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Transgenic poplars (Populus tremula X Populus alba) were obtained by introduction of a sense homologous transgene
encoding caffeic acid O-methyltransferase (COMT) under the control either of the cauliflower mosaic virus double 35S
promoter or of the eucalyptus cinnamyl alcohol dehydrogenase promoter. Although these constructs conferred a moderate
overexpression of COMT in some lines, a transgenic line with the double 35S promoter was found where COMT activity in
woody tissues was close to zero due to a gene-silencing phenomenon. For the first time in COMT down-regulated trees, this
alteration substantially reduced lignin level in 6-month-old trees (17% decrease). Lignin structure was found to be strongly
altered, with a two times higher content in condensed bonds, an almost complete lack of syringyl units, and the
incorporation of 5-hydroxyguaiacyl units to the most remarkable extent reported so far. Consistent with the higher cellulose
content and with the higher condensation degree of the lignin, the impact of the transformation on the kraft-pulping
performances of the poplar trees positively affected the pulp yield (10% relative increase), but made lignins less amenable

to industrial degradations.

Lignins are complex aromatic polymers that must
be removed from wood during the chemical-pulping
and bleaching steps of the papermaking process.
Lignins of angiosperm woods are composed of guai-
acyl (G) and syringyl (S) units linked by labile ether
B-O-4 bonds and by resistant carbon-carbon linkages
(Adler, 1977). The genetic alteration of lignin content
and/or structure in wood is considered to be a novel
route to improving our current knowledge on ligni-
fication and to facilitating the chemical-pulping and
bleaching processes, thereby lowering their energy
demand and environmental impact. In this context,
various genes of the multi-step biosynthetic pathway
leading to lignin precursors have been down-
regulated by antisense or homologous-sense cosup-
pression strategies. The effects of these biotechnolog-
ical manipulations on lignification and, in some
cases, on the pulping performances of the transgenic
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plants have been evaluated (for reviews, see Baucher
et al., 1998; Grima-Pettenati and Goffner, 1999). For
many years and on the basis of in vitro experiments,
O-methyltransferases have been considered as bispe-
cific enzymes similarly involved in the methylation
of G and S precursors (Higuchi, 1985; Van Doors-
selaere et al., 1993). Several genes encoding poplar
caffeic acid O-methyltransferase (COMT) have been
cloned (Bugos et al., 1991; Dumas et al., 1992; Tsai et
al., 1998) that allowed researchers to down-regulate
COMT activity in poplar trees (Van Doorsselaere et
al., 1995; Tsai et al., 1998). In a previous study, we
have shown that a substantial reduction in COMT
activity (up to 90%) through an antisense strategy did
not affect the lignin content of transgenic poplar
lines, but did induce a dramatic alteration of lignin
structure (Lapierre et al., 1999). Similar results have
been obtained recently by cosuppression in quaking
aspen (Tsai et al., 1998). The main changes in the
lignins of antisense COMT down-regulated poplars
were an increased proportion of G units, together
with an increased frequency of resistant interunit
bonds, and conversely a lower frequency of S units
and labile B-O-4 bonds (Lapierre et al., 1999). An-
other specific signature of COMT down-regulation in
poplar lignins was the abnormally high level of in-
corporation of 5-hydroxyguaiacyl units (5-OH-G), a
structural trait reminiscent of lignins from COMT-
deficient maize mutants (Lapierre et al., 1988). Taken
together, these results suggested that the formation
of G precursors involved an alternative methylation
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pathway catalyzed by caffeoyl coenzyme A O-methyl-
transferase (CCoAOMT) (Ye and Varner, 1995). This
hypothesis was supported by the observation that
CCoAOMT down-regulated tobacco lines displayed
a decreased frequency of lignin G units (Zhong et al.,
1998). Recently, it has been proposed that CCoAOMT
would mainly participate in the production of G
precursors from caffeoyl-coenzyme A (CoA) inter-
mediates, whereas COMT would more specifically
contribute to the formation of S precursors from
5-hydroxyconiferaldehyde (Humphreys et al., 1999;
Osakabe et al., 1999).

Consistent with the alteration of lignin structure,
COMT down-regulation proved to have a detrimen-
tal impact on the pulping performances of 2-year-old
transgenic poplars (Lapierre et al., 1999). This result
prompted us to try the opposite strategy, namely to
overexpress COMT to produce a less cross-linked
S-rich lignin. Such an increased content in S units and
B-O-4 structures was recently obtained through the
overexpression of ferulate 5-hydroxylase (F5H) in
Arabidopsis (Meyer et al., 1998; Marita et al., 1999).
To achieve this goal, we introduced the entire COMT
coding region in poplar under the control either of
the constitutive double 35S cauliflower mosaic virus
(CaMV) promoter (355%) or of the eucalyptus cin-
namyl alcohol dehydrogenase (CAD) promoter,
which is specific for lignified tissue (Feuillet et al.,
1995). However, the resulting poplar transgenic lines
did not display any substantial or stable increase in
COMT activity. Their lignin profile was not altered
with the exception of one line where the introduction
of the COMT gene under the control of the 355>
promoter caused a silencing phenomenon with re-
gard to COMT activity. This poplar line displayed a
phenotype distinct from those of transgenic poplar
lines with antisense COMT constructs (Van Doors-
selaere et al., 1995). More importantly, and for the
first time to our knowledge, a very susbtantial reduc-
tion in lignin content was obtained together with an
increase in cellulose. In addition, the extent of lignin
structural changes was found to be most remarkable,
with an almost complete disappearance of S-lignin
units. Pulping experiments were performed on
6-month-old juvenile poplars to determine whether
the kraft cook efficiency would be facilitated by the

lower lignin content or made more difficult due to
the higher cross-linking of the lignin. In this study we
report on the molecular and biochemical character-
ization of this line and on its pulping performances,
in comparison to the control line and to three other
poplar lines slightly or not altered in their lignifica-
tion. This study demonstrates that the biotechnolog-
ical reduction in lignin content is not necessarily a
desirable goal with regard to pulping performances
when accompanied by a detrimental alteration in
lignin structure.

RESULTS

Production, Molecular Characterization, and COMT
Activity of Transgenic Poplars

The 355*-SOMT and EuCAD-SOMT vectors were
introduced via Agrobacterium tumefaciens into the pop-
lar clone INRA 717 1-B4. For each construct, more than
10 different transgenic lines (named 70SOMT and Eu-
SOMT, respectively) were obtained, multiplied in
vitro, and then transferred to the greenhouse. COMT
activity was measured in the developing xylem of 3- to
6-month-old poplars during the summer when the
COMT activity level was the highest (Bugos et al.,
1991; Pilate et al., 1997). In the first series of plants,
several lines displayed a moderately increased COMT
activity (approximately 2-fold) and several represen-
tative lines were selected: 70SOMT-1, EuSOMT-1, and
EuSOMT-2 (Table I). In contrast, a considerably re-
duced COMT activity (residual activity lower than 3%
of the control level; Table I) was observed in one
transgenic line, 70SOMT-3, which is diagnostic of a
gene-silencing phenomenon. Two other series of
greenhouse cultures were done to evaluate the stabil-
ity of the modifications of COMT activity in these four
selected lines. No difference in the growth and devel-
opment of these transgenic poplars was observed rel-
ative to the control. The 70SOMT-3 line systematically
displayed very low COMT activity in the three series
of greenhouse cultures (data for the two first series are
reported in Table I). In contrast, a more erratic behav-
ior was observed with the other transgenic lines se-
lected on the basis of a higher COMT activity. When
determined for different trees of the same transgenic

Table I. COMT activity in the developing xylem of transgenic poplars with sense COMT constructs

relative to the control level

Caffeic acid was used as the substrate. The assays were run in summer and for two different series of
6-month-old poplars grown in the greenhouse in 1998 and in 1999.

Poplar Line (COMT Activity Expressed as Percent of the Corresponding

Control Level)

Culture No.
70SOMT-1 70SOMT-3 EuSOMT-1 EuSOMT-2
First culture 164 2 186 240
Second culture
Tree 1 102 0.5 153 85
Tree 2 56 1 98 96
Tree 3 83 3 186 40
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line, this activity showed large variations, which un-
derlined the instability of the moderate COMT over-
expression (Table I).

The COMT activity level was determined in young
leaves from the selected transgenic lines. This level
was very low in the control, in the EuSOMT lines and
in the silenced 70SOMT-3 line. In contrast, a higher
COMT activity was observed in the leaves of line
70SOMT-1, which overexpressed the COMT gene un-
der the control of the 355* promoter (data not
shown). These results confirmed the specificity of the
eucalyptus CAD promoter with respect to lignified
tissues (Feuillet et al., 1995).

The presence of T-DNA in the genome of the se-
lected transgenic poplar lines was confirmed by
Southern hybridization. In lines 70SOMT-3 and
EuSOMT-2, only one T-DNA copy was evidenced,
whereas 70SOMT-1 and EuSOMT-1 integrated sev-
eral copies (data not shown). Hence, the silencing
phenomenon observed in line 70SOMT-3 cannot be
ascribed to the integration of several T-DNA copies.

Wood Coloration and Histochemical Staining of the
Selected Lines

According to previous studies (Van Doorsselaere et
al., 1995; Lapierre et al., 1999), the wood of transgenic
poplars substantially altered in COMT activity (5%—
10% residual activity relative to the control level) by
the introduction of COMT antisense constructs has a
pale rose coloration. The xylem of the 70SOMT-3 line
showed a different brownish coloration (Fig. 1) rem-
iniscent of transgenic aspens down-regulated for
COMT activity through silencing (Tsai et al., 1998).
This coloration resisted wood drying and solvent
extraction. In 70SOMT-1, EuSOMT-1, and EuSOMT-2
lines, xylem was found sometimes colored but to a
lower extent and with irregular patterns (Fig. 1).

The cytological observation of stem cross-sections
did not show any difference in shape, size or general
organization of xylem and fiber cells between the
control and the transgenic lines. Cross-sections of
secondary stems were subjected to Wiesner and
Maiule stainings. The Wiesner test (phloroglucinol-
HCl staining) is considered to be specific of cinnamal-
dehyde end-groups, which are systematically present
in native lignins, albeit in low amount (Nakano and
Meshitsuka, 1992); whereas the Méule test is specific
of S units in lignins. The control and the silenced
70SOMT-3 lines exhibited similar responses to the
Wiesner test (Fig. 2a), which suggests similar con-
tents in cinnamaldehyde groups. In contrast the
Maiule reaction revealed striking variations between
the control and the 70SOMT-3 line (Fig. 2, b and c).
Whereas the control wood exhibited the positive pur-
ple coloration diagnostic of S units, the xylem of
70SOMT-3 line displayed a light brown coloration.
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Figure 1. Phenotype of 6-month-old stems of control (WT) and
transgenic poplars. 70SOMT-1, EuSOMT-1, and -2 lines overexpress
COMT activity erratically, whereas this activity is severely reduced in
line 70SOMT-3. The ASCADT21 line (Baucher et al., 1996) is pre-
sented for color comparison.

This observation suggests that S units are very scarce
or even absent in the lignins of the 70SOMT-3 line.
Consistent with the heterogeneous pattern of its na-
tive coloration, the xylem of 70SOMT-1, EuSOMT-1,
and EuSOMT-2 lines reacted nonuniformly to the
Maule reagent, with both unstained and stained ar-
eas similar to the control sample (Fig. 2d). This result
suggests that the deposition of S-lignin units is non-
uniformly altered in these lines.

Visible light absorption spectra under the Maule
color reaction were measured on the secondary walls
of vessel elements (V-SW), the secondary walls of
fibers (F-SW), and the cell corner middle lamella
between fibers (FE-CC). In the control, V-SW showed
weak absorption around 525 nm, whereas F-SW and
FF-CC showed strong absorption around 525 nm. In
the 70SOMT-3 line, no obvious absorption was found
around 525 nm in V-SW, F-SW, and FF-CC (Fig. 3a).

UV absorption spectra were measured in V-SW,
F-SW, and FF-CC from the differentiating xylem to
the pith to trace lignification process. Between the
control wood and the 70SOMT-3 line, no differences

1365



Jouanin et al.

Figure 2. Wiesner (a) and Mdule (b and c) stain-
ing of cross sections of 6-month-old secondary
stems from control (WT) and 70SOMT-3 pop-
lars; in ¢, bar = 50 um. d, Mdule staining of
young stems of control (WT) and 70SOMT-1
poplars.

70S0OMT-3

in the lignification pattern could be seen in V-SW,
F-SW, and FF-CC. Spectra were averaged on the cells
whose lignification was completed (Fig. 3b). V-SW
exhibited the same absorption maxima (277.5 nm) in
both the control and the 70SOMT-3 line. In contrast,
F-SW and FF-CC in the 70SOMT-3 exhibited longer
absorption maxima (277.5 nm) than in the control
wood (272.5-275 nm). No difference could be ob-
served between the control and the 70SOMT-3 line in
the range of 300 to 400 nm. Overall results from
microspectrophotometry suggested that the propor-
tion of S-unit decreased in F-SW and FF-CC of the
70SOMT-3 line.

Lignin Content in Transgenic Poplars

The lignin content of the extractive-free wood was
determined using the Klason method and with three
different cultures of control and transgenic poplars.

1366
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The lignin content of line 70SOMT-3 was systemati-
cally and substantially lower relative to the control
(17% reduction in lignin content). The spectrophoto-
metric acetyl bromide determination of the lignin
level confirmed that line 70SOMT-3 had reduced lig-
nification. The other transgenic lines displayed lignin
levels similar to that of the control line (Table II).
When compositional analysis of the cell wall was
carried out according to the method of Jarrige (1961),
it could be seen that line 70SOMT-3 has a higher
content in the cellulosic fraction of the xylem (6%
relative increase). To the best of our knowledge and
relative to recent literature data on COMT down-
regulated plants in the genus Populus (Van Doors-
selaere et al., 1995; Tsai et al., 1998; Lapierre et al.,
1999), line 70SOMT-3 is the first reported transgenic
poplar with both reduced COMT activity and lignin
content.

Plant Physiol. Vol. 123, 2000
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Figure 3. Visible light absorption spectra (a) and UV absorption
spectra (b) of V-SW, F-SW, and FF-CC in the control wood and the
70SOMT-3 line.

Lignin Structure in Transgenic Poplars

Lignin-derived monomers and dimers released by
thioacidolysis of the extractive-free wood were ana-
lyzed by gas chromatography-mass spectrometry
(GC-MS) of their trimethylsilyl (TMS) derivatives
(Lapierre et al., 1995). Thioacidolysis is an analytical
degradation method that proceeds by cleavage of
labile B-O-4 bonds. G and S lignin-derived mono-
mers (Fig. 4) are specifically generated from G and S
units only involved in B-O-4 bonds, without any
interference from non-lignin phenolics. When
present in lignins, 5-OH-G units similarly give rise to
5-OH-G thioacidolysis monomers, whereas these
units do not survive in the frequently employed ni-
trobenzene oxidation method (C. Lapierre, unpub-
lished results). Therefore, the total yield in thioac-
idolysis monomers gives a close estimate of the lignin
content in units involved in B-O-4 bonds. This struc-
tural trait is of great value with respect to kraft
pulping, as the cleavage of 3-O-4 bonds is the basis of
efficient lignin fragmentation in the kraft cooking
liquor. In addition to the G, S, and 5-OH-G mono-
mers, lignin-derived dimers provided with resistant
interunit bonds, referred to as the condensed bonds,
are released by thioacidolysis (Fig. 4). In other words,
the GC determination of the lignin-derived mono-
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mers and dimers provides a detailed fingerprint of
the proportion of the various building units and in-
terunit bonds in the polymer.

The determination of the lignin-derived monomers
(Table III) revealed that lignins of most of the poplar
lines had 50% to 60% units involved only in B-O-4
bonds. In contrast, this percentage was two times
lower in the silenced 70SOMT-3 line. This means that
lignins of the 70SOMT-3 line have a two times higher
content in condensed bonds relative to the other
lines. Consistent with the results obtained for anti-
sense COMT down-regulated poplars (Van Doors-
selaere et al., 1995; Lapierre et al., 1999) and with the
Maéule staining observations, the relative abundance
of B-O-4-linked S units was reduced 10-fold (from
60%—6% relative proportion) in the silenced
70SOMT-3 line. In addition, the 5-OH-G units, diag-
nostic for an alteration in the methylation of S pre-
cursors, occurred to the highest extent observed so
far in transgenic or mutant angiosperm plants. Their
proportion even exceeded that of S units, which was
not the case of transgenic poplars with antisense
COMT constructs (reported in Table III for compari-
son; Lapierre et al., 1999) or transgenic aspens with
sense COMT constructs (Tsai et al., 1998).

Thioacidolysis experiments were performed on
permethylated samples to evaluate the frequency of
free phenolic groups in B-O-4-linked units, as these
groups facilitate lignin fragmentation and solubiliza-
tion in the kraft cooking liquor. In contrast to CAD
down-regulated poplars and in agreement with the
results obtained for antisense COMT down-regulated
poplars (Lapierre et al., 1999), we observed a lower
amount of free phenolic groups in B-O-4-linked G
units of the 70SOMT-3 line (21% versus 26% for the
control line).

As the brownish coloration of the wood in trans-
genic aspens cosuppressed for COMT gene has been
assigned recently to an increased incorporation of co-
niferaldehyde in the lignins (Tsai et al., 1998), the
thioacidolysis monomer specifically derived from co-
niferaldehyde end-groups was determined by GC-MS.
Consistent with the increase in conventional G units,

Table Il. Lignin content in extractive-free stem wood of 6-month-
old control and transgenic poplars

Three different cultures were analyzed. Trees were individually
analyzed for the first culture (mean = sp for triplicates). For the second
and third culture several trees per line were pooled for analysis. Klason
lignin content, which does not include the acid-soluble lignin, is
expressed as wt percentage of the extractive-free wood. Normalized
values relative to control are shown in parentheses.

Line First Culture Second Culture Third Culture
% wt
Control 18.3 = 0.6 (100) 20.1 (100) 19.2 (100)
70SOMT-1 19.2 £ 0.5 (105) 20.2 (100) 18.8 (95)
70SOMT-3 15.1 = 0.6 (83) 16.7 (83) 16.0 (83)
EuSOMT-1 - 19.2 (96) 19.2 (100)
EuSOMT-2 18.6 £ 0.6 (101) 20.3 (101) 18.0 (94)
1367
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Figure 4. Main lignin-derived monomers and
dimers recovered from the thioacidolysis of pop-
lar lignins. The dimers were obtained after an

CHySE
additional desulfurization step. The «,B-diether | ’
. . . CHSE
structure in the square is speculative (from the |
mass fragmentation pattern) and observed only CHSEt
with the 70SOMT-3 line (R = H or OCH;; R' =
H or CH,OH).
R OCH;
OH
Erythro/threo
50/50
G:R=H
$:R=0CH;

5-OH-G unit: R =0H

Monomers

the level of coniferaldehyde end-groups was 3-fold
higher in the 70SOMT-3 lignins, relative to the control
level. This result is consistent with the observation of
similar Wiesner stainings for control and 70SOMT-3
lines in spite of different lignin contents. Whatever the
line, the amount of coniferaldehyde end-groups re-
mained very low (<0.5% on a molar basis). For com-
parison, when the same determination was run on
native pure G lignins of uncolored pine or spruce
woods, the recovered figure was in the 1% to 3% range
(C. Lapierre, unpublished results).

Poplar lignins are esterified by p-hydroxybenzoic
units (Smith, 1955). Alkaline hydrolysis of extract-
free samples was performed to determine the impact
of the genetic transformation on this acylation. The
low-M, phenolics released from control and
70SOMT-3 samples were identified and quantified by
GC-MS of their TMS derivatives (Table IV). In agree-
ment with previous results (Lapierre et al., 1999), it
seems that the p-hydroxybenzoylation of poplar lig-

R OCH;
|

HC. OH
61
CH, R

CH;0H  OCH;

|O4
-
B e

Dimers

nin units is positively related to the proportion of S
units. Lignins from the 70SOMT-3 line displayed a
5-fold lower content in p-hydroxybenzoic esters rel-
ative to the control. As a further confirmation of the
depletion in S compounds, 70SOMT-3 samples re-
leased trace amounts of syringaldehyde and syringic
acids upon alkaline hydrolysis. Conversely, higher
amounts of vanillin and vanillic acids relative to the
control sample were obtained.

To further delineate the structural peculiarities of
lignins in 70SOMT-3 poplar line, lignin-derived
dimers obtained by thioacidolysis then Raney nickel
desulfurization were examined. A novel dimer could
be identified in greater relative amount. Its mass frag-
mentation pattern strongly supported the hypothesis
that this dimer corresponds to an «,3-diether structure
involving a G unit and a 5-OH-G unit (Fig. 4). Such an
a,B-diether bonding pattern has already been identi-
fied among the hydrogenolysis products of hardwood
lignins (Hwang and Sakakibara, 1981), which demon-

Table Ill. Lignin-derived monomers recovered from the thioacidolysis of 6-month-old control and

transgenic poplars

The two series of data correspond to two different cultures. The data obtained for 6-month-old antisense
COMT lines (ASOMT2B and ASOMT10B) are given for comparison (Lapierre et al., 1999). The percentage
of lignin units involved only in B-O-4 bonds is calculated with the assumption that the average M, of lignin
units is 200 and the recovery yield of main thioacidolysis monomers from parent B-O-4 structures is 80%.

. Yield in G+S+5-OH-G
Line

Relative Proportion Units Involved

Monomers of G/S/5-OH-G Only in B-O-4

umol g~ KL* %

Control 2,720 34/64/2 68
2,290 33/67/Ti® 57

SOMT-1 2,120 34/66/Tr 53
2,370 32/67/1 59

70SOMT-3 1,160 84/5/11 29
1,280 82/6/12 32

EuSOMT-1 2,120 34/66/Tr 53
2,140 31/68/1 54

EuSOMT-2 2,200 35/64/1 55
2,350 35/64/1 59

ASOMT2B 1,470 65/29/6 37
ASOMT10B 1,610 64/31/5 40

2 KL, Klason lignin.

b Tr, Trace amount (<1%).
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Table IV. Yields of low-M, phenolics released by alkaline hydroly-
sis of 6-month-old control and transgenic poplars

Compound Control 70SOMT-3
mg g71 KLa
p-Hydroxybenzoic acid 15.56 3.89
Vanillic acid 0.25 0.30
Syringic acid 0.24 0.02
Vanillin 1.38 2.28
Syringaldehyde 1.41 0.16

2 KL, Klason lignin.

strates that these ether linkages may survive severe
chemical treatments. This dimer may therefore be a
further signature of the substantial incorporation of
5-OH-G units in the lignins of the 70SOMT-3 line. The
relative frequencies of the main dimers representative
of the lignin condensed bonds (Table V) further em-
phasized the dramatic alteration of lignin structure in
the silenced 70SOMT-3 line. The main impact of the
transformation, consistent with the increased propor-
tion of G units, is the 3-fold increase in the relative
importance of G 5-5 structures. The dimer profile of the
70SOMT-3 line was strikingly close to that of a pure G
lignin (pine sample in Table V). The dimer profile of
the antisense COMT down-regulated line ASOMT10B
(Lapierre et al., 1999) was intermediate between the
control and the 70SOMT-3 profiles (Table V).

Kraft-Pulping Assays

Laboratory-scale kraft-pulping experiments were
performed for two series of 6-month-old poplars (Ta-
ble VI) to determine which of the two main impacts
of the very severe alteration of COMT activity in the
70SOMT-3 line would prevail with respect to kraft-
pulping efficiency. As the reduction in lignin level
(17% reduction) and the higher condensation degree
of the lignin (two times more units involved in con-
densed bonds) are expected to have opposite effects
on the efficiency of kraft cooking, the overall impact
of the transformation could not be easily predicted.
Consistent with the lower lignin amount and higher
cellulose content, the pulp yield was substantially

higher for the 70SOMT-3 line relative to the other
lines. However, this positive effect was severely
counterbalanced by a detrimentally high kappa (k)
number diagnostic for a higher residual lignin con-
tent in the pulp. The determination of cellulose
degree of polymerization (DP) did not reveal any
systematic difference between the various lines,
which means that the susceptibility of cellulose to-
ward kraft cook is not detrimentally affected by the
transformation.

DISCUSSION

In previous studies (Van Doorsselaere et al., 1995;
Lapierre et al., 1999) we have obtained, via the anti-
sense strategy, poplar trees possessing a very low
COMT activity (less than 10% of the control activity).
Although the lignin level of these transgenics was not
affected, lignin structure was markedly altered with
an enrichment in G units and in condensed bonds.
Not unexpectedly from these structural traits, these
trees proved to be more resistant to kraft pulping
(Lapierre et al., 1999). These results prompted us to
attempt the opposite strategy, namely to overexpress
COMT, via the introduction of a sense transgene, to
produce more S-rich and thereby less condensed
lignins, more amenable to kraft delignification.

In this context, we prepared two constructs with
the entire homologous COMT coding sequence (Du-
mas et al., 1992), but different promoters, namely the
constitutive CaMV 35S promoter or the CAD pro-
moter, which is specific for lignified tissues (Feuillet
etal., 1995). These vectors were introduced in a Popu-
lus tremula X Populus alba clone using the efficient
procedure of Leplé et al. (1992). COMT activity in the
developing xylem of a few transformants was found
moderately increased (approximately 2-fold in-
creased). This trait was unfortunately not repeatable
for different trees or different cultures of the same line.
In addition, such a moderate increase did not induce
any change in lignin content and/or structure.

The most remarkable result obtained in the course
of this biotechnological work is the production of a
transgenic poplar line, line 70SOMT-3, with severe

Table V. Relative frequencies (% molar) of the main dimers (Fig. 5) released by thioacidolysis of

6-month-old control and 70SOMT-3 poplars

Data obtained for the antisense COMT down-regulated poplar line (ASOMT10B, 1 year old) and for
mature pine wood samples are given for comparison. The total for pine dimers does not reach 100% due

to minor dimers not included in the table.

Dimer Type
Line
5-5 4-0O-5 B-5 B-B SS B-1 «,B-Diether
% molar
Control 9.6 10 23.5 21.5 35.4 Tre
70SOMT-3 26.3 6.1 36.5 Tr 22.9 8.2
ASOMT10B 19.8 9.5 34.2 10.8 25.7 NdP
Pine 33 6.5 30 - 28 -

2 Tr, Trace amount.

b Nd, Not determined.
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Table VI. Kraft-cooking characteristics of 6-month-old control and transgenic poplars

The two series of data correspond to two different cultures. Several trees of the same line were
gathered for the experiment. The main stems were debarked and chipped before the cook.”

Line Control 70SOMT-1 70SOMT-3 EuSOMT-1
Pulp yield (% wt) 47.6 47.5 54.2 49.2
48.9 49.7 54.8 51.3
K NO. 21.3 21.2 39.4 21.3
21.8 235 31.8 23.2
Cellulose DP 2,090 1,880 2,000 2,170
1,810 1,835 1,770 1,880

2 Kraft-pulping conditions: 20% active alkali, 25% sulphidity, 170°C, liquor to wood ratio = 4.

alterations both in COMT activity and lignification.
Indeed, this line systematically showed a COMT ac-
tivity level in the xylem of 6-month-old poplars close
to zero (less than 3%). More importantly, and for the
first time to our knowledge, this alteration in COMT
activity induced a substantial decrease in lignin con-
tent. Cytochemical evaluation of cell walls did not
show however any reduction in lignin content. This
result could be explained by the distinct absorbtivity
of G and S units. Past studies have reported reduc-
tion in lignin contents for COMT down-regulated
tobaccos (primary transformants; Ni et al., 1994), an-
tisense cinnamoyl CoA reductase tobaccos (Piquemal
et al., 1998), antisense CAD poplars (Lapierre et al.,
1999), and antisense 4-coumarate:CoA ligase poplars
(Hu et al., 1999). The reduction of lignin content in
poplar is only attained when COMT activity is close
to zero, in contrast to 4-coumarate:CoA ligase and to
cinnamoyl CoA reductase. The silenced line
70SOMT-3 line was obtained using the CaMV 355>
promoter; we failed to detect a similar phenomenon
when using the eucalyptus CAD promoter. This re-
sult further confirms the efficiency of the CaMV 35S
promoter for the silencing of COMT endogenes (Ata-
nassova et al., 1995; Tsai et al., 1998).

Wood coloration in this silenced line is similar to
the coloration reported in the case of transgenic as-
pens where the introduction of a COMT sense con-
struct similarly induced silencing phenomenon (Tsai
et al., 1998). It is also reminiscent of the coloration of
brown midrib bm3 corn mutants, similarly reduced in
COMT activity, as the mutation affects the COMT
gene (Barriere and Argillier, 1993; Vignols et al.,
1995). This coloration is quite distinct from the pale
rose coloration of previously reported COMT anti-
sense poplars (Van Doorsselaere et al., 1995). It is
probably not directly due to the accumulation of
coniferaldehyde end-groups. The increased level of
coniferaldehyde end-groups in the 70SOMT-3 line
seems more related to the global enrichment in G
units, and remains 3-fold lower than the level ob-
served in conifer lignins, which are pure G lignins.
The more pronouncedly colored phenotype of the
70SOMT-3 silenced line, relative to the previously
obtained antisense lines (Lapierre et al., 1999), could
be due to the higher efficiency of the sense-silencing
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strategy, compared to the antisense strategy (Aida et
al., 1998). The severe alteration of COMT activity in
the silenced 70SOMT-3 line might be responsible for
major phenotypic changes that are just initiated in
the lines less efficiently down-regulated by the anti-
sense constructs. Another hypothesis is that the sense
and antisense strategies proceed by different mecha-
nisms at the molecular level, as already demon-
strated by Que et al. (1998). Our present results to-
gether with past results (Baucher et al., 1996) more
strongly argue for the first hypothesis.

The substantial disappearance of S units in the
lignins of 70SOMT-3 poplars mainly occurs in cell
corner and F-SWs. Consistent with the G type of
hardwood vessel lignin (Fergus and Goring, 1970) no
clear-cut reduction in S units could be evidenced in
the vessels by microspectrophotometry. The deple-
tion of S units induces important changes in the
inter-unit linkages, which gives the polymer greater
similarity to conifer lignins. The incorporation of
5-OH-G units in remarkably high levels could not
restore the lignin amount in the 70SOMT-3 line. It
seems therefore that this incorporation is less effi-
cient than that of normal lignin units. The lack of S
units in an Arabidopsis mutant altered for F5H ac-
tivity has recently demonstrated that F5H is very
important in controlling the flux of phenolics into S
lignin units (Meyer et al., 1998). The present results
demonstrate that COMT could also be a limiting
factor for the production of S units. A complementa-
tion of the F5SH Arabidopsis mutant with the corre-
sponding cDNA increased the amount of S units;
whereas its introduction in the wild-type line in-
duced a silencing phenomenon (Meyer et al., 1998).
Such silencing is frequently observed when ectopic
copies of cDNA are introduced with the objective of
enzyme overexpression (Atanassova et al., 1995; Tsai
et al., 1998), which suggests that the use of heterolo-
gous transgenes might be more effective to reach this
goal.

Kraft-pulping experiments were performed on the
6-month-old transgenic and control poplars. Consis-
tent with the unchanged lignin content and structure,
the pulping behavior of the transgenic lines display-
ing a moderate increase in COMT activity was simi-
lar to that of the control line. In contrast, the silenced
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line proved to be very distinct from the control line
with respect to the kraft cook. We found that the 17%
reduction in lignin content is effectively counterbal-
anced by the higher degree of condensation of the
lignin. Although the former trait is beneficial to the
pulp yield (10% relative increase), the alteration of
lignin structure makes the polymer less amenable to
industrial degradation processes. This result means
that the transformation would positively affect the
production of kraft pulp whenever this pulp is used
without any further bleaching step. In contrast, it
would be negative with respect to the production of
bleached pulp, as it would induce an increased con-
sumption of bleaching reagent.

In conclusion, this work demonstrates that an ex-
treme reduction in O-methyltransferase activity has a
major impact on lignin content and structure in pop-
lar trees. It further establishes that the down-
regulation level directly affects the characteristics of
the transgenics. It clearly confirms that COMT essen-
tially contributes to the formation of S units from
5-OH-G precursors, a role similarly and recently as-
cribed to F5H (Meyer et al., 1998). These two en-
zymes seem therefore to have a major role in design-
ing lignin monomer composition and degree of
condensation.

MATERIALS AND METHODS
Binary Vector Construction

Two binary vectors (35>-SOMT and EuCAD-SOMT)
were constructed as follows for the expression of the
COMT cDNA under the control of the 355% or CAD pro-
moters. 35>-SOMT: the full-length coding sequence of the
poplar (Populus deltoides X Populus trichocarpa) COMT
cDNA of pPCL4 (Dumas et al., 1992) was isolated as a Ncol
fragment (1.3 kb). Blunt ends were created by Klenow
treatment and the cDNA was cloned in the Smal site of
pLBR19 (T. Michael, unpublished results) in the direct
orientation with respect to the CaMV 35S regulatory sig-
nals. A Kpnl/Xbal fragment comprising the 355% promoter
(Kay et al., 1987), the cDNA, and the CaMV terminator
sequences was introduced in the pBIB-HYG binary vector
(Becker, 1990). This vector carries a hygromycin resistance
gene under the control of the nopaline synthase promoter
for the selection of transformed plants (Fig. 5A). EuCAD-
SOMT: the same COMT blunt-ended Ncol fragment was
cloned behind the pEuCAD promoter in the Smal site
(Feuillet et al., 1995). This fragment (digested with MscI,
blunt-ended, and then digested with Kpnl) was introduced
in the pBIB-KAN binary vector and digested with HindIII-
blunt ends/Kpnl. This cloning strategy put the nopaline
synthase terminator, already present in the binary vector,
at the end of the chimeric gene. The pBIB-KAN vector
(Becker, 1990) carries a kanamycin resistance gene under
the control of the nopaline synthase promoter for the se-
lection of transformed plants (Fig. 5B).
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Figure 5. Schematic outline of 352-SOMT and EuCAD-SOMT con-
structs. Only the T-DNA regions are shown. LB and RB are respec-
tively left and right borders. p352, 35S CaMV promoter with a double
enhancer sequence; pCAD, eucalyptus CAD promoter; nptll, coding
sequence of the neomycin phosphotransferase gene conferring resis-
tance to kanamycin; hpt, coding sequence of the hygromycin phos-
photransferase gene conferring resistance to hygromycin; tNOS, ter-
minator of the nopaline synthase gene; tCaMV, CaMV terminator;
omt, coding sequence of the poplar COMT. Some restriction sites are
indicated.

Plant Transformation and Regeneration

The binary vectors introduced into Agrobacterium tume-
faciens strain GV301/pMP90 (Koncz and Schell, 1986) by
triparental mating were used for poplar (Populus tremula X
Populus alba, clone INRA 717 1-B4) transformation accord-
ing to Leplé et al. (1992) using kanamycin (50 mg/L) or
hygromycin (20 mg/L) for selection of transformed cells.
Transformants were amplified by micropropagation in
vitro before transfer into the greenhouse. Three different
cultivations of the control and transgenic lines were inde-
pendently performed.

Enzyme Assays and DNA Analysis

Crude protein was extracted from young leaves or from
developing xylem as previously described (Van Doors-
selaere et al., 1995). The protein content was determined by
the method of Bradford (1976) using the Bio-Rad reagent
(Bio-Rad, Hercules, CA). COMT enzyme assays were con-
ducted with approximately 10 pg of crude protein using
tritiated S-adenosyl-L-Met (NEN, Boston) and caffeic acid
(Van Doorsselaere et al., 1995). The reported activity (per-
centage of control) is the mean of three measurements.

DNA was isolated from young leaves according to Doyle
and Doyle (1990). The genomic DNA (10 ug) was digested
with BamHI. DNA gel blots were performed according to
standard protocols (Sambrook et al., 1989) and transferred
to Biodyne B (PALL) membranes. Southern hybridization
was performed according to Church and Gilbert (1984). An
Ncol fragment, corresponding to the entire COMT coding
region, was randomly primed, 32p-labeled, and used as a
probe.

Histochemical Staining and Lignin Characterization

Fresh free-hand cross-sections of secondary stems from
control and transgenic poplar lines were subjected to
Wiesner and Maéule stainings according to standard proto-
cols. Photographs were taken under a binocular microscope.
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Visible light absorption spectra were measured from 20-pm-
thick cross-sections just after the Maule color reaction
(Yoshinaga et al., 1992) using a microspectrophotometer
(Carl Zeiss MPM-800, Zeiss, Jena, Germany). UV absorption
spectra were measured from 1-um-thick cross-sections from
specimens embedded in methacrylate resin (Yoshinaga et
al., 1997). UV absorption was surveyed in the range of 250 to
400 nm by 2.5-nm steps for spot diameters (0.5 um) and a
band width of an illuminating monochrometer (5 nm).

Three series of lignin analysis experiments were per-
formed on 6-month-old poplars grown in the greenhouse.
The lignin content of the ground and extractive-free xylem
was estimated by the standard Klason procedure (Dence,
1992). In addition, the determination of lignocellulose (wall
fraction essentially composed of lignin and cellulose) was
run according to Jarrige (1961) and Monties (1984). sp
between independent replicates of Klason analysis was in
the 0.5% to 1% range. Lignin structure was investigated
using thioacidolysis and its most recent developments
(Lapierre et al., 1995). The lignin-derived monomers and
dimers were identified by GC-MS of their TMS derivatives.
The determination of p-hydroxybenzoic esters linked to
poplar lignins was done by mild alkaline hydrolysis ac-
cording to a previously published procedure (Lapierre et
al., 1999). sp for thioacidolysis and alkaline hydrolysis
replicates was approximately 5% of the mean reported
value.

Kraft-Pulping Experiments

Two series of control and transgenic poplars indepen-
dently grown in the greenhouse were subjected to kraft-
pulping assays as reported (Lapierre et al., 1999). The
cooking conditions were 20% active alkali, 25% sulfidity,
liquor to wood ratio of 4, temperature raised to 170°C
during 60 min and then maintained for 60 min. The per-
formances of the poplar lines with respect to kraft pulping
were evaluated by the pulp yield, the pulp k number and
the cellulose DP according to standard procedures and as
already described (Lapierre et al., 1999).
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