see Table 10, entries B and C). With the arabi-
dopsis C4H promoter linked to CYP84 (entries F–K), it
was found that the syringyl derivatives in the cell wall
residue increased almost 2-fold from 7% in the wild
type to as high as 12% of the cell wall residue in one
transformant (J). However, the recovery values of the
guaiacyl and syringyl components accounted for essen-
tially all, or in some cases even exceeded, the amount of
Klason lignin recovered for the few cases reported
(Fig. 15C, see entries J and K). Note, however, that
surprisingly again each of the lignin and S/G analyses
were carried out on different tissues at different stages of
maturity. Thus, as for arabidopsis, it is important that a
convincing experimentally based explanation for these
discrepancies be obtained. In spite of these concerns, and
while it provides no insight into how lignin assembly is
effectuated, it appears that there is an increase in S units
with a concomitant decline in G. Again, it will be impor-
tant to identify the cell types that are involved in these
changes.

5.7.6. Poplar CYP84 transformants
Lastly, CYP84 from arabidopsis was expressed in

poplar using the arabidopsis C4H promoter (Franke et
al., 2000), and the transgenic lines obtained relative to the
wild type are again arranged in order of decreasing
guaiacyl residues based on nitrobenzene oxidation analy-
sis (Table 11 and Fig. 15D). Again, no correlation with

ferulate 5-hydroxylase activities was reported, and Klason
lignin contents were not determined. (Additionally, the
limitations of using a heterologous arabidopsis promoter
rather than the native one are currently unknown.)
Nevertheless, these data revealed an overall reduction in
both guaiacyl and syringyl derived constituents relative
to wild type, but with no corresponding increase in syr-
ingyl units being noted. Instead, only a decrease in overall
G recovery levels was observed, this perhaps being due to
a failure to generate S moieties from those originally
designated as G in those cell types. No additional analysis
of these transformants can be given since, for example,
Klason lignin estimations were not reported.

5.7.7. Challenges for the future: implications for lignin
assembly
Taken together, while these results are of considerable

interest, the analyses are as yet too preliminary to draw
any conclusions as regards the effects on overall lignin
and/or cell wall assembly processes, and on the vas-
cular integrity of the various cell types. However, with
phenotypes rich in H (C3H), G (fah1) and S (C4H-
promoter–F5H) components, these should be of con-
siderable utility in the future to begin to study the dis-
tinct phases of the overall lignification and cell wall
assembly processes, at least in arabidopsis. This is
because the various phenotypes should provide essential
information on how lignin initiation and penetration
into the distinct cell wall layers of various cell types are
effectuated in each phenotype. As discussed earlier, the
role currently believed to be assumed by the H-units in
overall lignin assembly involves H-lignin initiation at
specific sites on the periphery of the S1 layer, which then
eventually progress into the middle lamella. On the

Table 11

Preliminary characterization of transgenic poplar following introduction of the arabidopsis CYP84 transgene (Franke et al., 2000)

Plant

line

Transgene

orientation

Promoter Gross

morphological

changes in

phenotypes of

transformantsa

F5H

activity

Klason

lignin

contents

(% CWR)a

S and G

recovery

(% of CWR)

S/G

ratio

Analytical

techniques

employeda

wt (Control) n.d. n.d. 8.30 1.44 Nitrobenzene

oxidation;

DFRC method

A Sense C4H None reported n.d. n.d. 4.43 1.32

B Sense C4H None reported n.d. n.d. 4.24 1.99

C Sense C4H None reported n.d. n.d. 4.73 2.11

D Sense C4H None reported n.d. n.d. 6.10 2.44

E Sense C4H None reported n.d. n.d. 3.53 2.50

F Sense C4H None reported n.d. n.d. 2.97 3.56

G Sense C4H None reported n.d. n.d. 3.74 4.23

H Sense C4H None reported n.d. n.d. 4.19 4.39

I Sense C4H None reported n.d. n.d. 4.99 5.57

The enzyme and gene expression localizations, the frequency of interunit linkages in, and MW ranges of, lignins as well as the ultrastructural effects

on cell wall types and patterns of lignin deposition were not determined (n.d.).
a Stems and petioles from 3–6 month old plants were used for these analyses: 1 set from T0 plants for nitrobenzene oxidation analysis, 1 set from

T1 plants for DFRC (derivatization followed by reductive cleavage). Lignin estimations were not corrected for proteinaceous and/or ash-forming

constituents.
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other hand, the G constituents are laid down initially at
specific (initiation) sites in the S1 sublayer and then the
G-lignin extends inwards towards the plasma mem-
brane, whereas the S units are currently viewed to be
restricted mainly to late stages of lignification, particu-
larly in the fibers. However, all of this needs to be
examined carefully, and on a cell by cell and species by
species basis.
Nevertheless, both the G (fah1) and S (C4H-promoter–

F5H) phenotypes should be particularly useful in the
study of G and S lignin initiation and its progression
throughout the cell walls of the various cell types. This
matter is potentially important as regards our proposal
of lignin assembly utilizing proteins harboring discrete
arrays of monolignol (radical) dirigent binding sites
with subsequent template polymerization (Lewis et al.,
1998, 1999; Sarkanen, 1998; Lewis, 1999; Croteau et al.,
2000). However, two notes of caution need to be taken
into consideration of these phenotypes: (i) in the G- and
S-rich arabidopsis phenotypes, both the H-contents and
their relative disposition in the lignin of the cell wall are
unknown, and (ii) in the S-rich phenotype, the presence
of �10–12% G units may be of critical importance for
overall lignin assembly.
Accordingly, all of the transformants need to be much

more thoroughly characterized in terms of: (i) the enzy-
matic step(s) that was (were) perturbed; (ii) the true
(Klason) lignin contents of each transformant including
that of the soluble portions; (iii) further verification of
monomeric composition (e.g. as estimated by thioaci-
dolysis); (iv) how lignin biosynthesis is initiated and
progresses in each of the aforementioned phenotypes;
(v) the frequencies of interunit linkages in all of the lig-
nin, not just the small percentages more readily isolable;
(vi) to what extent, if any, catechol (5-hydroxyguaiacyl)
moieties are formed in the cell types that originally
generated G lignins, but were not recovered, or, alter-
natively, which OMT introduces the second methyl
group into the aromatic ring to give the S-unit in these
cells; (vii) the molecular weight ranges of the lignins
obtained; (viii) the nature and amount of the ‘‘extrac-
tive’’ components; and (ix) what deleterious effects, if
any, on vascular integrity and plant growth/develop-
ment have resulted. Such studies are particularly needed
in order to generate useful information with regards to
how lignification is initiated and proceeds.

5.8. Methylation of the C-5 hydroxyl group [previously
caffeic acid O-methyltransferase specific (E.C.
2.1.1.68)] and the bm3 mutation

5.8.1. The bm3 mutation: weakening of the vascular
apparatus and stalk lodging
Prior to analyzing the effects of downregulation of

‘‘caffeic acid O-methyltransferases’’, a brief discussion
of the so-called brown-midrib mutations is provided for

needed historical context, particularly since these have
long been studied. In 1931, a paper entitled ‘‘Brown
midrib in maize and its linkage relations’’ (Jorgenson,
1931) described the discovery of a maize mutation in
1924 in Minnesota whose trait was inherited as a simple
Mendelian recessive. A brown pigmentation was noted
in the lignified tissues of the mutants’ stems, roots,
leaves, tassels, and cobs (but not in pollen grains or
kernels). Although no details were provided, the author
indicated that lignification preceded pigmentation, and
that pigmentation occurred only in the trachea but not
in the tracheid. Interestingly, when initially deposited,
the pigment had only a light yellowish color but on
standing became dark orange-brown, indicative of fur-
ther oxidative transformations. This mutant has since
been designated as the bm1 mutation (Kuc and Nelson,
1964), and has been reported as affecting CAD (Halpin
et al., 1998, described later). Several other types of
brown-midrib (bm) mutations have also been described
(Kuc et al., 1968), one of which is the bm3 mutant first
described in 1935 (Emerson et al., 1935).
The so-called bm3 mutant has, relative to the ‘‘nor-

mal’’ phenotype, lower amounts of cell-wall con-
stituents, acid detergent fiber and acid detergent lignin
(Muller et al., 1971), as well as an increased forage
digestibility (Barnes et al., 1971). These conclusions
were made based on an assessment of the properties of
the tissues obtained during an extensive extraction and
fractionation procedure. However, although the under-
lying reasons for these changes were not understood at
the molecular level, it is quite perplexing that the clues
that emerged have essentially been ignored by most of
the recent investigations. In addition to these changes, it
was also found that the bm3 mutation has an adverse
effect on stem stalk strength (17–26% less crushing
strength and 8–14% less stalk-section weight). That is,
the bm3 mutation resulted in maize plants being more
prone to stalk lodging (falling down and collapsing)
(Zuber et al., 1977), due to a weakening of vascular
integrity, perhaps due to an increased brittleness. In any
event, this weakening was viewed as a significant dis-
advantage during maize growth and development and in
its subsequent handling.
Given the apparent decrease in lignin content as

determined initially using these methods (described
later), subsequent crude enzyme analyses of extracts
from ‘‘normal’’ and ‘‘bm3’’ maize were carried out at 10,
20 and 30 days of growth and development to determine
if any of the monolignol pathway enzymes were affec-
ted, i.e. specifically PAL, OMT, 4CL, CCR and CAD
(Grand et al., 1985). [At that time, it was considered
that OMT was bifunctional for both caffeic (10) and
5-hydroxyferulic (15) acids.] However, only the enzyme
activities of OMT in the mutant were lower than that of
the ‘‘normal’’ line, with PAL, 4CL, CCR and CAD
remaining essentially unchanged, i.e. the mutant had
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�10% of OMT activity of the ‘‘normal’’ line, suggest-
ing that a lignin specific O-methyltransferase was
downregulated (Grand et al., 1985). Shortly thereafter,
thioacidolysis of ‘‘normal’’ and bm3 lignified tissues by
others also revealed a substantial (3-fold) decrease in
detectable S units, in addition to the presence of trace
amounts of an unknown 5-hydroxyguaiacyl component
(Lapierre et al., 1988). These data suggested that the
mutation was specifically involved in sinapyl alcohol (3)
biosynthesis, which would thus largely affect cells
forming G–S lignins. At the same time, it was proposed
that 5-hydroxyconiferyl alcohol (18) (an isoelectronic
species) might be deployed as a ‘‘replacement’’ lignin
precursor instead of sinapyl alcohol (3) (Lapierre et al.,
1988). Yet, based on the known phenotypes, clearly
lignification proper had been adversely affected. Never-
theless, it was of interest that the isoelectronic 5-hydroxy-
coniferyl alcohol (18), lacking the second methyl group,
could apparently undergo monomer transport into the
cell wall, when the methylation step was disrupted via
mutation.

5.8.2. The bm3 mutation and the second methylation
step in sinapyl alcohol (3) formation
With this historical context, it nevertheless took sev-

eral years to establish a role for the enzyme originally
described as COMT (caffeic acid O-methyltransferase);
it is now established that it is a 5-hydroxyguaiacyl
O-methyltransferase (Lewis et al., 1999) and that the
bm3 mutation occurs in its encoding gene (Vignols et al.,
1995). However, the actual physiological substrate(s)
used by this enzyme in vivo still needs further clarifica-
tion since its various recombinant forms (from tobacco,
aspen and alfalfa, respectively), when heterologously
expressed in E. coli, are reportedly able to utilize
5-hydroxyferulic acid (15), 5-hydroxyferuloyl CoA (16),
5-hydroxyconiferaldehyde (17), 5-hydroxyconiferyl alco-
hol (18), and even the corresponding caffeyl moieties
(10, 11, 41, 42). For example, the tobacco E. coli-
expressed COMT-1, which is the isoform proposed to
be involved in lignification, has reportedly surprisingly
low Vmax/Km values of 0.02, 0.03, 0.04, 0.04, and 0.02
nkat mg�1 protein mM�1 for caffeic acid (10), 5-hydroxy-
ferulic acid (15), caffeoyl CoA (11), 5-hydroxyferuloyl
CoA (16), and 5-hydroxyconiferyl alcohol (18), respec-
tively (Maury et al., 1999). The activity against 5-
hydroxyconiferyl aldehyde (17) was not reported. On
the other hand, a recombinant COMT from aspen,
which was also expressed in E.coli, has Vmax/Km
values of 0.12, 0.73 and 3.85 nkat mg�1 protein mM�1

for caffeic acid (10), 5-hydroxyferulic acid (15), and
5-hydroxyconiferyl aldehyde (17), respectively, with
no significant methylating activity apparently being
obtained when 5-hydroxyconiferyl alcohol (18) was
used as substrate (Li et al., 2000); thus these investiga-
tors concluded that 5-hydroxyconiferyl aldehyde was

the preferred substrate in vivo. By contrast, E. coli-
expressed alfalfa COMT has Vmax/Km values of 0.1, 0.6,
2.8, 3.1, 1.8, and 1.4 nkat mg�1 protein mM�1 for caffeic
acid (10), 5-hydroxyferulic acid (15), caffeyl aldehyde
(41), 5-hydroxyconiferyl aldehyde (17), caffeyl alcohol
(42) and 5-hydroxyconiferyl alcohol (18), respectively
(Parvathi et al., 2001). Clearly based on the rather
divergent data, it would be premature to unambigously
assign a physiological substrate until this is proven in vivo.
The effect of COMT downregulation on lignification

became the subject of numerous studies since 1994 using
a variety of plant species. As early as 1995 (Atanassova
et al., 1995), it was definitively shown that the role of
COMT was indeed in the final methylation step ulti-
mately affording the syringyl units of lignins. Tables 12–
14 and Figs. 17–20 summarize the results of the various
transgenic experiments on downregulating COMT in
tobacco (Dwivedi et al., 1994; Atanassova et al., 1995;
Zhong et al., 1998), poplar (Van Doorsselaere et al.,
1995a; Jouanin et al., 2000), aspen (Tsai et al., 1998)
and alfalfa (Guo et al., 2001). As before, the data
reported from each study were recalculated to attempt
to correlate the estimated lignin contents and the corre-
sponding COMT activities relative to controls (set at
100%); the latter employed wild type plants (Dwivedi et
al., 1994; Atanassova et al., 1995; Jouanin et al., 2000),
transformants with an empty vector in tobacco (Zhong
et al., 1998), aspen (Tsai et al., 1998), and alfalfa (Guo
et al., 2001), as well as plants transformed with the
b-glucuronidase gene in poplar (Van Doorsselaere et al.,
1995a,b). These data (i.e. Klason lignin analyses) are,
however, not corrected for losses due to more readily
soluble phenolics (through COMT downregulation), or
the contribution of various proteinaceous and inorganic
components (rendered by ashing the tissues). COMT
activities in those studies were also measured using caf-
feic (10) and/or 5-hydroxyferulic (15) acids as substrates,
rather than 5-hydroxyconiferyl aldehyde (17)/alcohol
(18). Moreover, the conclusions made assumed that
measured COMT activities approximate only that
involved in lignin-related COMT, and not in other
forms of metabolism (e.g. to sinapate esters, or other
methylated products, etc.). In the future, COMT studies
should measure protein levels by immunohybridization
assays, and compare the results obtained with the cor-
responding extractable enzymatic activities.
From the data plotted (Fig. 17A), COMT suppression

apparently had either fairly moderate to no effect on
overall lignin content, with one striking exception (Ni et
al., 1994) in tobacco. That is, in all the other studies,
COMT downregulation had little effect, if any, on car-
bon flux to lignin, as to be anticipated from the preced-
ing rationale on carbon allocation/metabolic flux. From
these three sets of experimental data, more than 70% of
the carbon flux into lignin apparently still occurred, even
at 3% COMT activity relative to wild type controls.
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In the apparent exception (Ni et al., 1994) to this
trend, the COMT gene from alfalfa was used to trans-
form tobacco using the CaMV 35S promoter. The data
obtained suggested a steady decline in lignin content, as
estimated from the absorbances of solubles released by
thioglycolic acid extraction. A later report on the same
transformants (Sewalt et al., 1997b) confirmed this
apparent trend in lignin reduction using the combined
techniques of neutral detergent fiber isolation (NDF)
with Klason lignin determination of the latter. These
data thus suggested that significant changes had occur-
red in terms of polyphenol and lignin extractability
using the thioglycolic acid method, and in the overall
properties of the corresponding fractionated fibers, as
had previously been noted by Muller et al. (1971) with
the bm3 mutants.
Confirmation of the role of COMT came from corre-

lation of estimates of guaiacyl and syringyl contents
versus relative COMT activities, with the former being
determined by both thioacidolysis and nitrobenzene
oxidation analyses, respectively. These data revealed
that, regardless of level of COMT repression, there was

either essentially no reduction in guaiacyl content or the
levels actually increased (Fig. 17B). In contrast, there
was a drastic reduction in syringyl levels when overall
COMT activities were reduced by �30% (Fig. 17C).
This in turn revealed a specific role for COMT in
methylation of the 5-hydroxyl group. Thus, the COMT
and CCOMT data appear to suggest distinct metabolic
roles for each, with the former definitively affording
sinapyl (3) alcohol (and S units), and the latter probably
being involved in formation of coniferyl alcohol (2) (i.e.
G units, and perhaps also in the first methylation step of
S units, if a different CCOMT isoform is employed;
however, this is not proven). Note also that over-
expression of COMT did not result in changes in S/G
ratios and recoveries, in accordance with it having no
role in carbon allocation to the pathway.
Since there also appears to be no significant reduction

in syringyl content until below 30% residual COMT
activity, this also implies that COMT is not a rate-
determining step for sinapyl alcohol (3) biosynthesis, in
spite of its specific involvement in the latter. An inter-
esting pattern in the graph are the two distinct clusters

Table 12

Preliminary characterization of transgenic tobacco plants following introduction of homologous COMT transgene

Plant

line

Enzyme

and gene

expression

localization

Transgene

orientation

Promoter Gross

morphological

changes in

phenotypes

of T0
transformants

Tissue

analyzed

for

lignins

COMT

activity

(% relative to

average of

controls)d

Lignin

amountse

(% CWR)

Estimated

S, G and

5-OHG

recovery

(% of lignin)

S/G

ratio

Analytical

techniques

employed

A.a C1 (Control) 35S Woody

tissue

from stems

of 3-month

old plants

105 23.8 36.6 0.81 Nitrobenzene

oxidation;

Klason lignin

analysis

C2 mRNA

localized in

young xylem

cells in the

stem; xylem

and phloem in

the petiole;

vascular

bundles of

leaves;

upper and

lower

epidermis of

leaves;

epidermis

and xylem

of roots

(Control) 35S 95 23.9 37.1 0.76

A2 Antisense 35S None 73 22.6 35.9 0.79

A4 Antisense 35S None 86 22.0 36.6 0.75

A17 Antisense 35S None 76 21.3 36.4 0.69

A3 Antisense 35S None 54 21.1 37.1 0.64

B.b A2 Sense 322 n.d n.d. 1.0

T12 (Control) 35S Stems from

plants of

unspecified

age

191 n.d n.d. 0.93 Thioacidolysis;

Klason lignin

analysis;

histochemical

staining

T11 (Control) 35S 172 17.7 8.1 1.07

T19 (Control) 35S 80 19.1 7.6 0.96

T7 (Control) 35S 69 n.d n.d.

B18 Antisense 35S None 12 18.7 5.0 0.29

A17 Sense 35S None 2 18.5 4.3 0.09

B10 Antisense 35S None 8 18.8 4.8 0.07

B1 Antisense 35S None 6 17.6 4.3 0.07

C.c XT1 (Control) 35S ‘‘Mature’’

stems from

plants of

unspecified

age

110 17.3 17.2 0.60 Pyrolysis-MS;

Klason lignin

analysis; NaOH

hydrolysis;

histochemical

staining

XT2 (Control) 35S 94 18.1 16.8 0.68

TMTG Antisense 35S None 27 16.3 11.6 0.10

TMT5 Antisense 35S None 30 16.3 10.0 0.05

The frequency of interunit linkages in, and MW ranges of, lignins, and the ultrastructural effects on cell wall types and patterns of lignin deposition were not

determined (n.d.).
a Adapted from Dwivedi et al. (1994).
b Adapted from Atanassova et al. (1995).
c Adapted from Zhong et al. (1998).
d Except for Dwivedi et al., controls refer to wild type population used by the investigators, which are not presented in the table.
e Lignin estimations were not corrected for proteinaceous and/or ash-forming constituents.
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of points, suggesting an on-and-off switching mode in
shutting down syringyl biosynthesis, i.e. in contrast to
the gradual decreases observed for PAL, C4H and 4CL
downregulation. This, in turn, suggests some form of
feedback control in this part of the phenylpropanoid
network, i.e. COMT is apparently completely switched
off at �70% reduction, whereas the other OMTs not
involved in sinapyl alcohol (3) formation remain active.
It was also instructive to examine more fully the

trends obtained for each of the COMT downregulation
studies by individually plotting the effects on both lignin
contents and S/G recoveries as before (Figs. 18A–F,
19A–F and 20A and B). In each case, the %G and %S
recoveries of the CWR are plotted against the estimated
% Klason lignin contents of the CWR’s. Thus, in the
original report by Dwivedi et al. (1994) using a
heterologous system, where a Populus COMT gene was
employed in tobacco, the nitrobenzene oxidation data
suggested that the G levels in the cell wall residue had
slightly decreased relative to the estimated lignin con-
tent (slope=0.08), whereas the decreases in S content
were more slightly pronounced (Table 12A, Fig. 18A
and B) (slope=0.29). However, with only two data
points for the control (wild type) plants and relatively

similar results for the transformants, no statistically
valid conclusions on either G or S biosynthesis were
possible from this data.
A specific role for COMT emerged from the work of

Atanassova et al. (1995) in tobacco (Fig. 18C and D),
with a tobacco COMT now being used for down-
regulation and whose activity was repressed down to as
little as 2–8% (Table 12B). The estimated Klason lignin
contents, however, remained essentially unchanged,
with the %G amounts apparently increasing marginally;
however, the S components were either much reduced
or were absent relative to the controls. Comparable
findings in tobacco were later reported by Zhong et al.
(1998) (Fig. 18E and F and Table 12C), and subse-
quently in poplar (Fig. 19A–F and Table 13A–D) (Van
Doorsselaere et al., 1995a; Lapierre et al., 1999; Jouanin
et al., 2000), and aspen (not plotted since lignin contents
of each transformant were not reported, but see
Table 14A) (Tsai et al., 1998). Somewhat similar obser-
vations were noted in alfalfa, although in this case, a
significant decline in lignin levels apparently occurred,
particularly at low COMT levels (�4% of controls);
however, as before the S levels were greatly reduced
whereas the G levels decreased only slightly (Fig. 20A

Table 13

Preliminary characterization of transgenic poplar plants following introduction of homologous COMT transgene

Plant

line

Transgene

orientation

Promoter Gross

morphological

changes in

phenotypes of

T0
transformants

Tissue

analyzed

for lignins

Relative

COMT

activity

(%)

Lignin

amountsd

(% CWR)

S,G and

5-OHG

recovery

(% of

lignin)

S/G

ratio

Analytical

techniques

employed

A.a PBI 121 (Control) 35S Phloem &

xylem from

upper stem
of 3-month

old plants

100 20.4 31.4 2.13 Thioacidolysis;

Klason lignin

analysis; acetyl
bromide method

PBI 121 (Control) 35S 100 19.0 33.5 1.42

ASB 6A Antisense 35S Pale
rose

discoloration

of the xylem

52 19.1 35.5 1.55
ASB 4A Antisense 35S 58 19.3 31.1 1.60

ASB 10B Antisense 35S 4.5 17.1 24.6 0.32

ASB 2B Antisense 35S 6 16.8 22.2 0.23

B.a PBI 121 (Control) 35S Phloem and

xylem from

upper stem

of 6-month

old plants

100 19.4 38.5 1.94 Thioacidolysis;

Klason lignin

analysis; acetyl

bromide method

PBI 121 (Control) 35S 100 19.6 34.3 1.57

ASB 4A Antisense 35S Pale

rose

discoloration

of the xylem

58 19.3 43.0 1.46

ASB 6A Antisense 35S 52 19.2 33.0 0.93

ASB 10B Antisense 35S 4.5 19.2 26.6 0.47

ASB 2B Antisense 35S 6 19.3 25.4 0.25

C.b Control (Control) 35S Xylem from

6-month

old plants

100 19.7 50.0 1.96 Thioacidolysis;

Klason lignin

analysis;

histochemical
staining; Kraft

pulping assays

SOMT-1 Sense 35S Brownish

discoloration

of the
xylem

101 19.5 44.9 2.02

EuSOMT1 Sense 35S 156 19.2 42.6 2.07

EuSOMT2 Sense 35S 115 18.0 46.8 1.83
70SOMT3 Sense 35S 2 16.4 22.4 0.07

D.c Control (Control) 35S Wood from

2-year

old plants

n.d. 19.0 43.0 2.03 Thioacidolysis; Wiesner

reaction; Klason lignin

analysis; kraft

pulping assays

asomt10B Antisense 35S Pale rose xylem n.d. 19.3 30.6 0.48

asomt2B Antisense 35S Pale rose xylem n.d. 19.5 27.9 0.45

The ultrastructural effects on cell wall types and patterns of lignin deposition were not determined (n.d.).
a Adapted from Van Doorssealaere et al. (1995a).
b Adapted from Jouanin et al. (2000).
c Adapted from Lapierre et al. (1999).
d Lignin estimations were not corrected for proteinaceous and/or ash-forming constituents.
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and B and Table 14B) (Guo et al., 2001). Again, while
there are very few data points for the controls (i.e. to
better understand the levels of S/G and lignin varia-
tion), and for the transformants, it is evident that the
content of S has been dramatically reduced.
Furthermore, the first important provisional implica-

tion from these data is that S-lignin biosynthesis and
assembly in cells forming G/S lignin are apparently kept
fully separate from G-lignin formation in the same cells.
This is because recovery of the fragments of the latter
appear to be essentially unaffected by COMT down-
regulation. However, this is a provisional conclusion
given that only a fraction of the lignin content (�10–
50%) can be accounted for by thioacidolysis degrada-
tion. Nevertheless, this raises again the long-considered
possibility of the existence of regions within cell walls
that contain only homogenous S and G lignin biopoly-
mers, respectively.
In order to explain further the reductions in syringyl

levels, various analyses were conducted to ascertain
whether isoelectronic 5-hydroxy species, (e.g. 5-hydroxy-
ferulate (15), 5-hydroxyconiferaldehyde (17) or 5-
hydroxyconiferyl alcohol (18)) were formed instead.
While thioacidolysis studies had previously revealed
relatively low levels of 5-hydroxyderivatives (Lapierre et
al., 1988), these researchers, nevertheless, had suggested

that 5-hydroxyconiferyl alcohol (18) rather than sinapyl
alcohol (3) was being formed. However, in comparison
to sinapyl alcohol (3) derived components, the recovery
of 5-hydroxyguaiacyl (5-OHG) moieties would be
expected to be low. This is because even if this iso-
electronic species participated in active transport into
specific regions of the cell wall, where sinapyl alcohol (3)
should be targeted, its participation in ordered lignin
assembly would not be expected to duplicate that of the
latter. Yet, regardless of its possible targeting to, and
relative disposition in, the developing wall, the catechol
nature of 5-hydroxyconiferyl alcohol (18) would be
expected to favor oxidation into quinones (from the
catechols), which can then undergo nucleophilic attack.
Moreover, the presence of an additional phenolic group
in 18 can be presumed to add further complications,
when considering the consequences of free-radical for-
mation and coupling. Indeed, it is thus not surprising
that these downregulated plants have highly colored
(brown) tissues, with little recoverable 5-hydroxy-
guaiacyl components (e.g. by thioacidolysis) and pos-
sessing phenolic constituents that are even more difficult
to remove in Kraft alkaline pulping trials (Lapierre et
al., 1999). Accordingly, much remains to be done to
fully understand how ordered lignin assembly is dis-
rupted during COMT downregulation.

Table 14

Preliminary characterization of transgenic aspen (Tsai et al., 1998) and alfalfa (Guo et al., 2001) plants following introduction of homologous

COMT transgene

Plant

line

Enzyme

and gene

expression

localization

Transgene

orientation

Promoter Gross

morphological

changes in

phenotypes of T0
transformants

Tissue

analyzed

for lignins

%COMT

activity

Lignin

amountsa

(% CWR)

S,G and

5-OHG

recovery

(% of lignin)

S/G

ratio

Analytical

techniques

employed

A. Aspen n.d. Thioacidolysis;

Klason lignin

analysis;

Wiesner reaction;

acetyl bromide

method; UV-

spectrophotometry

C (Control) Not specified 100 20.56b 43.8 2.12

S10 Sense 35S Mottled red-brown wood 126 20.56b 44.3 1.55

S7 Sense 35S Mottled red-brown wood 119 20.56b 45.3 1.44

S12 Sense 35S Mottled red-brown wood 108 20.56b 41.4 1.75

S14 Sense 35S Mottled red-brown wood 89 20.56b 37.2 1.65

S3 Sense 35S Mottled red-brown wood 68 20.56b 34.6 1.67

S13 Sense 35S Completely red wood 28 20.56b 29.2 0.56

B. Alfalfa

1 mRNA

localized in

xylem cells in

the 2nd, 3rd

and

5th internodes,

and barely

visible in the

xylem of the

7th internode;

not in the phloem

(Control) Sixth to ninth

internodes

from stems

of the same

development

stage

(age not

specified)

87 17.2 51.3 0.47 Thioacidolysis;

Raney nickel

desulfurization;

Klason lignin

analysis; NMR;

histochemical

staining

2 (Control) 95 17.9 50.6 0.52

48 (Control) 119 17.6 47.1 0.56

SC52 Sense 35S None reported 17 14.2 31.2 0.08

SC4 Sense 35S None reported 15 12.7 35.2 0.05

SC5 Sense 35S None reported 18 12.5 38.4 0.03

AC310 Antisense 35S None reported 4 15.3 29.2 0.00

The frequency of interunit linkages in, and MW ranges of, lignins, and the ultrastructural effects on cell wall types and patterns of lignin deposition were not determined

(n.d).
a Lignin estimations were not corrected for proteinaceous and/or ash-forming constituents.
b Lignin contents in aspen transformants were reportedly not different from the control; only the average was provided (Tsai, et al., 1998).
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5.8.3. COMT downregulation: implications for lignin
assembly and the vascular apparatus
With one exception (Ni et al., 1994), none of the

research studies reported thus far apparently considered
and applied the findings by others during the nineteen-
seventies on the effect of the bm3 mutation (COMT
dowregulation) on cell wall properties, polyphenol
extractability and in differences in fiber composition
and properties. These represented important clues,
however, that will ultimately help define further how
lignin assembly has been adversely affected, and in what
cell types and where (subcellular location). Thus, in
many ways, while the role of the gene is now unam-
biguously clarified, the overall effects on lignin assem-
bly, polyphenol extractability and vascular properties

remains as poorly understood as it was almost 30 years
ago.
Not unexpectedly, the body of data so far indicates

that COMT downregulated plants also display sub-
stantial weakening of the vasculature, as was observed
with the bm3 mutants. COMT downregulated poplar
tissues had reduced work of fracture relative to controls
(�0.026 versus 0.037 nJ/mm2), as well as alterations in
work needed for specific cracking, using the double
cantilever beam test (Huang et al., 1999). Together,
these preliminary data are consistent with a weakened
vascular apparatus in both the COMT transformants
and mutants, this presumably being solely due to the
inability to form sinapyl alcohol (3) (S) units and
incorporate them into lignin proper.

Fig. 17. Preliminary plots of lignin (A), guaiacyl (B) and syringyl (C) contents in cell wall residue versus gross enzyme activity in COMT up- and

down-regulated transgenic plants. Adapted from Dwivedi et al. (1994) (^, tobacco), Atanassova et al. (1995) (&, tobacco), Van Doorsselaere et al.

(1995a) (~, poplar), Tsai et al. (1998) (�, aspen), Zhong et al. (1998) (�, tobacco), Guo et al. (2001) (~, alfalfa), Jouanin et al. (2000) (+, poplar),
and Ni et al. (1994) (�, tobacco).
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Additionally, from the data summarized in Figs. 18–
20, one reason for the weakening of the vasculature
observed is the moderate decrease in Klason lignin
recovery with increasing COMT downregulation. Yet, if
carbon allocation to the pathway is indeed unchanged,
then this general moderate reduction in gross Klason

lignin contents may result from at least one or more of
the following: first, a portion of the carbon originally
designated for S in G–S lignin forming cells, was meta-
bolically shunted away from lignin biosynthesis; and
second, the 5-hydroxyguaiacyl units (rather than S) were
transported into the cell wall, but were (as expected)

Fig. 18. Estimated lignin contents versus guaiacyl (G, &, &) and syringyl (S, �, *) recoveries of cell wall residues (CWR) of control (solid symbols)
and COMT transgenic lines (open symbols) in tobacco. Klason lignin contents and G (A, C, E) and S (B, D, F) recoveries from nitrobenzene oxi-

dation (A, B), thioacidolysis (C, D) and alkaline hydrolysis (E, F) are estimated in terms of percentage cell wall residue (%CWR). Data recalculated

from Dwivedi et al. (1994) (A, B), Atanassova et al. (1995) (C, D), and Zhong et al. (1998) (E, F). SD=standard deviation.

Fig. 19. Estimated lignin contents versus guaiacyl (G, &, &) and syringyl (S, �, *) recoveries of cell wall residues (CWR) of control (solid symbols)
and COMT transgenic lines (open symbols) in poplar. Klason lignin contents and G (A, C, E) and S (B, D, F) recoveries from thioacidolysis are

estimated in terms of percentage cell wall residue (%CWR). Data recalculated from Van Doorsselaere et al. (1995a) (A, B), Jouanin et al. (2000) (C,

D), and Lapierre et al. (1999) (E, F). SD=standard deviation.
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unable to effectively participate in lignin assembly. This
could occur either via an attempted (disrupted) poly-
merization, whereby the number of cross-links formed
and/or macromolecular assembly are compromised.
Indeed, the latter situation would readily explain the
reductions in stem strength, the altered tissue fractiona-
tion properties and more facile polyphenol/lignin
extractability, the discoloration of the lignified tissue,
the limited thioglycolic acid extraction (Ni et al., 1994)
and the difficulties experienced in kraft pulping. Clearly,
these data do not, in any manner, support the claims by
Ralph (1997) that ‘‘the actual composition of lignins is
not particularly important.’’ Furthermore, nor does the
inclusion of 5-hydroxyconiferyl alcohol (18) into the
lignified tissue (Ralph et al., 2001), a situation known
previously for almost 15 years (Lapierre et al., 1988)
support the earlier claim (Ralph et al., 1997) that phe-
nols other than monolignols can be integrated into the
lignin polymer. This is because 5-hydroxyconiferyl
alcohol (18) is isoelectronic to sinapyl alcohol, whereas
the other molecules previously proposed as surrogate
lignin monomers (see Sections 5.9 and 5.10) were not.
As described in the next two sections, these putative
‘‘surrogates’’ were ultimately shown not to be involved
in lignin biosynthesis.
As for the previous steps in monolignol biosynthesis,

it is evident that much remains still to be done with
respect to understanding the full effects of COMT
downregulation and the nature of the bm3 mutants.
This is particularly true since the incorporation of sina-

pyl alcohol (3) units is often believed to occur at late
stages of lignification during growth and development.
Thus, further studies are needed to determine, amongst
other things: (i) which cell types are actually involved in
deposition of the S units, and how, when and why they
are deposited; (ii) what changes in patterns of lignin
deposition and polyphenol formation result when S
formation in G/S lignin forming networks is compro-
mised by COMT downregulation; (iii) the nature of the
‘‘on–off’’ switch involved in forming 5-hydroxyguaiacyl
rather than S units; (iv) the nature of the changes in
monomer binding, orientation and oxidation during
macromolecular assembly that occur if S units are
replaced by those of 5-OHG, and (v) the effects on the
molecular weight distributions of guaiacyl, 5-hydroxy-
guaiacyl and syringyl components, and ultimately on
the properties of the vasculature itself.

5.9. Cinnamoyl CoA reductase (E.C. 1.2.1.44)

Cinnamoyl CoA reductase (CCR) is often viewed as
catalyzing the NADPH-dependent conversion of p-cou-
maroyl CoA (8), feruloyl CoA (13), and sinapoyl CoA
(20) into the corresponding aldehydes 9, 14 and 21
(Fig. 1). Yet, with at least three different possible sub-
strates, there has been some discussion as to whether
either distinct CCR isoforms exist that specifically uti-
lize different CoA esters and/or whether different iso-
forms have broader substrate specificities, e.g. in
angiosperms, for the additional reduction of sinapoyl
CoA (summarized in Lewis and Yamamoto, 1990;
Davin and Lewis, 1992; Lewis et al., 1999). Indeed, even
if the pathway to sinapyl alcohol (3) proceeded via
either 5-hydroxyconiferaldehyde (17) or 5-hydroxy-
coniferyl alcohol (18) (Chen et al., 1999; Matsui et al.,
2000), there still could be a distinct CCR isoform in a
specific cell type forming sinapyl alcohol (3) other than
that or those required for the G and H lignin compo-
nents in other cell types, respectively; however, this has
not been established.
Nevertheless, two isoforms have been isolated from

arabidopsis [AtCCR1 and AtCCR2, (Jones et al., 2001;
Lauvergeat et al., 2001)] and maize [ZmCCR1 and
ZmCCR2, (Pichon et al., 1998)], although only one of
the isoforms in each of these species is thought to be
involved in lignification. Based on homology searches of
the arabidopsis database, there are, however, eight
putative CCR-like proteins with more than 40% iden-
tity and 50% similarity to AtCCR1. On the other hand,
in eucalyptus, poplar, tobacco, sugarcane and loblolly
pine, only one CCR gene thus far has been found. Thus,
if distinct isoforms or alleles exist specifically for H, G,
S, or G–S lignin formation in different cell types, either
they are encoded by genes of lower homology to the
known CCR, and/or the genes are expressed only tran-
siently, thus eluding detection.

Fig. 20. Estimated lignin contents versus guaiacyl (G, &, &) and syr-

ingyl (S, �, *) recoveries of cell wall residues (CWR) of control (solid
symbols) and COMT transgenic lines (open symbols) in alfalfa. Kla-

son lignin contents and G (A) and S (B) recoveries from thioacidolysis

are estimated in terms of percentage cell wall residue (%CWR). Data

recalculated from Guo et al. (2001). SD=standard deviation.
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5.9.1. Weakening the vasculature through reduced
monolignol supply
From the rationale stated earlier in this analysis, CCR

should not be a rate-limiting step controlling carbon
allocation into the monolignol-forming pathway, unless
there is some form of feedback control. Yet as recently
as 1998 (Piquemal et al., 1998), CCR was indeed pro-
posed as regulating the carbon flux to the monolignols
1–3. The viewpoint was expressed that CCR was the
first lignin-specific step in the phenylpropanoid pathway,
and hence assumed a regulatory function. However,
monolignols 1–3 are not deployed exclusively for lignin
biosynthesis, since they are also used for formation of
lignans and other cinnamaldehyde (14, 21) and mono-
lignol (1–3) derived products (Lewis and Davin, 1999).
Moreover, if direct metabolic networks to the mono-
lignols are fully activated as proposed, e.g. from glyco-
lysis and pentose phosphate pathways (Anterola et al.,
2002), then the CCR step need have no regulatory role
whatsoever.
Yet severe downregulation of CCR would have sig-

nificant and deleterious physiological consequences, as
would the marked reduction of enzymatic activity of
any step in the monolignol (1–3) forming pathway. For
example, if CCR activity was totally suppressed, the
pool sizes of the corresponding cinnamoyl CoA esters
that might accumulate would be expected to be very
small, given the limited availability of CoA. While such
cinnamoyl CoA ester intermediates would presumably
not be transferred into lignifying cell walls, depletion of
CoA availability may have other effects on overall cellular
metabolism (unless this branch of the phenylpropanoid
pathway is fully compartmentalized). Thus, assuming that
the carbon intended for the phenylpropanoid pathway is
still allocated, then either build-up of intermediates
(including CoA esters) and/or their metabolism into
shunt products would be expected. Accordingly, a reduc-
tion in monolignol (1–3) supply would predictably result
in a significant weakening of the vascular apparatus, as
noted previously for PAL and 4CL downregulation.
Indeed, the studies completed thus far on CCR down-
regulation are in full agreement with this prediction.

5.9.2. Phenotypes
The first study, which was conducted in two phases,

employed an antisense strategy using tobacco (Piquemal
et al., 1998; Chabannes et al., 2001) (see Table 15)
whereas the second used a mutation that incorrectly
splices CCR mRNA transcripts in arabidopsis (Jones et
al., 2001). In the first study, tobacco plants were initially
heterologously transformed with an antisense CCR gene
obtained from eucalyptus, this being overexpressed
under control of the CaMV 35S promoter. In terms of
visible phenotypic changes, the transformant CCR.H
(B3) was unusual, being severely stunted with spoon-
like leaves that were much darker than wild type,

whereas the other transformants appeared ‘‘normal’’. In
agreement with the estimated reductions in lignin con-
tents (discussed below), cross-sections of the stem tis-
sues of CCR.h (B3H) revealed that several vessel
elements had collapsed due to a weakening of the vas-
culature (Fig. 21). Tensile testing of CCR-modified
tobacco stem tissue also provided further support that
the vasculature had been weakened (Hepworth, et al,
1998). These observations were strengthened by the
report (Jones et al., 2001) of an irx4 mutant (lacking the
presumed lignin pathway CCR) which resulted in an
only �50% reduction in estimated lignin content
(determined by thioglycolate analysis). In this mutant, the
stem tissues were much more susceptible to mechanical
stress, with bending modulus with maximum stress at
yield being significantly compromised due to a weaken-
ing of the vasculature, as to be expected.

5.9.3. Effects on lignification
Table 15 summarizes the properties of various CCR

downregulated tobacco transformants and their pro-
geny, and Fig. 22A and B plots the very few examples
obtained of %G and %S recoveries in the CWR versus
the Klason lignin estimations. As before, there are
insufficient control experiments to determine the true
variation levels within wild type plants. Nevertheless,
the data demonstrate that when CCR activity is severely
repressed (to �3% of wild type), monolignol formation
and supply is reduced as expected and the estimated
lignin contents decrease accordingly in this case to just
under 450% of wild type (control) values, i.e. from
�19.4% wild type to �10.2% B3H [designated CCR.h
in a subsequent report (Chabannes et al., 2001)] and
from 22.2% wild type to 10.7% CCR.H [designated B3
in a previous report (Piquemal et al., 1998)]. However,
once again the Klason lignin analyses do not take into
account factors that may overestimate or underestimate
the true lignin contents, particularly in the transfor-
mants. As noted, in the other studies described earlier,
the ability to genetically reduce the estimated lignin
content below 40–50% of the wild type value is appar-
ently either difficult to attain, or the lignin amounts are
substantially in error.
The data obtained also suggest that the trends in

reduction of both S and G levels upon CCR down-
regulation are very similar, if not identical. That is,
these CCR downregulation studies have given no con-
vincing evidence for independent control of either the S
or G pathway (Fig. 22A and B). Furthermore, the data
imply that both S and G moieties would be undetectable
at about 70–80% reduction of the original wild type
lignin contents. Whether these trends are correct, how-
ever, or whether the data obtained largely result from a
heterologous downregulation approach and/or limi-
tations in the lignin determinations currently employed
cannot satisfactorily be judged at this time. However, it
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Table 15

Preliminary characterization of transgenic tobacco plants following introduction of Eucalyptus CCR

Plant

line

Enzyme

and gene

expression

localization

Transgene

orientation

Promoter Gross

morphological

changes

in the

phenotypes

Tissue

analyzed

for lignins

% CCR

activity

Lignin

amountsd

(% CWR)

Estimated

S and G

recovery

(% of lignin)

S/G

ratio

Analytical

techniques

employed

Ultrastructural

effects on cell

wall types and

patterns of

lignin deposition

Wild typea Differentiating xylemb

n.d.

(Control) Whole stems

from early

flowering

plants

acclimatized

after 7 weeks

n.d. 19.4 25.5 1.13 Thioacidolysis;

Klason lignin

analysis; mild

alkaline

hydrolysis;

histochemical

analysis

n.d.

Azygousa (Control) n.d. 20.9 30.2 0.73 n.d.

D2Ha n.d. Antisense 35S Brown xylem n.d. 17.6 23.6 0.96 n.d.

B6–8a n.d. Antisense 35S Brown xylem n.d. 21.0 26.1 1.52 n.d.

D12–4a n.d. Antisense 35S Brown xylem n.d. 20.0 n.d. n.d. n.d.

B3Ha n.d. Antisense 35S Same as B3 n.d. 10.2 12.2 1.64 Collapsed

vessels

Wild typec Differentiating xylemb (Control) 35S Base of the

stems from

2.5 month

old plants

100 22.2 21.3 0.91 Thioacidolysis;

Klason lignin;

histochemical

analysis;

fluorescence

microscopy;

alkaline

hydrolysis;

HPLC-MS

n.d.

CCR.Hc (a.k.a. B3) n.d. Antisense 35S Stunted

growth;

spoon-like

leaves;

delayed

flowering;

intensely

brown

xylem

3 10.7 15.2 3.22 Collapsed

vessels

CCR.hc

(a.k.a.

B3H)

n.d. Antisense 35S Same as B3 11 15.1 18.8 1.40 n.d.

The frequency of interunit linkages in, and MW ranges of, lignins and the ultrastructural effects on cell wall types and patterns of lignin deposition were not determined (n.d.).
a Adapted from Piquemal et al. (1998).
b Adapted from Lacombe et al. (1997).
c Adapted from Chabannes et al. (2001).
d Lignin estimations were not corrected for proteinaceous and/or ash-forming constituents.
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was also noteworthy that an equivalent reduction in lignin
content (�50%) was achieved with the irx4mutant, again
perhaps indicating that either more than one CCR is
involved and/or that the lignin analyses are overestimated.

5.9.4. The question of ‘‘non-traditional’’ phenolics being
incorporated into lignin during CCR repression is
resolved
Given the significant extent of CCR down regulation

obtained (�97% activity suppression relative to controls),
one question—particularly if CCR is not a rate-limiting
step—involves the metabolic fate of the so allocated
carbon. A possible explanation to this, however,

emerged with determination of the quantities of plant
material removed upon aqueous and organic extraction:
the hemizygous offspring (B3H, �10.2% Klason lignin)
obtained by back-crossing CCR.H with the wild type
(19.4% Klason lignin) had �36% of its dry weight as
organic and aqueous solvent extractable relative to
�21% of wild type. This difference could by itself
account for the quantity of lignin downregulated.
However, the soluble substances have not yet been fully
identified and/or quantified, in order to understand
further what effects CCR downregulation actually has
on the pathway(s) to the monolignols 1–3 and/or related
upstream metabolism. To date, the CCR.H transformant

Fig. 21. Stem cross-sections of CCR-downregulated tobacco line CCR.H (A) and wild type (B) as seen under a fluorescent microscope. A displays

collapsed vessels, whereas B shows those of normal shape. Reproduced from Piquemal et al. (1998) with permission of Blackwell Publishing.

Fig. 22. Estimated lignin contents versus guaiacyl (G,&,&) and syringyl (S,�,*) recoveries of cell wall residues (CWR) of control (solid symbols) and
CCR transgenic lines (open symbols) in tobacco. Klason lignin contents and G (A) and S (B) recoveries from thioacidolysis are estimated in terms of

percentage cell wall residue (%CWR). Data recalculated from Piquemal et al. (1998) and Chabannes et al. (2001). SD=standard deviation.
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was found to have only minute increases (exact quan-
tities not reported) in the levels of solvent extractable
neochlorogenic (45), 4-O-caffeoyl quinic (46) and
chlorogenic (30) acids (Chabannes et al., 2001); note
also that it is not known whether these three substances
45, 46 and 30 are artifacts arising from intramolecular
acyl migration during their isolation or if they are dis-
tinct natural products.
In previous articles (Boudet, 1998; Ralph et al., 1998),

it was repeatedly reported that when CCR activity was
suppressed, the corresponding B3(H) tobacco transfor-
mant(s) compensated for the reduction in monolignol
(1–3) supply by incorporating other ‘‘non-traditional’’
phenolics into the lignifying cell wall. This gave support
to the view which espoused that ‘‘the actual composi-
tion of lignins is not particularly important’’ (Ralph,
1997). However, neither the analysis of CCR-down-
regulated tissue cross-sections nor their mechanical
testing in any way supports this view. In contrast, as
discussed and shown earlier, the vasculature was instead
predictably severely weakened and compromised by
downregulating monolignol (1–3) supply.
Initially, the ‘‘non-traditional’’ phenolics reported to

be incorporated into lignin included ferulic (12) and
sinapic (19) acids, as well as acetosyringone (47) (Bou-
det, 1998). It was also reported that feruloyl tyramine
(33) was ‘‘heavily incorporated (copolymerized) into
lignin as a consequence of CCR downregulation’’
(summarized in Boudet, 1998; Ralph et al., 1998; Cha-
bannes et al., 2001), and that this moiety represented a
chemical ‘‘signature’’ for CCR downregulation (Cha-
bannes et al., 2001). It should be noted, though, that no
explanation was given as to what ‘‘heavily incorporated
(copolymerized)’’ actually meant in quantifiable
amounts, nor was any proof provided that it was in fact
copolymerized with lignin.
Not unexpectedly, a more detailed analysis of the

composition and relative amounts of the alkali-releasable
phenolics present in wild type, CCR.H and CCR/CAD
double transformants, has subsequently removed further
consideration of such ‘‘non-traditional phenolics’’ as
being involved in lignification. Indeed, they are now
classified as ‘‘non-lignin phenolics’’ by the same investi-
gators (Chabannes et al., 2001). Actually, the overall
combined totals of the hydroxycinnamic acids 12 and
19, and C6C1 (23, 24, 39, 40, 47) derivatives remained
essentially unchanged regardless of the plant line exam-
ined: For illustrative purposes, Fig. 23 tabulates the
individual and combined amounts of the alkali-releasable
phenolics, such as vanillin (23), syringaldehyde, (24)
acetosyringone (47), syringic (40), vanillic (39), ferulic
(12) and sinapic (19) acids as a percentage of CWR, in
the wild type, CCR downregulated, and CCR/CAD
double transformants, respectively. While the levels of
acetosyringone (47) and ferulic acid (12) fluctuated the
most, the overall minuscule total of their combined

amounts in extractive-free cell wall residues accounts for
only between �0.04 and 0.07% dry wt of the various
plant lines. Thus, not only are they very minor con-
stituents, but their levels were not upregulated in any
meaningful manner to compensate for the massive
reduction in monolignol 1–3 levels. Thus they can be
excluded from having any significant role in lignin
deposition, as originally claimed. Indeed, it is difficult
to fathom why these investigators had proposed that
non-lignin metabolites would replace the monolignols in
lignin, given that an arbitrary replacement of physio-
logical substrate(s) would be contrary to the formation
of any other known biopolymer. Nevertheless, from a
biosynthetic perspective, it will be worthwhile in the
future to determine the nature of the moieties (pre-
sumably hemicelluloses) to which the aromatic con-
stituents 12, 19, 23, 24, 39, 40, and 47 are actually
attached, as well as to how and why they are formed.
Feruloyl tyramine (33) and its derivatives were also

reported as ‘‘non-traditional phenol’’ replacements for
lignin biosynthesis in tobacco (Ralph et al., 1998).
However, as noted earlier in the analysis of 4CL down-
regulated transformants as well as with wild type
tobacco (Fig. 10A and B), these moieties were also pre-
sent in all of the tobacco lines examined. Furthermore,
the spectra of both the 4CL downregulated lignin-
derived preparation and that of the CCR-down-
regulated transformant are strikingly similar (cf.
Fig. 10B and C), if not (essentially) identical. Perhaps
the most important difference is that each preparation
contains minor amounts of various impurities, which
are apparently unique to the actual isolation procedure
employed. [Indeed, even the controls have distinct but
minor impurities, as noted by close inspection of the
spectra of each (Fig. 10A and D). In any event, these
data establish that the presence of feruloyl tyramine (33)
(and related moieties) is not a chemical ‘‘signature’’ for
CCR downregulation as claimed.
However, the presence of feruloyl tyramine (33)-

derived moieties in the presumed lignin-derived frac-
tions again requires reappraisal of the ‘‘lignin’’ isolation
procedures being employed, including full consideration
of the extremely low yields obtained. In the CCR-
downregulation studies, these preparations were
obtained as follows: cell wall residues, following
removal of organic and aqueous solubles, were ‘‘ball-
milled, suspended in acetate buffer and treated with
Cellulysin cellulase before extraction with 96:4 dioxane:
water’’ (Ralph et al., 1998; Chabannes et al., 2001).
Additional insight into the procedure cannot be made,
as none of the papers included essential information on
the treatments as regards time, temperature, concentra-
tion and pH of buffer, and amounts and duration of
cellulase and dioxane:water treatment; nor were details
provided to verify that the NMR spectra were being
recorded under conditions for quantification. The

272 A.M. Anterola, N.G. Lewis / Phytochemistry 61 (2002) 221–294



reported yields of the lignin-derived preparations were,
however, extremely low: i.e. wild type controls and
CCR-downregulated transformants gave �7 and 8.5%
by weight of the original Klason lignin (Ralph et al.,
1998) and �6 and 1.5% by weight of cell wall residues
obtained (Chabannes et al., 2001), respectively. In the
latter study, the procedures employed were further
complicated by the presence of contaminating iron fil-
ings in the tissues, this apparently resulting from the
ball-milling process. The actual reported yields were
thus perhaps even lower as the investigators also esti-
mated that 415% polysaccharides were present as
additional impurities (Ralph et al., 1998). In any event,
greater than 93% of the original lignin content, as esti-
mated by these investigators, was unaccounted for.
Additionally, to what extent these actual lignin values

are even overestimated cannot be adequately gauged
until the true lignin contents are determined, i.e. in the
absence of coprecipitating proteins, for example. It is
thus important that the remaining �93% of the puta-
tive lignin present in these transformants is appro-
priately characterized.
As for 4CL downregulation (Fig. 10B), the relatively

sharp signals of the feruloyl tyramine (33) derived com-
ponents in the NMR spectra (Fig. 10C) of the CCR-
downregulated lignin-derived isolate do not constitute
proof that they were either co-polymerized with lignin
or were even present within the same cell wall types as
the lignins. In contrast, the relative sharpness of the
feruloyl tyramine (33) resonances suggests that they are
low molecular weight entities, as previously concluded
in our analysis of the NMR spectra of the 4CL isolates

Fig. 23. Amounts of alkali-releasable phenolics from cell walls of wild type (Wt), and CCR downregulated (CCR.H) and CCR/CAD (Dt) tobacco

plants (recalculated from Chabannes et al., 2001). CWR=cell wall residue.
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(Fig. 10A and B), which were soluble in dichloroethane–
ethanol (2:1). Additionally, although it was reported
that the ‘‘feruloyl tyramine (33) was heavily copolymer-
ized into lignin,’’ a subsequent report appears to sub-
stantially modify, if not withdraw, that claim as well. In
that report, while the actual levels of feruloyl tyramine
(33) derivatives in the transformants were not provided,
they were estimated as only being �3� that of wild type
(data not provided) (Ralph et al., 1998). If this is in fact
correct, and given that the estimated lignin contents also
decreased by about one-half, then this suggests that the
levels of feruloyl tyramine (33) derivatives may actually
not have increased at all. Their presence in these prepara-
tions as minor constituents does, however, emphasize the
need for caution to be exercised when using procedures
developed for isolation from lignins for woody plants to
other essentially non-woody systems, as has been pre-
viously well documented in the older lignin literature
(Lai and Sarkanen, 1971). In summary, however, it can
be concluded that the claims of non-traditional phenols
being incorporated into lignin as a consequence of
CCR-downregulation have not been substantiated.

5.10. Cinnamyl alcohol dehydrogenase (E.C. 1.1.1.195)

It has long been recognized that gymnosperm CAD,
such as isolated from either spruce (Picea abies)
(Lüderitz and Grisebach, 1981) or loblolly pine (Pinus
taeda) (O’Malley et al., 1992), displays a strong sub-
strate preference for both p-coumaraldehyde 9 and
coniferaldehyde 14. Moreover, in the gymnosperms, at
least in loblolly pine, there is some preliminary evidence
to suggest that only a single gene encoding CAD exists
(O’Malley et al., 1992) thereby indicating that one form
of this enzyme utilizes both substrates 9/14. Sinapalde-
hyde 21, by contrast, is not an effective substrate for
gymnosperm CAD (Galliano et al., 1993), in harmony
with the recognition that gymnosperms produce guaia-
cyl-enriched lignins. On the other hand, angiosperm
CAD exists in various isoforms, which can display an
enhanced substrate specificity preference for sinapyl
aldehyde 21 (Wyrambik and Grisebach, 1975), in
accordance with angiosperms being capable of forming
guaiacyl–syringyl lignins in certain cell types.
The properties of CAD, together with the proposed

catalytic mode of action, substrate specificities from
different plant sources, and what was hitherto known
about tissue specificity to this point, were comprehen-
sively summarized elsewhere and need not be repeated
here (Lewis et al., 1999). To date, most research on
CAD (homologs) has been conducted on tobacco
(Knight et al., 1992), loblolly pine (O’Malley et al.,
1992), eucalyptus (Goffner et al., 1992; Grima-Pettenati
et al., 1993), poplar (Van Doorsselaere et al., 1995b),
alfalfa (Van Doorsselaere et al., 1995b; Brill et al.,
1999), maize (Halpin et al., 1998), and aspen (Li et al.,

2001), respectively. Of these, alfalfa has two CAD-like
proteins, MsaCAD1 and MsaCAD2, both of which are
considered to be involved in lignin biosynthesis (Brill et
al., 1999), and having �50 and �77% amino acid
sequence identity, respectively, to the eucalyptus CAD
(pEuCAD2) present in developing xylem. In a some-
what analogous manner, aspen also has two CAD
homologs, trivially named PtSAD and PtCAD (Li et al.,
2001), which display �54 and 80% identity to the
aforementioned eucalyptus CAD (Grima-Pettenati et
al., 1993), and �68 and �85% identity to MsaCAD1
and MsaCAD2, respectively. Additionally, in maize,
poplar and tobacco, various CAD homologs have been
described, with each being �75, 80, 77 and 80%
(tobacco has two CAD isoforms) identical to the euca-
lyptus CAD. Moreover, with the completion of the
arabidopsis genome sequencing project (The Arabi-
dopsis Genome Initiative, 2000), some 16 distinct CAD/
CAD-like proteins have been identified, whose physi-
ological roles now need to be fully and unambiguously
determined. [These homologs provisionally suggest the
involvement of various metabolic networks in various
aspects of cinnamyl aldehyde metabolism.]
CAD is often reported as a key enzymatic step in lig-

nin biosynthesis (Baucher et al., 1996) and has been the
subject of many investigations using a variety of CAD
mutants and CAD downregulated transformants.
However, as indicated earlier, monolignols can have
various metabolic fates, e.g. into lignans as well as lig-
nins, and thus an exclusive role cannot be arbitrarily
assigned. Moreover, metabolic and transcriptional pro-
filing data revealed that CAD is neither a regulatory nor
key enzyme, in terms of carbon allocation to the path-
way (Anterola et al., 1999, 2002). Indeed, nor does
CAD designate H, G or S character, as this is deter-
mined by upstream metabolic processes. Thus the CAD
isoforms essentially fulfill downstream processing roles,
reducing the various aldehydes to the monolignols as
they are generated in the different cell types. Never-
theless, downregulation of CAD in different plant spe-
cies, as for any enzymatic step in the monolignol
pathway, would be anticipated to have a deleterious
effect on lignification in terms of depletion of monomer
supply. This could potentially be manifested as build-up
of substrate cinnamaldehydes (9, 14, 21) and/or their
upstream metabolites, as well as competitive branch
pathway conversions into non-lignin products. Indeed,
most of the results obtained for CAD downregulation/
mutation studies seem to favor, perhaps exclusively,
metabolism away from the lignin-forming pathway.
Yet, the data summarized in Fig. 24 could provision-

ally be interpreted to suggest that substantial reduction
in CAD activity (down to �7% of wild type) in various
plant species has little effect on total amounts of lignin
being formed, as estimated by Klason, acetyl bromide
and TGA extraction analyses. [This apparent lack of an

274 A.M. Anterola, N.G. Lewis / Phytochemistry 61 (2002) 221–294



effect on lignin amounts is fully consistent, however,
with no regulatory role for CAD in carbon allocation to
the pathway.] At a cursory glance, therefore, these data
would imply that lignification has neither been affected
nor impaired (e.g. through reduction of monolignol 1–3
supply) and that, by extrapolation, the requisite struc-
tural integrity of the corresponding vascular tissues was
attained.
A more detailed analysis of these same data in this

review, however, leads to a very different interpretation,
in terms of the reductions in overall lignin biosynthesis
and weakening of the vasculature that are actually
achieved (discussed below). As before for COMT, a
brief historical review of the bm1 mutation though is
first needed for context, followed by consideration of
the various results obtained with the CAD-down-
regulated transformants.

5.10.1. CAD mutations in maize and the negative traits
of the bm1 mutant
The first report of a naturally occurring genetic

modification in the lignin biosynthetic pathway was
made more than 70 years ago by Jorgensen (1931), who
described the brown midrib (bm1) mutation in maize.
Later, the visual differences noted between the wild type
and bm1 mutant plants, in terms of the reddish brown
coloration of the lignified tissue of the latter, gave rise to
the term ‘‘colored or abnormal lignins’’ (Kuc and Nel-
son, 1964; Kuc et al., 1968). However, the differences
observed by Kuc and Nelson (1964) between ‘‘normal’’
and bm1 mutants also led them to conclude that the
distinctions were such that ‘‘a random series of con-
densations and esterifications would not explain the
esterification primarily in p-hydroxycinnamic acid onto
the lignin core, the difference in p-hydroxycinnamic acid
content in ‘normal’ and bm1 lignin, and the differences
in the core themselves.’’ Today, this conclusion is just as
valid as it was in 1964.

From a commercialization perspective, in spite of the
many studies directed towards possible usage of the
brown midrib maize for dairy silage, the disadvantages
still outweigh the advantages. Some of the dis-
advantages in the growth and development of these
mutants for animal (dairy) feed include: lower grain and
silage yields; lodging susceptibility; poor early season
vigor; delayed flowering and delayed early season growth
rates (Weller et al., 1985; Gentinetta et al., 1990). Such
disadvantages are presumably quite deleterious to the
mutated maize itself, as they appear to be neither useful
nor desirable traits. Moreover, the defense functions of
the mutants may also be compromised.
[As an aside, in the non-woody Graminaceous species,

the anatomy of the lignified tissues is very different from
those of truly woody plants and, indeed, the former are
more readily biodegradable. Moreover, in addition to
the monolignols 1–3, there are p-coumarate (7) and fer-
ulate (12) esters linked to the lignin ‘‘core’’, and various
monolignol hydroxycinnamate esters have been impli-
cated as directly involved in lignin formation in the
Gramineae (Higuchi et al., 1994; Ralph et al., 1998). At
some point in the future, it will be most useful to system-
atically investigate the biochemical processes involved in
lignin assembly in the various cell types of their vascular
tissues. This must include establishing unambiguously
the nature of the precursors undergoing polymerization,
since this has been largely ignored to this point, as is
how this polymerization process is controlled.]
Halpin et al. (1998) recently concluded that the bm1

mutation in maize affects expression of a cinnamyl
alcohol dehydrogenase (CAD) gene, this having �75%
identity with the aforementioned eucalyptus CAD. Of
the mutants examined, whose CAD activities were
apparently reduced to �14–60% of the wild type
plants, the Klason lignin contents of the mature stems
were estimated to be only �20% lower than that of
wild type controls (15.3	0.1% wild type versus

Fig. 24. Provisional plots of lignin contents versus gross CAD activities in transgenic plants with up- and down-regulated CAD. Adapted from

Halpin et al. (1994) [tobacco, ^], Baucher et al. (1996) [poplar, &], Yahiaoui et al. (1998) [tobacco, ~], Baucher et al. (1999) [alfalfa, �], Lapierre et

al. (1999) [poplar, �], and Hibino et al. (1995) [tobacco, ~]. Reported values were recalculated from the Klason lignin amounts to obtain the per-
centages relative to the controls, except for the data from Hibino et al. (1995), who described only the results of acetyl bromide determinations

(expressed as percentage of control).
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12.2	0.1% mutant relative to CWR) (Fig. 25). Assum-
ing that only one CAD gene is impacted in the mutant,
which need not be the case, the 14–60% residual CAD
activity may thus be misleading, e.g. due to the presence
of other CAD homologs and/or other alcohol dehy-
drogenases present in the cell free extracts, which are
capable of utilizing coniferyl aldehyde (14) as a sub-
strate. Additionally, the Klason lignin values may also
be overestimated, for the reasons discussed earlier.
Interestingly, the thioacidolysis products of the bm1

mutant and wild type maize had essentially identical
S/G ratios (bm1, 1.37 versus wild type, 1.40). However,
these products were recovered in uncharacteristically
low yields relative to the putative lignin amounts pre-
sent, i.e. the combined G+S recoveries of the controls
represented only �2.1% of the CWR (�14% of the
estimated Klason lignin content), whereas in the bm1
mutant, the recoveries were further reduced to �0.5%
of CWR (�4% of the estimated Klason lignin). More-
over, the data in Fig. 25A and B—each of which only
contains two points and are thus not statistically valid—
suggest that the G and S units would apparently be
undetectable when Klason lignin amounts decrease
from �15% (wild type) to below �10–12% of the
CWR. Further analyses of the bm1 mutant tissues also
indicated that the cinnamyl aldehydes 9, 14, and 21 did
not apparently accumulate, since thioacidolysis failed to
detect the corresponding thioketal derivatives.
When taken together, these observations thus raise

three interesting possibilities: (i) that the basis and
reliability of the Klason lignin determinations are again
questionable; (ii) alternatively, that the stages of early

lignin assembly only contain substructures that do not
release S and G units by thioacidolysis treatment; and
(iii) that the CAD mutation affects both S and G for-
mation, thereby suggesting that the pathways to con-
iferyl (2) and sinapyl (3) alcohols are not independently
modulated. This, of course, assumes that only one CAD
gene is affected by the bm1 mutation, which has not
been proven. If this is in fact the case, however, then the
mutant data suggests that even if there were specific
CAD isoforms for the aldehydes 9, 14 and 21, this level
of control can be overridden.
Provan et al. (1997) also examined a subset of the

phenolic constituents present in bm1 and wild type
maize, this specifically being some of those released
from mature internodes 1–4. In this case, the estimation
of ‘‘lignin’’ (described in that study as total phenolic
constituents) by the acetyl bromide method, gave much
lower ‘‘lignin’’ values (�8–9% w/w wild type versus
�7.4–8.6% w/w bm1 mutant), as compared to those of
Halpin et al. 1994, 1998 (15.3 and 12.2% w/w, respec-
tively). [In spite of those differences, however, both
studies did suggest that there was a decrease in the
amounts of lignin being produced, albeit quite modest
in extent (�4–20% reduction).] Additionally, a portion
of the phenolics (estimated at �90% of the acetyl bro-
mide solubles) was readily saponifiable, following over-
night treatment of the cell wall residue with 1 N NaOH
at ambient temperature. These alkali solubles were
next acidified (pH 2) to give precipitates, thereby
affording so-called ‘‘alkali lignin’’ preparations upon
extraction with dioxane–water (96:4). The resulting iso-
lates from both wild type and bm1 mutant plants were

Fig. 25. Estimated lignin contents versus guaiacyl (G, &, &) and syringyl (S, �, *) recoveries of cell wall residues (CWR) of control (solid symbols)
and bm1 mutant lines (open symbols) in maize. Klason lignin contents and G (A) and S (B) recoveries from thioacidolysis are estimated in terms of

percentage cell wall residue (%CWR). Data recalculated from Halpin et al. (1998).
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then subjected to NMR spectroscopic analyses, with the
‘‘lignins’’ being dissolved in acetone–water (9:1) for this
purpose; these, however, only represented about 27% of
the total phenolics in the bm1 mutant versus �38% of
those in the wild type. The differences in recovery pre-
sumably reflect the consequences of less monolignols 1–
3 being formed and being directed towards lignin
assembly in the bm1 mutant. However, since the carbon
allocation to the pathway has remained unchanged,
there is an increase in formation of non-lignin lower
molecular weight entities via competitive branch path-
way metabolism; however, whether this occurs at the
hydroxycinnamaldehyde level or at an upstream meta-
bolic step has not been resolved (discussed later).
Nevertheless, for the phenolic constituents actually

isolated, the spectra of both wild type and mutant iso-
lates were very similar (Fig. 26), except mainly for the
presence of three small aldehydic resonances (1–3) and
two other sharper signals (12, 16), which are presumed
to correspond to p-hydroxycinnamic acid moieties. It is
unknown whether these additional resonances are even
part of the lignin biopolymer-derived fragments, or are
instead lower molecular weight components isolated

under the protocol utilized. However, based on the
similarities of both spectra, it would provisionally
appear that the lignin-enriched component in each iso-
late has remained essentially unaltered, even though the
absolute amount in the mutant was reduced.
Considering together the results of both studies (Pro-

van et al., 1997; Halpin et al., 1998), it is clear that
caution needs to be exercised in interpreting the data
obtained for the following reasons: (i) there is a sig-
nificant discrepancy between the estimated Klason and
acetyl bromide (total phenolic content) lignins in both
studies, which requires a full explanation; (ii) at the very
minimum, 62–73% of the phenolic constituents remain
unaccounted for, and are thus uncharacterized; (iii) the
solubility of the lignin-enriched phenolic preparation
[examined by NMR spectroscopic analysis in acetone–
water (9:1)] indicates that they are of very low molecular
weight; and (iv) the data provide no insight into the
possible cellular origins of the alkali-soluble compo-
nents, e.g. whether they are from lignified cell walls or
not, and whether the constituents are covalently bonded
to the lignin or not. Accordingly, until more exhaustive
and definitive analyses are comprehensively conducted,

Fig. 26. 13C NMR spectra of ‘‘alkali-soluble lignin’’ preparations derived from normal (A) and bm1 mutant (B) maize plants, harvested at anthesis

plus 5 days. Reproduced from Provan et al. (1997) with permission from the American Chemical Society. Differences noted in the recorded

resonances are indicated by ‘X’.
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there is very little that can be concluded about the
effects that the CAD mutation has on the bm1 mutant,
other than provisionally that of small (�4–20%)
decreases in lignin amounts.

5.10.2. CAD mutations in loblolly pine
A loblolly pine mutation, described as CAD�, has also

been reported in the literature. Initially, it was claimed
to contain 2-methoxybenzaldehyde (48) (Ralph et al.,
1997) (another ‘‘non-traditional’’ phenolic) in its pre-
sumed lignin, but this has since been challenged (Gang
et al., 1998; Lewis, 1999). The assignments were subse-
quently retracted as the NMR signals were instead
apparently associated with coniferyl (14) and sinapyl
(21) aldehydes, and had, in fact, been misassigned
(Ralph et al., 1998). This mutation is not included in this
analysis, given that it is unknown to what extent addi-
tional mutations are present in the so-called CAD�-plant
(personal communication from L. Pearson, Westvaco,
to N.G. Lewis). The loblolly pine mutation and its
characteristics have been discussed elsewhere (Gang et
al., 1998; Lewis, 1999), and will be addressed again in
the future.

5.10.3. Preliminary evidence for distinct G and G–S
lignin forming CAD networks in different cell types
From the preceding discussion on ‘‘COMT’’ (Sec-

tion 5.8), the observation had been made (Fig. 17) that
%G recoveries remained essentially unchanged when
‘‘COMT’’ was significantly downregulated, whereas S
recoveries decreased precipitously. This provisionally
suggested that deposition of the S-component of lignin
(in the different cell types impacted) occurred indepen-
dently of that of G, and thus indicated that the S-bio-
polymer was being laid down in both a homogeneous
and targeted (cell wall region specific) manner.
In this regard, it has long been known that syringyl

units in angiosperm lignins are incorporated into
phloem fibers, as well as in parenchyma secondary cell
walls (Fergus and Goring, 1970b), whereas the vessels
mainly contain guaiacyl-rich lignins. In accordance with
this observation, COMT mRNA’s (leading to S lignin),
as evidenced by tissue printing, were found to be mainly
detectable in the differentiating phloem fibers, and then
as maturation continues in the differentiating xylem
cells (Ye and Varner, 1995). CCOMT gene expression,
by contrast, displayed an opposite effect. Together,
these expression patterns suggested that formation of
both G and S units were under differential control—
even though this did not affect the overall carbon allo-
cation to the pathway.
Moreover, in the original work by the groups of Zenk

(Mansell et al., 1976) and Grisebach (Wyrambik and
Grisebach, 1975), it had been recognized that CAD existed
in various forms in angiosperms, which led to con-
sideration of distinct isoforms displaying different sub-

strate specificities. However, this was not pursued to any
great extent until quite recently, albeit with mixed results.
In a study by Brill et al. (1999) using alfalfa (lucerne),

two CAD isoforms, CAD-1 and CAD-2, were obtained
(MsaCAD1 and MsaCAD2, respectively). CAD-2, as
indicated earlier, had �77% identity to that of the
eucalyptus lignin-specific CAD, whereas CAD-1 dis-
played �50% identity. Interestingly, these investigators
speculated that both were lignin-specific, and noted that
CAD-1 was expressed most highly in stem internodal
sections 1–3 (from the apex) whereas CAD-2 appeared
to be most strongly expressed in internodal sections 4/5.
In that particular study, recombinant lucerne CAD-1

and CAD-2 were also expressed in E. coli (using the
pET vector), with crude homogenates—rather than
purified proteins—being assayed for relative CAD
activities; the assays used cinnamaldehyde (rather than
p-coumaraldehyde 9 which was unavailable), and con-
iferaldehyde 14 and sinapaldehyde 21 as potential sub-
strates. Kinetic data and product identifications were
also obtained indirectly, since only NADPH cofactor
oxidation (monitored at 340 nm) was examined. From
these data, the investigators nevertheless concluded that
both coniferaldehyde 14 and sinapaldehyde 21 could be
used as substrates, with CAD-2 apparently being more
active than CAD-1; note, however, of the substrates
tested, cinnamaldehyde apparently served as the best
substrate in both cases. Thus, this study neither exam-
ined the actual substrate specificities of the purified
proteins nor unambiguously identified the enzymatic
products so obtained. [As an aside, most crude E. coli
preparations display non-specific alcohol dehy-
drogenase activities (unpublished observations).]
A second study (Li et al., 2001) examined the pre-

sumed CAD-1 and CAD-2 homologs present in aspen,
trivially named PtSAD (68% identical to MsaCAD-1)
and PtCAD (79% identical to MsaCAD-2), respec-
tively. As before, aspen CAD-1 was most strongly
expressed in internodes 1–3 and to a decreasing extent
in 4–9, whereas CAD-2 was most evident in internodes
4–9. Interestingly, CAD-1 was localized to both phloem
and xylem tissues, whereas CAD-2 was mainly (but not
exclusively) detectable in the xylem-forming tissues.
Recombinant CAD-1 and CAD-2 were next expressed
in E. coli with the corresponding proteins being purified
to apparent homogeneity (no details provided). Sub-
strate specificity was again examined using p-coumaryl
aldehyde 9, caffeyl aldehyde 41, coniferyl aldehyde 14,
5-hydroxyconiferyl aldehyde 17 and sinapyl aldehyde 21
as potential substrates (see Table 16), with product
analysis using HPLC/MS. In this way, CAD-2 dis-
played good substrate specificity for coniferyl aldehyde
14 and p-coumaryl aldehyde 9 with sinapyl aldehyde 21
being somewhat more slowly converted. Nevertheless,
CAD-2 was capable of converting all three aldehydes 9,
14, 21 into the monolignols 1–3.
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Recombinant CAD-1, however, was a much more
efficient (faster) enzyme with 9, 14, 17, and 21 substrates
than recombinant CAD-2 (although this was not dis-
cussed in the article). That is, the overall conversions of
p-coumaryl aldehyde 9 and 5-hydroxyconiferyl aldehyde
17 were �7- and �10-fold better, whereas with con-
iferyl 14 and sinapyl 21 aldehydes increases of �2- and
�60-fold were observed. Thus, with the provisional
assumption that recombinant protein kinetic data accu-
rately reflects that of the corresponding native counter-
parts, CAD-1 is a more active enzyme than CAD-2 for
all of the substrates examined. Clearly, since all sub-
strates can be used, the overall physiological significance
remains to be fully established, since it is unknown as to
how the H, G and S monomer supply to either CAD
isoform, prior to reduction, is controlled.
Nevertheless, in an analogous way as for COMT and

CCOMT gene expression, these investigators sought to
examine the patterns of CAD-1 and CAD-2 protein
localization in developing aspen internodes with differ-
ent patterns again being noted: at the 3rd internode,
CAD-2 was associated with the guaiacyl-rich metax-
ylem, whereas with progressive maturation (this and
older internodes) it was detected in the xylem fusiform
initials, then in the (G-rich) vessels, as well as in the
developing ray cells. In these cell types (vessels exclu-
ded), CAD-2 preceded detection of CAD-1 with the
latter being strongly detectable in GS-rich radial and
axial ray cells. The patterns of CAD-1 and CAD-2
expression were, however, quite different in the phloem
region; CAD-1 was detected in protophloem par-
enchyma cells (internode 3), and then in the primary
phloem fibers (e.g. internode 6). However, by the stage
of development of internodes 8–12, the CAD-2 was now
mainly present, although its intensity of labeling pro-
gressively decreased as lignification began to subside.
These data thus further suggest, as already established

for COMT and CCOMT, differential control over the G
and GS lignin forming networks during development of
the various cell (wall) types.
The major conclusion from the Li et al. (2001) study

was the hypothesis of unique physiological roles for
both CAD-1 and CAD-2, i.e. as being sinapyl aldehyde
21 and coniferaldehyde 14 specific. However, this was
not proven, and indeed, the different isoforms could just
as readily instead be differentially employed for the
biosynthesis of G and G-S lignins in the various cell wall
types and corresponding wall layers. Furthermore, there
is considerable circumstantial evidence against a unique
role for CAD-1 in sinapyl alcohol 3 formation: first, the
CAD maize mutation of a presumed CAD-2 gene
[which, according to Li et al. (2001) is coniferyl alde-
hyde 14 specific] affects both G and S levels of the
resulting lignin biopolymers. Secondly, all CAD down-
regulation studies—which targeted the proposed con-
iferaldehyde 14 specific CAD-2 homologs—resulted in
both small reductions in lignin levels as well as decreases
in S/G ratios. These data, when taken together with that
of protein localization profiles do not, therefore, sup-
port the concept of substrate-unique roles for CAD-1
and CAD-2, as proposed by Li et al. (2001). Instead, the
data reveal a complex pattern of control of lignin
assembly, which needs to be systematically and fully
dissected at the individual cell and cell wall layer level.
Indeed, how CAD-1 and CAD-2 evolved to achieve
their apparently different substrate preferences for the
three monolignol aldehydes 9, 14, and 21 cannot yet be
gauged. Another aspect of the Li et al. (2001) paper that
requires some consideration is that of the proposal that
angiosperm lignin is a consequence of heterologous
guaiacyl–syringyl lignin deposition; however, these
investigators gave no insight (if this was the meaning) as
to whether CAD-1 had resulted from introduction of a
foreign gene during angiosperm evolution or not.

Table 16

Reported kinetic properties of recombinant CAD1 and CAD2 from aspen (Populus tremuloides), expressed in E. coli (Li et al., 2001)

Substrates Km (mM) Vmax (nmol/min/mg) Vmax (nkat/mg) Vmax/Km (nkat/mg/mM) Vmax/Km (%)

CAD 2 (PtCAD)

p-Coumaryl aldehyde 9 6.2 0.17 2.83 0.46 30.07

Caffeyl aldehyde 41 37.0 0.15 2.50 0.07 4.45

Coniferyl aldehyde 14 2.3 0.21 3.50 1.52 100.00

5-OH Coniferyl aldehyde 17 17.5 0.17 2.83 0.16 10.65

Sinapyl aldehyde 21 9.1 0.10 1.67 0.18 12.05

CAD 1 (PtSAD)

p-Coumaryl aldehyde 9 15.6 2.90 48.33 3.10 27.52

Caffeyl aldehyde 41 140.0 2.00 33.33 0.24 2.11

Coniferyl aldehyde 14 12.7 2.30 38.33 3.02 26.81

5-OH Coniferyl aldehyde 17 36.1 3.80 63.33 1.75 15.58

Sinapyl aldehyde 21 7.4 5.00 83.33 11.26 100.00
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5.10.4. Reassessment of effects of CAD downregulation
in transgenic alfalfa, poplar and tobacco
CAD downregulated transformants have been

obtained with different species including alfalfa, poplar
and tobacco. In tobacco, only antisense strategies were
applied, with both heterologous (Higuchi et al., 1994;
Hibino et al., 1995) and homologous (Halpin et al.,
1994; Yahiaoui et al., 1998) genes being used. On the
other hand, homologous genes were employed for both
sense and antisense experiments in poplar (Baucher et
al., 1996; Lapierre et al., 1999), and an antisense
approach was utilized in alfalfa (Baucher et al., 1999).
In all of the studies, the transgenes were either over-
expressed or downregulated under control of the CaMV
35S promoter. Each study is discussed in detail below.

5.10.4.1. Alfalfa. Although alfalfa contains two CAD-
like proteins, MsaCAD1 and MsaCAD2, (Brill et al,
1999) only the latter was used for downregulation of
CAD activity in alfalfa (Baucher et al., 1999), this hav-
ing �77% identity to the developing xylem (lignin-spe-
cific) eucalyptus CAD. This resulted in apparent
reductions of �30–60% CAD activity relative to that of
the controls, presumably in part because one of the
CAD isoforms (MsaCAD1) was only partially (if at all)
downregulated. Table 17 summarizes what is known
about these transformants, and Fig. 27A and B again
plot %G and %S thioacidolysis recoveries versus the
corresponding estimated Klason lignin contents of the
CWR. As for maize, the S and G recoveries were low
(�20%) relative to the Klason lignin estimates, but
slightly higher (�20–30%) when compared to the acetyl
bromide lignin measurements (data not shown): as
before, the reliability of both lignin and CAD activity

estimations cannot be rigorously assessed for reasons
stated earlier.
In this study, there was also noted a small reduction

in overall S/G ratios as detectable CAD activity
decreased relative to the controls, i.e. from �0.5 control
versus �0.3–0.5 in the transformants, but with only the
one line 2-3H having a S/G ratio of �0.27 (Table 17).
Given that there are at least two CAD homologs in
alfalfa, however, and that these are presumably differ-
entially expressed in most cell types (as noted for aspen),
this result is perhaps not unexpected. That is, even if the
CAD homolog targetted (CAD-2) was mainly involved
in G rather than G–S lignin formation, the 35S CaMV
promoter would nevertheless be expected to target all
cell types. Hence, at higher levels of CAD repression,
the corresponding CAD homolog (CAD-1), presumed
to generate G–S lignin, would also perhaps be down-
regulated to some extent in addition to CAD-2 (even
when they are expressed in the same cell types). Indeed,
this could provisionally explain the fluctuations in S/G
ratios and S/G recoveries observed. On the other hand,
if CAD-1 and CAD-2 are differentially expressed at
different stages of cell wall development in particular
cell wall types as noted earlier and if only CAD-2 is
downregulated, then the effects could simply also result
from such perturbation on organized lignin assembly.
[Note that these investigators also examined whether
the red-brown coloration of the CAD downregulated
phenotypes displayed was due to a build-up of the sub-
stituted cinnamaldehyde (9, 14, 21); however, they were
not detected.]
Selected transgenic lines were also field cultivated

together with the corresponding controls, where it was
observed that the relative CAD activities in the trans-

Table 17

Preliminary characterization of transgenic alfalfa plants following introduction of a CAD transgene (adapted from Baucher et al., 1999)

Plant

line

Enzyme

and gene

expression

localization

Transgene

orientation

Promoter Gross

morphological

changes

in the

phenotypes

Tissue

analyzed

for lignins

% CAD

activity

Lignin

contenta

(% CWR)

Estimated

S and G

recovery

(% of lignin)

S/G

ratio

Analytical

techniques

employed

C1 n.d. (Control) – – Xylem ring

from 3-month

old plants

100 17.8 20.7 0.50 Thioacidolysis;

acetyl bromide;

Klason lignin

analysis;

Jarrige lignin

determination;

alkaline

hydrolysis

C2 n.d. (Control) 35S 89 17.5 22.7 0.54

C3 n.d. (Control) 35S 96 17.9 22.4 0.50

C4 n.d. (Control) 35S 122 17.3 21.8 0.49

C5 n.d. (Control) 35S 96 18.5 20.6 0.53

C6 n.d. (Control) 35S 100 18.0 23.1 0.52

9-2D n.d. Antisense 35S Red xylem 70 18.3 21.7 0.50

9-1E n.d. Antisense 35S Red xylem 48 17.9 22.0 0.47

2-4A n.d. Antisense 35S Red xylem 52 18.1 21.8 0.41

2-8C n.d. Antisense 35S Red xylem 55 18.0 18.2 0.47

2-3H n.d. Antisense 35S Red xylem 37 16.7 15.0 0.27

9-7I n.d. Antisense 35S Red xylem 44 19.2 17.8 0.38

The frequency of interunit linkages in, and MW ranges of, lignins, as well as ultrastructural effects on cell wall types and patterns of lignin deposition

were not determined (n.d.).
a Lignin estimations were not corrected for proteinaceous and/or ash-forming constituents.
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formants had declined nearly 3-fold. While this was
attributed to environmental conditions influencing the
amplitude of the antisense effect, this explanation needs
to be reconsidered, since the controls had declined
approximately 3-fold as well. Nor were there any sig-
nificant changes in the levels of ‘‘alkali soluble’’ lignins
between the controls and the transformants, since the
mean values for each were �97.7% in agreement; yet
the investigators concluded that two lines (9-7I and 2-3H)
had significant increases in alkali-solubility behaviour. Of
the two single data points given (no standard deviation
provided), line 9-7I had a reduced amount of cell wall
residue prior to saponification. However, the reduction in
alkali insoluble residue recovery was apparently due to an
increased extractive content and not to alkali solubility
per se. Additionally, in the various lines examined, there
were only trace amounts of p-coumaric (7) and ferulic
(12) acids, vanillin (23) and syringaldehyde (24) released
following mild alkali treatment (1 N NaOH, 20 h, 20 �C).
Overall, the data are consistent with CAD having no rate-
limiting role in carbon allocation to the pathway, and lit-
tle to no effect on lignin deposition at the levels of CAD
activity repression achieved.

5.10.4.2. Poplar. Two rather conflicting studies were
reported by the same investigators on the effects of
CAD downregulation in poplar, using CAD-down-
regulated transformants harvested after 3 months (Bau-
cher et al., 1996) and 2 years (Lapierre et al., 1999)
growth, respectively. As noted with bm1 maize and
CAD-downregulated alfalfa, poplar transformants with
significantly reduced CAD levels (estimated at �30%

wild type activities ) displayed a red coloration in the
xylem tissues; this was not observed in either control or
sense transformants. As for alfalfa, the CAD down-
regulated gene showed high homology to that of the
eucalyptus CAD (80% amino acid identity).
In the first study, 3-month old juvenile wood was

harvested from each plant line with both controls and
transformants having �23–32% of their dry weight
removed by organic and aqueous solvent extraction
procedures (details not provided). Fig. 28A and B plots
%G and %S recoveries versus estimated Klason lignin
contents in the CWR of various plant lines obtained,
and Table 18 summarizes the preliminary characteriza-
tion of the controls (pBI121), antisense (e.g. line
ASCAD8) and sense transformants (e.g. line CAD23).
These data suggest that CAD downregulation actually
led to small increases, rather than decreases, in measur-
able lignin content. However, juvenile wood is well
known not to give accurate lignin determinations using
the Klason lignin method for reasons stated earlier (e.g.
proteins coprecipitating, as described in Lai and Sarka-
nen, 1971). Moreover, based on the variability in the
data obtained, and the presence of only one control, no
meaningful conclusions can be drawn as regards trends
in S/G ratios, although a greater variability in S recov-
eries was noted for the specimens examined (see
Fig. 28A and B), suggesting perhaps that S formation
was more greatly affected at this developmental stage.
This would again not be an unexpected result, even if
the CAD-2 being targetted was guaiacyl-lignin specific.
This is because as before it cannot be fully gauged at
this stage, using the CaMV 35S promoter, as to what

Fig. 27. Estimated lignin contents versus guaiacyl (G, &, &) and syringyl (S, �, *) recoveries of cell wall residues (CWR) of control (solid symbols)
and CAD-downregulated lines (open symbols) in alfalfa. Klason lignin contents and G (A) and S (B) recoveries from thioacidolysis are estimated in

terms of percentage cell wall residue (%CWR). Data recalculated from Baucher et al. (1999). SD=standard deviation.
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Fig. 28. Estimated lignin contents versus guaiacyl (G, &, &) and syringyl (S, �, *) recoveries of cell wall residues (CWR) of control (solid symbols)
and CAD-downregulated lines (open symbols) in poplar. Klason lignin contents and G (A, C) and S (B, D) recoveries from thioacidolysis are esti-

mated in terms of percentage cell wall residue (%CWR) for 3-month (A, B) and 2-year old (C, D) tissues, respectively. Data recalculated from

Baucher et al. (1996) and Lapierre et al. (1999). SD=standard deviation.

Table 18

Preliminary characterization of transgenic poplar plants following introduction of a CAD transgene

Plant

line

Enzyme

and gene

expression

localization

Transgene

orientation

Promoter Gross

morphological

changes in the

phenotypes

Tissue

analyzed

for lignins

% CAD

activity

Lignin

amountsc

(% CWR)

Estimated

S and G

recovery

(% of

lignin)

S/G

ratio

Analytical

techniques

employed

PBI121a n.d. (Control) – 100 18.4 44.8 1.71 Thioacidolysis;

Klason lignin

analysis; alkali

extraction; UV-

Vis; histochemical

staining

ASCAD49a n.d. Antisense 35S Patchy red Stems from

3-month

old plants

41 17.7 45.7 1.64

ASCAD8a n.d. Antisense 35S None 82 20.6 37.6 1.58

ASCAD3-2a n.d. Antisense 35S None 104 18.5 40.6 1.61

ASCAD10a Antisense 35S Patchy red 82 18.3 45.1 1.95

ASCAD14a n.d. Antisense 35S Intense red xylem 82 19.5 37.6 1.71

ASCAD21-2a n.d. Antisense 35S Intense red xylem 36 18.4 34.1 1.36

ASCAD3–1a n.d. Antisense 35S None 104 19.5 33.8 1.50

ASCAD21-1a n.d. Antisense 35S Intense red xylem 36 18.6 32.2 1.32

ASCAD52-1a n.d. Antisense 35S Intense red xylem 32 20.3 31.4 1.56

ASCAD52-2a n.d. Antisense 35S Intense red xylem 32 18.9 34.1 1.77

CAD23a n.d. Sense 35S None 129 18.8 42.5 1.77

CAD9a n.d. Sense 35S None 115 n.d. n.d. 1.76

CAD1a n.d. Sense 35S Red xylem 34 18.7 34.9 1.82

Controlb (Control) – Wood from

2-year old

plants

100 19.0 41.2 2.03 Thioacidolysis;

Klason lignin

analysis; alkali

extraction; Kraft

pulping; Wiesner;

Ni desulfurization

ASCAD52b Antisense 35S Red xylem n.d. 18.3 38.7 2.04

ASCAD21b n.d. Antisense 35S Intense red

xylem

30 18.3 40.7 2.03

SCAD1b n.d. Sense 35S Red xylem 30 18.0 2.23

The frequency of interunit linkages in, and MW ranges of, lignins and the ultrastructural effects on cell wall types and patterns of lignin deposition

were not determined (n.d.).
a Adapted from Baucher et al. (1996).
b Adapted from Lapierre et al. (1999).
c Lignin estimations were not corrected for proteinaceous and/or ash-forming constituents.
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extent the G and G–S lignin-forming networks in
different cell types are differentially affected. Moreover,
as noted in essentially all of the downregulation studies
discussed so far, it would be instructive to employ
the native promoter for each gene being specifically
downregulated.
Attempts to trap the corresponding cinnamyl alde-

hydes 9, 14, and 21, which might build up during CAD
repression were also unsuccessful, since the correspond-
ing thioacidolysis products were again not detected.
Moreover, the overall yields of alkali-releasable phe-
nolics following 2 N NaOH treatment for 24 h at 35 �C
gave similar amounts of vanillin (23), syringaldehyde
(24), and p-hydroxybenzoic acid (38) (i.e. these repre-
sented �0.24% of the CWR of the controls versus
�0.28–0.63% in the corresponding transformants).
A possible difference between the 3-month old con-

trols and the most heavily downregulated CAD trans-
formants (ASCAD21 and ASCAD52), however, was
again in the alkaline solubility behaviour following 2 N
NaOH treatment for 24 h at 35 �C. These approxi-
mately corresponded to �28–44% in the CAD-down-
regulated plants versus �20% in the control, when
tabulated as a percentage of the estimated lignin content
of each line. However, none of the alkali-releasable
constituents were characterized further in order to
establish their identity, and thus no further considera-
tion can be given to them at this stage.
Yet, since one of the reasons for CAD down-

regulation was to obtain more readily pulpable wood,
the pulping characteristics of 3-month old ASCAD52
and ASCAD21 transformants were also examined. As
to be expected, there was some variability in the mea-
sured Klason lignin contents of each line: ASCAD21 (or
lines thereof) had average estimated lignin contents of
18.4	0.5%, ASCAD52 (or lines thereof) had values
ranging from 17.6	0.1 to 20.3	0.2%, and the controls
varied from 18.3	0.1 to 19.2% (Lapierre et al., 1999).
Representatives of all three lines were subjected to

kraft pulping, which in the article was actually incor-
rectly described as a lignin sulfonation process. [Kraft
pulping utilizes Na2S and NaOH at elevated tempera-
tures, and typically at full charge gives low pulp yields
(40–55%); sulfonation, on the other hand, is generally
carried out at low pH with sodium or ammonium sul-
phite (Lewis et al., 1983; Lewis and Yean, 1985; Pad-
mapriya et al., 1985; Bialski et al., 1986; Luthe and
Lewis, 1986).] Nevertheless, in the kraft pulping trial
undertaken, the pulp yields for ASCAD52, ASCAD21
and pBI121 (control) were 43.4, 47.5 and 47.9%, with
kappa numbers for the corresponding pulps being 18.8,
19.2. and 20.8, respectively. [No standard deviations
were provided for any of the analyses. Indeed, as in
many of the studies undertaken thus far for transgenic
tissues, the variability within the controls and transfor-
mants was not statistically determined.]

The relationship between kappa number and lignin
content is estimated as % lignin=0.147 � kappa num-
ber. Accordingly, the above data revealed that the cor-
responding pulps had very similar residual lignin
contents of 2.76, 2.82 and 3.05%, respectively. When
corrected for differences in pulp yield, however, the data
indicated that the pulping characteristics of the two
CAD transformants were only slightly better than the
corresponding control line, this presumably reflecting
increased formation of more non-lignin alkali-labile
components and thus less lignin as monolignol supply is
reduced.
When the corresponding plant lines had further

matured (�2 years growth), the lines ASCAD21 and
ASCAD52 were re-examined. The estimated Klason
lignin levels were now apparently slightly lower than
before (Fig. 28C and D) with concomitant reductions in
both %G and %S recoveries. Although there are only
very few data points reported for both the controls and
transformants, the preliminary data obtained gave no
conclusive indication that G and S pathways were inde-
pendently modulated. That is, levels of both were
apparently reduced more or less to the same extent, and
thus the S/G ratios remained very similar. Each line was
also subjected to mild alkaline hydrolysis (2 N NaOH,
37 �C, overnight) to examine the levels of pHBA (38),
vanillin (23), and syringaldehyde (24) released. While
some fluctuations in their overall levels were observed,
they constituted a very small portion of the ASCAD21
tissue (�0.45% of CWR and �0.33% of CWR of the
control). Moreover, while attempts to detect the thio-
ketal derivatives of the aldehydes were now successful,
they were present at minuscule levels.
An additional pulping evaluation was conducted

using the lines ASCAD21 and ASCAD52, relative to
the control (pBI121) at three ‘‘active alkali’’ charges (15,
17 and 20%, respectively) (Lapierre et al., 1999), the
results of which are summarized in Table 19. However,
in that trial, ASCAD52 now functioned no better than
the control, and ASCAD21 was marginally better. Sur-
prisingly, the investigators attributed this marginal
increase in pulping efficacy as a consequence of a higher
frequency of free phenolic groups in G lignin (see
Table 19), whose frequencies were estimated as being
33.6% for ASCAD21, 30.5% for ASCAD52 and 26.4%
for control, respectively. However, since no comparable
trend in pulping efficacy was observed between the three
samples (i.e. the control, ASCAD52 and ASCAD21
lines), nor were variabilities in the control lines docu-
mented, this explanation has little or no experimental
validity at present.
Together the data obtained thus give little evidence

that CAD downregulation in poplar, at the levels
attained, was particularly beneficial for the reasons ori-
ginally envisaged (e.g. for pulp and paper applications).
The data did, however, clearly demonstrate that, as
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carried out in this study, CAD has no rate-limiting
capacity in overall carbon allocation to the monolignol
pathway, and thus may not be a particularly useful
biotechnological target. Furthermore, there is currently
no comprehensive understanding of the mechanical
integrity of tissues from CAD downregulated poplar
transformants, which can also be presumed to be
adversely affected if lignin assembly in any way has been
partially impaired due to a reduction in monolignol
supply. However, preliminary investigations on CAD
downregulated plants have indicated that the bio-
mechanical properties of these transformants were
compromised, indicative of some weakening of the vas-
culature (Huang et al., 1999).

5.10.4.2. Tobacco. Several studies were undertaken to
examine the effects of gross CAD downregulation in
tobacco, using the CAD isoforms most homologous (77
and 80% amino acid sequence identity) to that of the
eucalyptus CAD (see Table 20). Thus, in the initial
study by Halpin et al. (1994), various antisense lines
were obtained (using an �1-kb fragment of the tobacco
CAD gene expressed under control of the CaMV 35S
promoter) with CAD activities apparently being
reduced to circa 20 and 7% of wild type levels, respec-
tively (Table 20A). As before, the lines severely repres-
sed in CAD activity had reddish-brown colored xylem
tissue; however, there were no other visible phenotypical
changes reported, in terms of growth and development.
The antisense lines, relative to the controls, appar-

ently showed only slightly reduced lignin levels, based
on Klason and acetyl bromide estimations (Table 20A),
whereas thioglycolic acid treatment displayed sub-
stantive (13–50%) increases in the overall UV absorbing
(l 280 nm) solubilized components in the transfor-
mants; no explanation was provided as to why this was
the case. [A plot of lignin versus thioacidolysis S and G
recoveries cannot be made in this case because the latter
were not reported.] Nevertheless, the S/G ratios of the
thioacidolysis components of the cell wall residues were
apparently reduced from 0.85–0.83 (control) to �0.75–
0.46 in the antisense lines; however, there was again no
evidence of build-up of sinapyl aldehyde (21), since no

trace of the S-derived thioketal was detected. A com-
parable effect on S/G ratios at high levels of CAD
reduction was also noted by Yahiaoui et al. (1998)
(Table 20C), but not with Hibino et al. (1995), who were
unable to achieve transformants with significantly
reduced CAD activity (Table 20B).
Additional studies (Bernard-Vailhé et al., 1996) with

the same severely CAD-downregulated transformants
as that of Halpin et al. (1994) revealed mixed behaviour
of tissues in their alkali solubility, i.e. when treated with
1 N NaOH (2 h, 35 �C), the most extensively CAD-
downregulated line (AS50, 7% CAD activity of control)
had �37.7% of the cell wall components removed,
relative to �32.5% of the control. However, another
line possessing �20% residual CAD activity (AS40)
was essentially identical to the control.
The most strongly downregulated CAD line and its

control were subjected to the lengthy ‘‘Björkman lignin’’
isolation procedure (Björkman, 1954), the yields of
which were not reported. This involved grinding tissues
in a vibrating mill (using porcelain balls) at 4 �C for 10
days, extracting the resulting residues with dioxane-H2O
(96:4) for 24 h, centrifuging the corresponding suspen-
sions, and precipitating the lignin-enriched preparation
in sodium sulfate solution to remove low molecular
weight contaminants. The precipitates so obtained were
washed with water, dissolved in acetic acid and again
precipitated using diethyl ether. Interestingly, this pro-
cedure removed the reddish-brown colored components
characteristic of the CAD down-regulated plants,
thereby implying that these constituents were not part of
the lignin biopolymer. However, the actual lignin
recoveries (yields) were not reported.

5.10.5. Reconsideration of NMR spectroscopic analyses
of CAD-downregulated tobacco lignin derived isolates
The 13C NMR solution spectra of the lignin-derived

precipitates from the CAD-downregulated and corre-
sponding control plants were, however, most instructive
(Fig. 29A and C, respectively). Both spectra (recorded
under conditions for quantification of resonances) were
essentially identical, except for one minor signal at
�110 ppm (marked by an �), possibly due to an

Table 19

Pulp characteristics of control and two year-old CAD transgenic poplar, and estimations of molar percentages of G and S units with free phenolic

groups in their lignins prior to pulping (Lapierre et al., 1999)

Plant

line

Klason

lignin

contentsa

15% Active alkali

charge

17% Active alkali

charge

20% Active alkali

charge

G with free

phenolb

(%molar)

S with free

phenolb

(%mol)

Pulp yieldb kappa no. Pulp yieldb kappa no. Pulp yieldb kappa no.

Control 19.4	0.2 49.7 20.5 48.2 15.1 46.9 11.9 26.4 3.0

ASCAD52 19.4	0.2 49.2 19.4 48.0 14.7 46.9 12.5 30.5 3.5

ASCAD21 18.7	0.1 50.1 16.1 49.1 15.0 47.5 12.4 33.6 4.5

a Lignin estimations were not corrected for proteinaceous and/or ash-forming constituents.
b No standard deviations provided.
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impurity introduced during isolation. The NMR-esti-
mated S/G ratios of the isolates were also very similar
(0.69 vs. 0.73 by NMR), and the minuscule levels of
aldehydic resonances detected (circa 185–190 ppm) did
not change very significantly in relative intensities in
either sample. Moreover, assuming that the samples are
somewhat representative of the actual lignins present in
their tissues, the data would suggest that neither S nor
G pathways had been differentially affected in any sig-
nificant manner, in contrast to the trend suggested by
thioacidolytic analyses. Clearly, based on the informa-
tion herein, the CAD-downregulated sample did not
contain increased levels of non-traditional phenols
either, such as the corresponding aldehydes 9, 14, or 21,
or other ‘‘abnormal’’ lignin components in the lignin-
enriched isolates.
Other studies were carried out on the CAD down-

regulated tobacco lines (Ralph et al., 1998; Yahiaoui et
al., 1998; Chabannes et al., 2001). Thus, Fig. 30A and B
plots the %G and %S recoveries relative to Klason lig-
nin contents as a percentage of the CWR, and these
data (using transformants with CAD activities of
411% relative to the control) suggest that the relative

lignin amounts in the transformants had actually
increased slightly. Furthermore, although the G and S
recoveries were low (3–4% CWR, combined), the gross
data indicated that the S recovery levels appear to be
more greatly reduced relative to G at the highest levels of
CAD suppression (see Table 20C). This could again be
due to one or more of the reasons stated earlier. Once
again, however, it is not possible to ascertain whether the
effects on G and G–S forming networks are a con-
sequence of the non-specific 35S CaMV promoter being
used, rather than the native promoter driving the gene
of interest.
It was additionally instructive to tabulate the Klason

lignin estimates in this analysis in the above control and
transformant lines as a function of decreasing CAD
activity, prior to and following saponification (2 N
NaOH, 2 h, 25 �C) (Fig. 31). This revealed that saponi-
fication removes circa 25% of the putative ‘‘lignin’’
(alkali soluble phenolics, together with hemicelluloses,
etc.) in the controls and that this amount remains
essentially unchanged until CAD is downregulated to
<20% residual activity. That is, in the wild type plants,
some 25% of the ‘‘lignin’’ is removed in this manner,

Table 20

Preliminary characterization of transgenic tobacco plants following introduction of a CAD transgene

Plant

line

Enzyme

and gene

expression

localization

Transgene

orientation

Promoter Gross

morphological

changes in the

phenotypes

Tissue

analyzed

for lignins

% CAD

activity

Lignin amountsf

(% CWR)

Estimated

S and G

recovery

(% of

lignin)

S/G

ratio

Analytical

techniques

employed

KL AcBr TGAg

A. Control 40a n.d. (Control) – – 95- and 120-

day old

plants for

staining;

for other

methods, age

not specified

100 18.5 21.2 281 n.d. 0.85 Thioglycolate;

Klason lignin

analysis; acetyl

bromide;

pyrolysis-MS;

histochemical

staining

Control 50a n.d. (Control) – – 100 16.9 19.7 279 n.d. 0.83

AS 40a n.d. Antisense 35S None 20 16.9 21.1 317 n.d. 0.75

AS 50a n.d. Antisense 35S Red-brown xylem 7 16.4 19.0 421 n.d. 0.46

B. Controlb n.d. (Control) – – Stems of 2-

month old

plants

100 n.d. 100e n.d. 20.1 0.96 Thioacidolysis;

acetyl bromide;

histochemical

staining; FT–IR

acad-8b,d n.d. Antisense 35S None 80 n.d. 100e n.d. 17.4 0.87

acad-4b,d n.d. Antisense 35S Brown stem 45 n.d. 100e n.d. 18.0 1.02

acad-5b,d n.d. Antisense 35S None 95 n.d. 95e n.d. n.d. n.d.

C. Controlc n.d. (Control) – – Xylem ring

from 3-

month old

plants

100 18.1 n.d. n.d. 21.5 0.96 Thioacidolysis;

acetyl bromide;

Klason lignin

analysis

3P27c n.d. Antisense 35S Red patches 54 21.2 n.d. n.d. 17.3 0.95

7TP5c n.d. Antisense 35S Red stripes 11 18.8 n.d. n.d. 17.3 0.75

7TP42c n.d. Antisense 35S Red stripes 11 18.3 n.d. n.d. 14.8 0.60

T37c n.d. Antisense 35S Red xylem 8 17.9 n.d. n.d. 22.1 0.38

The frequency of interunit linkages in, and MW ranges of, lignins and the ultrastructural effects on cell wall types and patterns of lignin deposition

were not determined (n.d.).
a Adapted from Halpin et al. (1994).
b Adapted from Higuchi et al. (1994) and Hibino et al. (1995).
c Adapted from Yahiaoui et al. (1998).
d Heterologous transformants harboring the Aralia CAD gene; the rest of the transformants used tobacco CAD.
e Expressed as percentage of the control. Klason lignin contents were not reported.
f Lignin estimations were not corrected for proteinaceous and/or ash-forming constituents.
g Thioglycolic acid extractable lignin expressed as the absorbance at 280 nm per gram of tissue.
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thereby revealing the presence of a metabolic branch-
point affording lignin (�75%) in one case, and an
uncharacterized alkali soluble phenolic fraction
(�25%) in the other. At highly repressed CAD levels,
however, more than 50% of the ‘‘lignin’’ was now
removed by cold alkali treatment further indicating that
the carbon distribution into metabolic branchpoints
giving the lignin and alkali soluble components, respec-
tively, had been altered. Yet, even though the alkali
labile moieties have not been adequately chemically
characterized, the data reveal an increased activity in
the metabolic branchpoint when monolignol 1–3 supply
is reduced, i.e. lignin formation can no longer occur and
instead increased metabolism into these alkali-labile
components occurs instead. Clearly, much needs to be

done in order to understand the biochemical and physi-
ological consequences of this metabolic branchpoint,
including which of the CAD homologs are actually
involved.
The spectroscopic characterization of the lignin-en-

riched isolates from these CAD-downregulated trans-
formants was also carried out as before: this used as a
tissue source, stems from the most heavily down-
regulated CAD transformants (<7% CAD activity
relative to the control) (Ralph et al., 1998; Chabannes et
al., 2001) with yields of the lignin-enriched preparations
isolated totaling �17% (antisense CAD, T37) versus
�7% for the control, respectively, i.e. from 83 to 93%
of the presumed lignin amounts were not recovered.
However, the spectroscopic data obtained and the

Fig. 29. 13C NMR spectra of various lignin-enriched isolates obtained using current lignin solubilization protocols, with preparations derived from

wild type [A: Bernard-Vailhé et al. (1996) and B: Ralph et al. (1998)] and CAD transgenic tobacco plants [C: Bernard-Vailhé et al. (1996) and D:

Ralph et al. (1998)]. Redrawn from Bernard-Vailhé et al. (1996) (A, C) with permission of the American Chemical Society (Copyright 1996), and

from Ralph et al. (1998) (B, D) with permission of the National Academy of Sciences, USA (Copyright 1998). ‘‘X’’ indicates additional resonances
either absent or greatly reduced in the respective comparison spectra, i.e. A vs. B, and C vs. D.
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interpretations offered differed substantially from that
of the previous study by Bernard-Vailhé et al. (1996),
even though the CAD-downregulated transformants
were ostensibly the same. Firstly, as noted for the CCR
downregulation study (Chabannes et al., 2001), there
were difficulties encountered in sample purification, with
415% polysaccharide being detected as impurities in
the latter study. Secondly, a direct comparison of the
Bernard-Vailhé et al. (1996) and Chabannes et al. (2001)
NMR spectra of the controls (Fig. 29A and B, respec-
tively) revealed a number of additional resonances in
the latter (marked by �’s in Fig. 29B) that are not evi-
dent in Fig. 29A; this strongly suggests the presence of
non-lignin impurities in the latter sample. Indeed, of
these, the signals at �36, 42, 115 and 129 ppm are again
consistent with hydroxycinnamoyl tyramine moieties

(32 and 33) [previously described in the 4CL and CCR
downregulation sections (5.5.1 and 5.9)], whereas the
other extraneous signals cannot yet be assigned. Inter-
estingly, none of these resonances appears to be present
in the Bernard-Vailhé et al. (1996) control tissue pre-
parations, this again suggesting that the extraneous sig-
nals in Fig. 29B are due to low molecular weight
impurities in the Chabannes et al. (2001) sample.
Thirdly, discrepancies in the spectral profiles are even
more marked when each of the two 13C NMR spectra of
the two CAD downregulated specimens are compared
directly (Fig. 29C and D, respectively); these would
have been anticipated to be essentially identical, given
that both are derived from transformants with a com-
parable level of downregulation of the same CAD gene.
However, once again several additional resonances are

Fig. 30. Estimated lignin contents versus guaiacyl (G, &, &) and syringyl (S, �, *) recoveries of cell wall residues (CWR) of control (solid symbols)
and CAD-downregulated lines (open symbols) in tobacco. Klason lignin contents and G (A) and S (B) recoveries from thioacidolysis are estimated

in terms of percentage cell wall residue (%CWR). Data recalculated from Yahiaoui et al. (1998). SD=standard deviation.

Fig. 31. Alkali solubility of lignin in control (solid symbols) and CAD-downregulated lines (open symbols) in tobacco. Klason lignin contents are

estimated in terms of cell wall residue (CWR). Legend: Klason lignin in unsaponified residue: �, *; and Klason lignin in saponified residue: ~, ~.
Data recalculated from Yahiaoui et al. (1998).
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observed in the Ralph et al. (1998) spectrum (see
Fig. 29D), which are not present in that of Fig. 29C
(Bernard-Vailhé et al., 1996). These additional reso-
nances marked by �’s (Fig. 29D) can again be ascribed
to impurities, including hydroxycinnamoyl tyramine
residues (32, 33, see above) as well as aldehydic compo-
nents (185–190 ppm) reported as being sinapyl aldehyde
(21) derived. Thus, given the discrepancies between the
Bernard-Vailhé et al. (1996) and Ralph et al. (1998)
spectroscopic data, it is concluded that the additional
resonances either correspond to impurities in the Ralph
et al. preparations, and/or were artifacts introduced
during isolation. Yet it was these additional resonances
that were mainly used in support of ‘‘non-traditional
phenolics’’ and ‘‘metabolic plasticity’’ in lignin struc-
ture. Surprisingly, these claims followed that of the ear-
lier report by Bernard-Vailhé et al. (1996), who had
essentially analyzed the same controls and transfor-
mants. Clearly, their spectra did not contain such moi-
eties, a situation further complicated by lack of reference
by Ralph et al. (1998) and Chabannes et al. (2001) to the
earlier work of Bernard-Vailhé et al. (1996).

5.10.6. Preliminary biomechanical properties of CAD
downregulated tobacco transformants
Several studies (Hepworth and Vincent, 1998, 1999;

Hepworth et al., 1998, 1999; Huang et al., 1999) exam-
ined the effects of CAD downregulation on the bio-
mechanical properties of transgenic (antisense) tobacco
stem tissues, relative to the controls. The preliminary
data reported indicated that CAD downregulation
indeed predictably results in weakening of the vascular
apparatus, although most of the papers gave little spe-
cific information as to the nature and type of transgenic
plants analyzed. For example, the study by Hepworth et
al. (1998), which also indicated that the control tobacco
stems had incongruously high lignin contents of 40–50%,
reported their findings in a way that did not effectively
distinguish between the CAD and CCR downregulated
transformants used. A second study (Hepworth and
Vincent, 1998) then concluded that antisense CAD
transformants had reduced longitudinal tensile stiffness
and lower shear and Young’s modulii, respectively, to
that of the controls; a third investigation (Hepworth
and Vincent, 1999) also indicated that the CAD down-
regulated transgenic plants were able to respond to per-
iodic flexural bending of their stems during growth and
development by increasing the thickness of the xylem
tissue cylinder in a compensatory manner. However, in
both of these studies, no particulars on the transfor-
mants were provided. A more recent analysis (Huang et
al., 1999) which in this case specified the transgenic lines
examined, demonstrated that the various CAD down-
regulated transgenic tobacco stems used required less
cutting work in the transverse and longitudinal direc-
tions, again indicative of a weakened vascular appara-

tus. [Note also that, in this study, the acetyl bromide
lignin contents of control and CAD downregulated
transformants were again estimated to be incongruously
high, i.e. 33.35 and 30.44%, respectively.] Taken toge-
ther, these data predictably support the view that severe
CAD downregulation weakens the vasculature appara-
tus, due to decrease in monolignol supply and hence in
lignin amount. It was therefore perhaps not surprising
that CAD downregulated plants also displayed
enhanced cell wall degradability (Chabannes et al.,
2001).

5.10.7. Challenges for the future
The effects of CAD downregulation on lignin bio-

synthesis are apparently only substantial when extensive
downregulation (<11% CAD activity) is achieved, in
accordance with the non-regulatory downstream pro-
cessing role of this enzymatic step in monolignol bio-
synthesis. Nevertheless, when substantial repression of
CAD activity is achieved, a considerable portion of the
carbon designated for monolignol biosynthesis is
instead assimilated via a metabolic branchpoint towards
formation of uncharacterized e.g. [alkali soluble] com-
ponents. The structures of these components now need
to be fully determined, including what they are formed
from, and where and when they are deposited, including
the cell types involved. Another important question to
be resolved is that of the physiological roles of different
CAD isoforms in G and G-S lignin deposition in differ-
ent cell types. The analyses of plant tissues from bm1
mutants (presumably a CAD-2 mutation) do not sup-
port the concept of different cinnamyl alcohol dehy-
drogenases with unique specificity for coniferaldehyde
14 and sinapaldehyde 21, respectively. Nor do the
results obtained from downregulation studies of CAD,
which thus far have targetted CAD2 isoforms, support
an unique role either. Hence, it will be most instructive
to establish the different (and/or) supporting roles that
each isoform has during distinct phases of cell wall lig-
nification, including deposition in cell wall regions and
layers. As for all the other studies, it will be worthwhile
to examine the effects of downregulating the various
CAD isoforms using the actual promoters associated
with the various homologs.

6. Concluding remarks

This comprehensive analysis summarizes what is
known thus far as regards the preliminary characteriza-
tion of plant tissues, following either up- or down-
regulation and/or mutation of various steps in the
monolignol-forming pathway. The data obtained reveal
a much more complex pattern of lignin assembly in dif-
ferent cell types and cell wall layers than hitherto
recognized. No evidence, at any level of inquiry, indicated
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that the process of lignification, including biopolymer
assembly, involved the oft claimed but unproven model
of random (coupling) formation. However, it was beyond
the scope of this analysis to discuss additional topics, i.e.,
monolignol transport mechanisms to the plasma mem-
brane, targeting of various monolignols 1–3 to specific
regions in developing cell walls, and in how ordered lignin
assembly is achieved in different cell wall types; these will
be treated separately elsewhere.
The analysis of the genetic and mutational manipu-

lation of steps involved in monolignol biosynthesis did,
however, give fully predictable results for the proposed
model of multisite modulation, wherein phenylalanine 4
availability, and the activities of C4H and C3H are rate-
limiting. As expected, suppression of non-rate-deter-
mining steps downstream in the pathway did not alter
the stipulated carbon flux towards lignin, although tar-
getting to monolignol biosynthesis could be predictably
reduced. Furthermore, no evidence was obtained in
support of ‘‘non-traditional’’ phenolics being incorpo-
rated into lignin proper. Instead, depletion of mono-
lignol supply adversely affected vascular integrity and
function, and in some instances perhaps even growth
and development of the plant as well.
Thus, in summation, the data obtained to date are

fully consistent with strict biochemical control being
exercised over formation of the H, G and S components
of lignin, the complex control of which is necessary in
different cell types to achieve the requisite physiological
properties within the vascular apparatus. Moreover, the
recent ability to obtain plants with enriched H, G and S
levels in their lignins, relative to that of wild type, will
be of important utility in studying many of the pro-
cesses that are involved in, and which control, lignin
assembly. However, this will also require the develop-
ment of new technologies to study such questions,
including even that for lignin analysis itself. Clearly, the
recent biotechnological advances made are only now
just beginning to facilitate the systematic dissection of
the lignification process, and hence as to how it is
formed in vivo.
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Ehlting, J., Büttner, D., Wang, Q., Douglas, C.J., Somssich, I.E.,

Kombrink, E., 1999. Three 4-coumarate:coenzyme A ligases in

Arabidopsis thaliana represent two evolutionarily divergent classes

in angiosperms. The Plant Journal 19, 9–20.

Elkind, Y., Edwards, R., Mavandad, M., Hedrick, S.A., Ribak, O.,

Dixon, R.A., Lamb, C.J., 1990. Abnormal plant development and

down-regulation of phenylpropanoid biosynthesis in transgenic

tobacco containing a heterologous phenylalanine ammonia-lyase

gene. Proceedings of the National Academy of Sciences of the Uni-

ted States of America 87, 9057–9061.

Emerson, R. A., Beadle, G. W., Fraser, A. C., 1935. A Summary of

Linkage Studies in Maize. Cornell University Agricultural Experi-

mental Station Memoir 180.

Fahrendorf, T., Dixon, R.A., 1993. Stress responses in alfalfa

(Medicago sativa L.) XVIII: molecular cloning and expression

of the elicitor-inducible cinnamic acid 4-hydroxylase cyto-

chrome P450. Archives of Biochemistry and Biophysics 305,

509–515.

Fell, D., 1997. Understanding the Control of Metabolism. Portland

Press, Ltd, London.

Fergus, B.J., Goring, D.A.I., 1970a. The distribution of lignin in birch

wood as determined by ultraviolet microscopy. Holzforschung 24,

118–124.

Fergus, B.J., Goring, D.A.I., 1970b. The location of guaiacyl and

syringyl lignins in birch xylem tissue. Holzforschung 24, 113–117.

Franke, R., Hemm, M.R., Denault, J.W., Ruegger, M.O., Hum-

phreys, J.M., Chapple, C., 2002. Changes in secondary metabolism

and deposition of an unusual lignin in the ref8 mutant of arabi-

dopsis. The Plant Journal 30, 47–59.

Franke, R., McMichael, C.M., Meyer, K., Shirley, A.M., Cusumano,

J.C., Chapple, C., 2000. Modified lignin in tobacco and poplar

plants over-expressing the Arabidopsis gene encoding ferulate 5-

hydroxylase. The Plant Journal 22, 223–234.

Freedman, D., Pisani, R., Purves, R., 1978. Statistics. Norton &

Company, Inc, New York.

Fukasawa-Akada, T., Kung, S.-D., Watson, J.C., 1996. Phenylalanine

ammonia-lyase gene structure, expression, and evolution in Nicoti-

ana. Plant Molecular Biolgy 30, 711–722.

Fukushima, K., Matsui, N., Taguchi, S., Yasuda, S., 1997. On the

roles of monolignol glucosides and monolignol pathway (coniferyl

alcohol—5-hydroxyconiferyl alcohol—sinapyl alcohol) in lignin

biosynthesis of Magnolia kobus. In: 9th International Symposium

on Wood and Pulping Chemistry, 9–12 June 1997, Montreal, Que-

bec, Canada 28-(21–24).

Galliano, H., Heller, W., Sandermann, H.J., 1993. Ozone induction

and purification of spruce cinnamyl alcohol dehydrogenase. Phyto-

chemistry 32, 557–563.

290 A.M. Anterola, N.G. Lewis / Phytochemistry 61 (2002) 221–294



Gang, D.R., Fujita, M., Davin, L.B., Lewis, N.G., 1998. The ‘‘abnor-

mal lignins’’: mapping heartwood formation through the lignan

biosynthetic pathway. In: Lewis, N.G., Sarkanen, S. (Eds.), Lignin

and Lignan Biosynthesis, Vol. 697. ACS Symposium Series,

Washington, DC, pp. 389–421.

Gentinetta, E., Bertolini, M., Rossi, I., Lorenzoni, C., Motto, M.,

1990. Effect of brown midrib-3 mutant on forage quality and yield

in maize. Journal of Genetics and Breeding 44, 21–26.

Goffner, D., Joffroy, I., Grima-Pettenati, J., Halpin, C., Knight, M.E.,

Schuch, W., Boudet, A.M., 1992. Purification and characterization

of isoforms of cinnamyl alcohol dehydrogenase from eucalyptus

xylem. Planta 188, 48–53.

Grand, C., 1984. Ferulic acid 5-hydroxylase: a new cytochrome P-450-

dependent enzyme from higher plant microsomes involved in lignin

synthesis. Federation of European Biochemical Societies Letters

169, 7–11.

Grand, C., Parmentier, P., Boudet, A., Boudet, A.M., 1985. Compar-

ison of lignins and of enzymes involved in lignification in normal

and brown midrib (bm3) mutant corn seedlings. Physiologie Végé-
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