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Many reports now describe the manipulation of plant metabolism by suppressing the expression of single genes. The
potential of such work could be greatly expanded if multiple genes could be coordinately suppressed. In the work presented
here, we test a novel method for achieving this by using single chimeric constructs incorporating partial sense sequences for
multiple genes to target suppression of two or three lignin biosynthetic enzymes. We compare this method with a more
conventional approach to achieving the same end by crossing plants harboring different antisense transgenes. Our results
indicate that crossing antisense plants is less straightforward and predictable in outcome than anticipated. Most progeny had
higher levels of target enzyme activity than predicted and had lost the expected modifications to lignin structure. In
comparison, plants transformed with the chimeric partial sense constructs had more consistent high level suppression of
target enzymes and had significant changes to lignin content, structure, and composition. It was possible to suppress three
target genes coordinately using a single chimeric construct. Our results indicate that chimeric silencing constructs offer great
potential for the rapid and coordinate suppression of multiple genes on diverse biochemical pathways and that the technique

therefore deserves to be adopted by other researchers.

The directed engineering of plant metabolism has
been a major focus for both academic and applied
plant research in recent years. An enormous amount
of work describes the use of transgenic technologies
to manipulate genes on important biochemical path-
ways. In the vast majority of cases, single genes have
been manipulated, often by down-regulating their
activity using antisense RNA or cosuppression. Al-
though this work has been extremely successful and
illuminating, full exploitation of the potential for
plant metabolic engineering will likely necessitate
the manipulation of multiple genes.

We have been researching the lignin biosynthetic
pathway for many years and have encountered a
number of situations where it would be desirable to
manipulate the expression of multiple genes in a
coordinate fashion. A major aim of our research is to
understand how the lignin biosynthetic pathway op-
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erates in vivo so as to elucidate fundamental ques-
tions such as the exact sequence and identity of en-
zymes involved. Although the basic pathway was
outlined many years ago, recent data have prompted
some revisions and multiple alternative routes have
been suggested for the synthesis of certain interme-
diates. Lignin has significant commercial importance
and modified-lignin transgenics can also provide im-
proved raw materials for industrial and agricultural
uses. Manipulating combinations of genes involved
in monolignol biosynthesis offers the best potential
for gaining additional evidence on the organization
of the pathway in planta and may give rise to novel,
commercially valuable lignins.

A small number of reports recently have described
the combined suppression of two unrelated lignin
genes. Crossing tobacco (Nicotiana tabacum cv Sam-
sun NN) parents harboring different antisense trans-
genes provided an apparently simple method for
producing progeny suppressed in the activity of two
target genes (Chabannes et al., 2001; Pingon et al.,
2001). Retransformation has also proved to be a use-
ful strategy in tobacco (Zhong et al., 1998) and par-
ticularly in species where combining transgenes by
sexual crossing is impossible or impractical, such as
trees (Lapierre et al., 1999). However both sexual
crossing and retransformation are time-consuming
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strategies that take a number of plant generations to
complete. Although plants down-regulated in two
genes are ultimately produced, the two transgenes
involved are not linked and will segregate in subse-
quent progeny generations. Maintaining plant lines
suppressed in both target genes becomes labor inten-
sive and this effectively limits the number of trans-
genes that can be combined in this way (for discus-
sion, see Halpin et al., 2001). An alternative strategy
using a single chimeric transgene to simultaneously
effect suppression of two non-homologous genes was
described over 8 years ago for tomato (Lycopersicon
esculentum). This strategy was rather inadvertently
discovered in an attempt to test the role of the pre-
sequence of an enzyme involved in fruit ripening,
polygalacturonase (PG). A chimeric DNA construct
was assembled where the presequence for PG was
attached to the mature protein sequence of pectin
esterase. When expressed in tomato fruit from the
35S cauliflower mosaic virus (CaMV) promoter, this
construct unexpectedly suppressed expression of
both PG and pectin esterase (Seymour et al., 1993).
Despite further exploration of this phenomenon by
the same research group (Jones et al., 1998), the strat-
egy has not been adopted by others.

In this report, we test this alternative strategy to
determine whether it can be effective for the suppres-
sion of combinations of genes on another pathway
(lignin biosynthesis) and in another species (tobacco).
We also extend the strategy by determining whether a
single chimeric transgene can be used to suppress the
expression of three genes simultaneously. Single chi-
meric transgenes were produced by fusing partial
sense sequences for all possible combinations of two,
or of all three, of the lignin genes caffeate/5-hydroxy-
ferulate O-methyltransferase (COMT), cinnamoyl-
coenzyme A reductase (CCR), and cinnamyl alcohol
dehydrogenase (CAD). The transgenes were placed
under the control of the 355 CaMV promoter. Results
from this experiment are compared with those ob-
tained when sexual crossing was used as a means to
combine distinct antisense transgenes for the same
target genes. Our results demonstrate that single chi-
meric transgenes work in tobacco, as they do in to-
mato, to effect simultaneous suppression of multiple
target genes. This strategy can likely be applied uni-
versally to achieve more effective, and far more rapid,

down-regulation of combinations of genes than can be
achieved by conventional methods such as sexual
crossing.

RESULTS
Conventional Crossing of Antisense Plants

We expected that crossing plants carrying different
antisense transgenes would provide a quick and easy
method of obtaining plants modified in the activity of
more than one gene. Tobacco plants down-regulated
in CAD (Halpin et al., 1994) or COMT (Atanassova et
al., 1995) were crossed to obtain plants simulta-
neously suppressed in both genes. The parent lines
had shown stable high level suppression of target
gene expression through a number of generations
and were homozygous for a single transgenic locus
(see Table I). Two CAD reduced lines (J40 and J48)
were selected and crossed with a COMT down-
regulated line (B10) using each plant as both male
and female in reciprocal crosses.

Twenty, tissue culture-grown, 6-week-old progeny
from each cross were assayed for CAD and COMT
activity along with 20 wild-type plants. It was sur-
prising that activity for each enzyme varied from 8%
to 100% of average wild-type values in individual
progeny, a result very different from the uniform 8%
COMT activity and 20% to 30% CAD activity that
was expected in these hemizygous plants (see Table
I). Combining the two transgenes had apparently
destabilized the previously stable suppression of
both CAD and COMT target genes. The data for one
progeny population is shown in Figure la, but ex-
actly the same variable pattern of activity was ob-
served in every cross. In total, 80 progeny were as-
sayed and none displayed coordinate suppression of
both CAD and COMT to levels below 40% of wild-
type values. Few plants displayed suppression of
either target gene to the level expected in plants
hemizygous for that transgene.

To determine whether the observed lack of coordi-
nate suppression of CAD and COMT would also be
evident in adult plants, progeny from one cross
(3B10 X 2?]J40) were grown in the greenhouse for 10
weeks. Assays for CAD and COMT showed that
CAD activity was highly variable between plants
(10%-100% of wild-type values), whereas COMT ac-

Table I. Previously characterized CAD and COMT antisense plant lines

wt, Wild type.

Line Activity of Target Enzyme Transgenic Transgene

Hemizygote® Homozygote® Loci Copy No.
% wt

COMT B10 8 1 3
CAD J40 20-30 15-20 1 1
CAD J48 50 20-30 1 1
? Hemizygous lines were obtained by out-crossing homozygous lines to wild type. > Homozy-

gous lines were used as parents in the crosses described here.
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tivity was consistently reduced to around 40%, ex-
cept for plant 10, which had only 2% of residual
COMT activity (Fig. 1b). Thus suppression of two
lignin genes by crossing parents harboring different
antisense transgenes gave unpredictable results and
was only moderately successful.

Chimeric Partial Sense Transgenes

To test the alternative strategy of using chimeric
partial sense constructs to suppress the expression of
multiple lignin genes, four different constructs were
made. Each construct incorporated partial sense se-
quences of two, or all three, of the lignin genes CAD,
COMT, and CCR, expressed from the 355 CaMV
promoter (Fig. 2). After transformation into tobacco,
14 to 35 independent transgenic plants were pro-
duced for each construct and grown for 6 weeks
before determining CAD and COMT levels by en-
zyme assay and western blotting. CCR expression
was monitored routinely by northern blotting, with
enzyme assays being performed on just a few sam-
ples (neither the radiolabeled assay substrate nor
CCR-specific antibodies are easily available).

Results on target gene suppression were similar in
every population and, in each case, plants coordi-
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Figure 1. Target enzyme activity in progeny of the cross between
COMT B10 and CAD J40. The activities of CAD and COMT were
measured in wild-type plants to determine the normal mean activity
(100%) for each enzyme (n = 20, young plants; n = 3, mature
plants). CAD and COMT activities assayed in individual young (a)
and mature (b) progeny of the cross were expressed as a percentage
of this mean wild-type value. Results in a are shown with individual
plants ranked from highest (left) to lowest (right) CAD activity. Assays
on mature plants were performed on three clonal plants per line and
error bars indicate the St between assays.
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Figure 2. Chimeric constructs for suppressing multiple lignin biosyn-
thetic genes. Constructs were prepared by fusing together partial
sense sequences for CAD, COMT and CCR, expressing these from the
35S CaMV promoter. Nos 3’ indicates the nos terminator.

nately suppressed in all target genes were identified.
Detailed results for only two populations (CAD-
COMT and CAD-COMT-CCR) are presented here.
The activities of CAD and COMT measured in wild-
type plants were averaged to provide a mean “con-
trol” activity (100%) for each enzyme, with sEs of
14.2% for CAD, and 9.5% for COMT (n = 10 plants).
Plants transformed with the CAD-COMT construct
(hereafter referred to as CO plants) displayed a range
of activities for the target enzymes but three plants
(plants CO 3, 5, and 9) showed levels of activity well
below that of wild-type plants (Fig. 3a). In any given
plant, both target enzymes were suppressed to sim-
ilar levels, indicating coordinate down-regulation.
The larger population transformed with the CAD-
COMT-CCR construct (hereafter referred to as COC
plants) contained a similar proportion of down-
regulated plants. Seven plants (plants COC 5, 6,7, 11,
12, 14, and 20) displayed CAD and COMT activity
considerably below wild-type values (Fig. 3b). Again,
down-regulation appeared to be coordinate, with the
exception of two plants (plants COC 23 and 13). A
northern blot of total RNA from the same plants was
hybridized with a riboprobe that recognized the
1.3-kb CCR mRNA in wild-type plants (Fig. 4a). COC
plants that had shown significant down-regulation of
CAD and COMT all showed considerably reduced
signals for CCR mRNA, with plants COC6, COC7,
and COC12 showing particularly low expression.

Target Enzyme Activity in Mature Plants Harboring
Chimeric Transgenes

Three plants (CO3, CO5, and CO9) from the CAD-
COMT population, and four plants (COC6, COC7,
COC11, and COC12) from the CAD-COMT-CCR
population were selected for further study. These
were clonally propagated to yield small populations
or “lines” of genetically identical individuals that
were grown to maturity in the greenhouse (10
weeks). Assays for CAD and COMT were performed
on all plants, whereas one plant from each line was
assayed for CCR activity (because of limited sub-
strate availability). Results showed that some lines
had maintained very significant levels of target gene
suppression throughout development. Line CO5 had
only 15% of wild-type CAD activity and 36% of
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Figure 3. Target enzyme activity in plants transformed with CO or COC partial sense chimeric constructs. The activities of
CAD and COMT were measured in wild-type plants to determine the normal mean activity (100%) for each enzyme (n =
10, young plants; n = 3, mature plants). CAD and COMT activities were assayed in individual young CO (a) or COC (b)
plants. Selected plants were clonally propagated to yield small populations (“lines”) of genetically identical individuals. c,
Clonal plant lines were grown to maturity and assayed for CAD, COMT, and CCR (as appropriate). Error bars in ¢ indicate
the st between assays on different clonal individuals of the same plant line. d, Enzyme assay data for CAD and COMT activity

in mature plants were confirmed by western blotting.
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Figure 4. Northern blots of COC lines to monitor CCR expression.
Total RNA from young (a) and mature (b) plants transformed with the
CAD-COMT-CCR construct was subjected to northern blotting and
hybridized to a CCR riboprobe. Wt, Wild-type plant.
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wild-type COMT activity at maturity (Fig. 3c). Sup-
pression of CAD and COMT in mature CO3 plants
was less efficient than it had been in young plants,
whereas mature CO9 plants showed no significant
enzyme suppression. Suppression of target gene ac-
tivity was better maintained in the CAD-COMT-CCR
populations. Line COC6 stood out as having substan-
tial reductions in all three enzymes, with CAD re-
duced to 4%, COMT to 24%, and CCR to 18% of
wild-type levels (Fig. 3c). CAD was reduced to below
15% in all the lines, whereas residual COMT activity
varied between 24% and 35%. Western blots con-
firmed this assay data (Fig. 3d). On the basis of the
single CCR assay performed for each line, CCR
down-regulation appeared to be less consistent, with
typical activities of around 70% of wild-type levels

Plant Physiol. Vol. 128, 2002



(except for line COC6). However, other data indi-
cated that CCR was significantly suppressed in both
COC6 and COC7. Northern blots showed little de-
tectable CCR transcript in mature COC6 and COC7
plants (Fig. 4b). These lines also had serious growth
defects similar to, but more severe than, those previ-
ously described for CCR-suppressed plants (Pique-
mal et al., 1998). All COC6 and COC7 plants were
stunted and could not support themselves as they
grew (Fig. 5d), whereas other transgenic lines grew
normally. CO primary transformants were shorter
than wild type (Fig. 5, a and c), but supported them-
selves normally and grew to wild-type heights in
subsequent generations, similar to plants of the
B10 X J40 cross (Fig. 5b).

Wood Characteristics and Histochemistry

Wood from the most promising B10 X J40 plants
(plants 6, 10, and 16) and from the CO5, COC6, and
COC7 lines, was examined for evidence of the effects
of CAD, COMT, or CCR suppression on lignin com-
position and structure.

Significant reduction of CAD activity has been
shown previously to result in the production of red
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colored wood (Halpin et al., 1994, 1998; Baucher et
al., 1996, 1999; MacKay et al., 1997), thought to be
because of the accumulation of cinnamyl aldehydes
in lignin (Higuchi et al., 1994). Wood from progeny of
the B10 X J40 cross looked like wild type (Fig. 5f),
supporting the assay data indicating only moderate
CAD reduction and suggesting that there is little
incorporation of cinnamyl aldehydes into lignin in
these plants. In contrast CO5, COC6 and COC7
plants had bronze-colored wood, often with bright-
red patches at the base (Fig. 5, g and h). This is
consistent with good levels of CAD suppression and
associated changes to lignin composition that include
the incorporation of cinnamyl aldehydes. The fact
that much of the wood was bronze rather than red
reflects the influence of concomitant suppression of
COMT and, in the case of COC plants, CCR. Severe
suppression of CCR alone is also known to influence
color of wood in tobacco (Piquemal et al., 1998).
Plants with severely suppressed COMT activity pro-
duce greatly reduced amounts of syringyl (S) lignin
monomers, and this can be detected by specific stain-
ing of S units with Maiile reagent (Atanassova et al.,
1995). To determine whether our plants had changes
to S lignin, basal stem cross sections were stained with

Figure 5. Phenotypes and histochemistry of
transgenics. Relative heights of plants at matu-
rity are shown in a through d. The color of
woody stem sections (with bark and cortex re-
moved) are shown in e through h. Results of
Matile staining (i-l) and UV autofluorescence
(m—p) of thin-stem sections is shown. Wild-type
plants are shown in column a through m, B10 X
CAD J40 are shown in column b through n, CO5
plants are shown in column c through o, and
COC7 plants are shown in column d through p.
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Matile reagent. Lignin in the woody xylem of wild-
type plants stained a bright red, as did the xylem of
progeny of the B10 X J40 cross (Fig. 5, i and j), sug-
gesting similar levels of S lignin units. In contrast,
lignin in CO5 and COC7 showed greatly reduced
staining, indicating a severe reduction in S lignin units
(Fig. 5, k and 1), confirming modifications to lignin to
be consistent with significant COMT suppression.

The UV autofluorescence of lignin in xylem sec-
tions has been used previously to detect a “de-
formed” xylem vessel phenotype in plants with se-
vere CCR down-regulation (Piquemal et al., 1998).
Figure 5 shows that vessels in sections from wild-
type, B10 X J40, and CO5 plants look normal (Fig. 5,
m-o) but those from COC7 show irregular cell walls
and appear similar to the “deformed” vessels de-
scribed by Piquemal et al., (1998). This result further
indicates that CCR is severely suppressed in these
plants and suggests that lignin content in vessel cell
walls may be reduced.

These results on wood characteristics and histo-
chemistry suggest that plants of the CO5, COC6, and
COCY7 lines have major changes to lignin composition
and structure, consistent with significant suppression
of CAD, COMT, and, in COC lines, CCR activities.
Conversely, progeny of the B10 X J40 cross showed
no evidence of gross changes to lignin composition.

Lignin Structure Evaluated by
Thioacidolysis Experiments

Histochemical methods are fairly crude and will
only detect major alterations to lignin. To complete
our characterization of the cross progeny, we wanted
to determine whether combining transgenes by this
method had been partially successful, causing subtle
changes to lignin. Progeny of the cross and their par-
ents therefore were subjected to thioacidolysis, an an-
alytical degradation method providing information on
lignin structure. Thioacidolysis specifically generates
guaiacyl (G) and S monomers from G and S lignin
units that are only involved in §-O-4 bonds. The yield
of these monomers therefore reflects the frequency of
B-O-4 linked lignin units. In agreement with previous
work (Halpin et al., 1994; Atanassova et al., 1995),
thioacidolysis revealed changes in lignin structure in
both of the parent lines, with monomer yields mark-
edly reduced because of an increase in the proportion
of resistant interunit condensed bonds in lignin (Table
II). The COMT B10 parent also showed the expected
massive decrease in $-O-4-linked S units and the ac-
cumulation in lignin of unusual 5-OH G units that
accounted for more than 5% of the total lignin-derived
monomers (Table II). All of these structural changes
were lost in the progeny of the B10 X J40 cross, which
showed thioacidolysis yields and profiles similar to
wild-type plants.

The fact that the cross progeny did not maintain
the structural changes to lignin present in the paren-
tal lines was further confirmed by the following ob-
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Table I1. Analysis of lignin-derived monomers by thioacidolysis

Thioacidolysis was performed on extract-free xylem cell wall ma-
terial from mature plants of the parental and dB10 X ?J40 cross. The
total yield and relative frequency in G, S, and 5-OH G monomers
were determined for three clonal plants per line. The se between
duplicate thioacidolysis experiments run on the same sample is
lower than 5%. An asterisk indicates data that are significantly
different (P < 0.05) from data of wild-type plants as determined by
the Student’s ¢ test.

Line Total Yield G/S/5-OH G
Wild type 1,996 53/46.5/0.5
1,830 55/44.5/0.5
1,810 52/47.5/0.5
CAD J40 1,555% 67/32.6/0.4*
1,441%* 65/34.6/0.4*
1,428* 67/32.7/0.3*
COMT B10 1,289* 85/10/5*
1,269* 85/10/5*
1,222% 83/10/7*
dB10 X 2J40 1,787 52/47.5/0.5
1,732 54/45.4/0.6
1,778 59/40.2/0.8

servation. Plants with less than 30% of normal CAD
activity have marked increases in lignin solubility in
alkali because of a specific structural change—the
enrichment in free phenolic groups (Lapierre et al.,
1999). Mild alkaline hydrolysis confirmed the pres-
ence of this modification in the parental CADJ40 line
(49% of lignin solubilized), whereas lignin from
progeny of the B10 X J40 cross had similar alkali
solubility (29% of lignin solubilized) to wild-type
plants (27% of lignin solubilized). This further illus-
trates the absence of significant structural changes to
lignin in these plants.

Lignin Determination

To complete the analysis of potential lignin modi-
fications in our transgenics, total lignin contents were
estimated by two techniques using acetyl bromide
and Klason lignin procedures. Because the plants
produced by conventional crossing and those trans-
formed with the chimeric partial sense constructs
were grown in the greenhouse at slightly different
times, each must be compared with its own set of
concomitantly grown wild-type plants (Table III).
The results showed that, consistent with previous
data (Halpin et al.,, 1994), suppression of CAD or
COMT alone (in parental genotypes CAD J40 and
COMT B10) did not change lignin content to any
great extent. Similarly, selected progeny of the
COMTB10 X CAD]J40 cross (plants 6, 10, and 16) had
normal levels of lignin. Plant lines CO3 and CO9,
which had only moderate reduction of CAD and
COMT at maturity, also had normal levels of lignin.
In contrast, line CO5, the line with most severe and
consistent suppression of CAD and COMT, had dra-
matically reduced lignin content. The amount of lig-
nin was reduced by 20% to 30%, depending on the
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Table Ill. Lignin contents of extract-free mature plants

Data are shown for the dB10 X 2J40 cross and parental geno-
types (upper part of Table) and for the CAD-COMT (CO)- and CAD-
COMT-CCR (COCQ)-transformed plants (lower part of Table). Lignin
contents were determined by two independent methods according to
acetyl bromide and Klason procedures carried out on extract-free
samples. Data that are significantly different from data of wild-type
plants as determined by the Student’s t test are indicated by asterisks
(*, P<0.05; **, P<0.1; n = 3). nd, Not determined. sEs reflect the
variability between individual plants of each line.

Acetyl Bromide

Line Klason Lignin

Lignin
% wt
Wild type 19.2 19.5 £ 0.28
CAD J40 18.3 18.8 = 0.29
COMT B10 18.3 17.3 = 0.20
dB10 X ?J40 19.4 19.5 = 0.13
Wild type 21.18 £ 0.78 19.26 = 0.07
CcO9 20.8 = 1.31 nd
CO3 23.25 = 1.48 nd
CO5 17.0 = 1.71 13.8 = 0.81
COC 6 18.63 * 0.83 16.28 = 0.18
cocC7 19.54 £ 0.32 17.83 = 0.36
COoC 11 20.74 = 0.95 nd
CcocC 12 19.01 £ 1.23 nd

method used for lignin determination. This confirms
the superior efficiency of the chimeric construct strat-
egy for achieving stable suppression of multiple
genes and indicates a synergistic action of coordinate
CAD and COMT suppression in controlling flux of
metabolites through the lignin pathway. Lignin anal-
ysis of plant lines of the COC population also showed
changes in lignin content in lines COC6 and COC?7,
the plants with stunted phenotypes. Lines COC11
and COC12, the lines that grew normally and
showed higher levels of CCR transcript at maturity
(see Fig. 4), showed no significant change in lignin.

DISCUSSION

The work presented here clearly demonstrates the
superiority of chimeric partial sense constructs over
conventional methods such as sexual crossing for
rapid production of plants coordinately suppressed
in multiple genes. Plants with reduced activity of two
lignin biosynthetic genes, CAD and COMT, were
produced by two methods: (a) sexual crossing of
parents harboring different antisense genes, and (b)
transformation of wild-type plants with a single con-
struct that expresses partial sense sequences for both
genes from a single promoter. Crossing of CAD and
COMT antisense plants was only partially successful.
Although some plants were identified that had rea-
sonable levels of suppression of both target genes,
most plants had much higher activity than expected.
Analysis of lignin content and structure in these
plants showed that there were no significant changes
to lignin. In contrast, plants transformed with chi-
meric partial sense constructs had more consistent
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suppression of target enzymes and had significant
changes to lignin content and structure. The orienta-
tion of the target sequences within chimeric trans-
genes is apparently not important and chimeric an-
tisense constructs work equally well (M. Legrand,
personal communication). Moreover, our work
shows that it is possible to suppress three, or possibly
more, genes coordinately using chimeric transgenes.
A chimeric partial sense construct targeted to down-
regulate the expression of three lignin genes, CAD,
COMT, and CCR, was successful in suppressing all
three targets and gave rise to plants with modified
lignin and severe phenotypes.

The problems we encountered in obtaining double
antisense plants by crossing were unexpected. We
assumed that, using well-characterized homozygous
parents with previously consistent transgene expres-
sion, we could expect progeny to have similar levels
of activity to hemizygous plants of the parental ge-
notypes (i.e. 8% COMT and 20%-30% CAD com-
pared with wild-type activity). However, none of the
progeny had such low enzyme levels and activities
were highly variable across the population, particu-
larly in young plants. In mature plants, suppression
of COMT was more stable with most plants having
40% of wild-type activity (still considerably higher
than the 8% expected and too high to modify lignin),
but CAD activity remained variable. These data sug-
gest that the efficacy of suppressing transgenes can
be modified by genetic background, particularly
when a transgene is introduced into background al-
ready containing another, partly homologous, trans-
gene. This phenomenon, particularly the variability
of target enzyme activity between genetically identi-
cal progeny of the same cross, has many of the hall-
marks of transgene silencing. One plausible explana-
tion for our data, therefore, is that silencing of both
antisense transgenes has been triggered by combin-
ing them. The degree of silencing could vary in dif-
ferent individual progeny, giving rise to widely dif-
ferent levels of target enzyme activity in genetically
identical plants. Silencing might be exacerbated by
the repeated use of the 355 CaMV promoter on both
transgenes in our experiments.

The problem of silencing is not unique to the B10 X
J40 cross. We have substituted a different CAD anti-
sense line (CADJ48) and different COMT-suppressed
lines (COMTA17 and COMTDS6) as parents in crosses
and in every case found a variable pattern of target
gene suppression in young progeny. No cross
yielded progeny with predictable levels of activity
for both target enzymes. In most cases, enzyme ac-
tivity was higher than expected, but in one case
(CADJ48 X COMTA17) activity for CAD was lower
than expected, whereas COMT activity varied. Many
of the crossing experiments described here were car-
ried out in tandem in two different laboratories in
Dundee and Strasbourg with similar results, suggest-
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ing that these phenomena are triggered by genetic
rather than environmental factors.

In general, successful experiments where trans-
genes have been combined by crossing, have in-
volved protein-coding transgenes, and usually the
levels of transgene expression in progeny have not
been investigated (e.g. Nawrath et al., 1994; Ma et al.,
1995). It is likely that combining transgenes aimed at
suppressing target plant genes is always going to be
more difficult than combining protein-coding genes.
Effective suppression is only ever seen in a small
proportion of transformants because target gene ac-
tivity often has to be severely reduced (by 80%-90%
or more) before physiological changes become evi-
dent. As a consequence, even partial loss of transgene
expression, where only a small proportion of target
gene activity is restored, can result in loss of the
physiological effect of the transgene. This point is
further illustrated by independent experiments
where other lignin-modified antisense plants have
recently been crossed to generate plants suppressed
in two activities (Chabannes et al., 2001; Pincon et al.,
2001). Although suppression of target enzymes was
more marked and more stable than in the crossing
experiment reported here, in both cases levels of one
target enzyme were significantly higher than antici-
pated for hemizygous plants. Consequently, progeny
had a qualitative lignin profile similar to wild-type
plants (Chabannes et al.,, 2001) or to plants sup-
pressed in one gene alone (Pingon et al., 2001). In the
crossing experiments described here, the higher-
than-predicted levels of both target enzymes in prog-
eny resulted in complete loss of the expected modi-
fications to lignin. The problem of reduced efficacy of
suppressing transgenes after crossing may poten-
tially be alleviated by using double-stranded RNAs
or hairpin-forming RNAs as recently described
(Chuang and Meyerowitz, 2000; Wesley et al., 2001).
These types of transgene are apparently more effi-
cient (in the numbers of gene-suppressed plants re-
covered) and more effective (in the degree of sup-
pression obtained) than conventional antisense or
sense gene-silencing constructs. To date, they have
only been used to suppress single genes in plants, but
it seems likely that they will also prove invaluable in
multiple gene suppression, perhaps even incorporat-
ing chimeric transgenes like those described here.

In terms of enzyme activity, plants harboring chi-
meric partial sense transgenes showed greater de-
grees of down-regulation of CAD and COMT than
the corresponding plants produced by crossing. At
maturity, line CO5 had similar levels of enzyme ac-
tivity to some of the cross progeny, but it had much
lower levels of both enzymes (less than 10%) at ear-
lier developmental stages (see Fig. 3a). The very sig-
nificant changes to lignin content in this line suggest
that these low levels of activity were maintained for
much of plant development. In contrast, young prog-
eny of the cross had variable but relatively high
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levels of activity for target genes that only stabilized
at a lower level in mature plants, perhaps too late to
have an impact on lignin synthesis. Lignin in CO5
plants also had significantly altered structure. Indi-
vidual plants had a strong red-brown color at the
base of stems, indicative of the incorporation of cin-
namyl aldehydes into the polymer and characteristic
of severe CAD suppression (Halpin et al., 1994; Higu-
chi et al., 1994; Stewart et al., 1997; Ralph et al., 1998).
The effects of COMT suppression were evident in the
reduced staining with Maiile reagent indicative of a
marked decrease in S lignin. Both of these structural
changes were also clearly revealed by thioacidolysis
analysis of CO5 lignin (data not shown). The COC
lines 6 and 7 showed similar lignin changes as a
consequence of CAD and COMT down-regulation
and additionally showed growth defects and de-
formed xylem vessels, both phenotypes associated
with severe CCR suppression (Piquemal et al., 1998).
These data suggest that lignin in the plants sup-
pressed in two or three lignin genes contains a com-
bination of the modifications characteristic of sup-
pression of activity of each target enzyme.

The significant (20%-30%) reduction in lignin con-
tent in CO5 plants was unexpected because suppres-
sion of CAD or COMT alone does not cause substan-
tial alterations to lignin content. This result suggests
some synergistic effect, when CAD and COMT are
suppressed together, to inhibit flux through the lig-
nin pathway. Thus, suppressing combinations of
genes can induce novel modifications to lignin that
cannot be predicted by reference to existing data on
the suppression of single genes. These new combina-
tions of modifications to lignin composition, struc-
ture, and content in phenotypically normal plants
may offer potential for improving plant raw materi-
als for specific industrial and agricultural purposes.
In contrast with the data on COS5 plants, reductions in
lignin content in the lines COC6 (18% reduction) and
COC7 (8% reduction) were expected because severe
CCR suppression reduces lignin content. It is per-
haps surprising that lignin content is not more sub-
stantially altered in these lines, given their severe
phenotypes. The very big reductions in the amount
of xylem tissue produced by these plants (data not
shown) suggests a greater inhibition of lignin pro-
duction than is obvious from the lignin content data
alone. Further work is currently under way to inves-
tigate this point further and to more comprehen-
sively analyze all the changes to lignin structure in
CO5, COC6, and COCY7 plants.

Overall, our results support the findings of previ-
ous work by the group that initially described and
used the chimeric transgene system for the manipu-
lation of fruit ripening genes (Seymour et al., 1993;
Jones et al., 1998). By extending this work and suc-
cessfully using the system to manipulate lignin bio-
synthesis, a pathway quite distinct from fruit ripen-
ing, we illustrate that the technique should be
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applicable to the manipulation of any combinations
of genes on any pathway. The strategy has many
advantages over conventional methods of combining
transgenes by crossing, cotransformation, or retrans-
formation. It is rapid because plants suppressed in
multiple genes can be produced in one generation,
and subsequent breeding to produce homozygotes is
simpler than it is with methods where combined
transgenes can resegregate. Most importantly, link-
ing the suppression sequences in a single transcrip-
tional unit ensures coordinate expression while
avoiding duplication of regulatory sequences such as
promoters, thereby reducing the likelihood of trans-
gene silencing and favoring stable transgene expres-
sion. Chimeric constructs therefore offer great poten-
tial for the rapid and coordinate suppression of
multiple genes and the technique deserves to be
more widely adopted by other researchers.

MATERIALS AND METHODS
Crossing of CAD and COMT Antisense Plants

CAD and COMT antisense transgenes were combined in
tobacco (Nicotiana tabacum cv Samsun NN) plants by cross-
ing homozygous parents carrying CAD (Halpin et al., 1994)
or COMT (Atanassova et al., 1995) antisense transgenes.
Each parent was used as male and female partner in recip-
rocal crosses.

Chimeric Constructs

Oligonucleotide primers were used in polymerase chain
reactions to amplify appropriate sections of the tobacco
CAD, COMT, and CCR cDNAs while at the same time
engineering convenient unique restriction sites (Xmal or
Xbal) onto the ends of these fragments. Using these meth-
ods, a 987-bp CAD fragment, a 902-bp COMT fragment,
and a 622-bp CCR were generated and assembled together
in appropriate combinations in a pUC19-based cloning
vector (pJR19) using the PCR-engineered restriction sites.
pJR19 already had the 355 CaMV promoter inserted be-
tween the EcoRI and Kpnl sites of the pUC19 polylinker,
whereas the nos 3’ terminator had been inserted between
the PstI and HindlIIl sites. As a consequence, once the
cDNA fragments had been assembled between the 35S
promoter and nos3’ terminator in sense orientation, the
entire EcoRI-HindIIl plant expression cassette could be
moved over into a Bin19-based plant transformation vector
in one step. Using these techniques, four chimeric con-
structs were prepared (see Fig. 2) and used for Agrobacte-
rium tumefaciens-mediated transformation of tobacco seed-
lings using the method of Tinland et al. (1995).

Extracts and Enzyme Assays

Basal stem sections (1-2 cm) were either homogenized in
a microfuge tube using a micropestle (tissue culture plants)
or frozen in liquid N,, crushed, and ground using a mortar
and pestle (greenhouse plants) then extracted in 300 uL to
2.5 mL of extraction buffer (100 mm Tris-HCI, pH 7.5; 20
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mM B-mercaptoethanol; and 5% [w/v] polyvinylpolypyr-
rolidone). Extracts were clarified by centrifugation twice
(21,000g; 4°C) before use. Protein concentrations were de-
termined using the Bio-Rad reagent (Bio-Rad Laboratories,
Hemel Hempstead, Herts, UK).

CAD assays were carried out in 1 mL of 100 mm Tris-
HCI pH 8.8, containing 50 to 100 wL of plant extract, 0.1 mm
coniferyl alcohol, and 0.02 mm NADP and monitored at 400
nm over 15 min at 30°C. COMT was assayed by the pro-
tocol of Fukuda and Komamine (1982) with minor modifi-
cations. CCR assays (350 uL) contained 100 mm KH,PO,-
Na,HPO,, pH 6.25; 5 mm dithiothreitol; 100 um NADPH;
30 uMm C feruloyl coenzyme A (13,000 dpm); and 30 pL of
plant extract. Control reactions were carried out by omit-
ting NADPH. Reactions were incubated at 30°C for 10 min,
stopped with 1 mL of ethyl acetate, vortexed, and parti-
tioned by centrifugation. Five hundred microliters of the
organic phase was counted in 4.5 mL of Ecoscint scintillator
(National Diagnostics, Hull, Herts, UK).

Histochemistry

Hand sections of woody xylem were made using a razor
blade. For UV autofluorescence, sections were observed at
an excitation wavelength of 340 to 380 nm using a 430-nm
barrier filter. Phloroglucinol staining was performed by
mixing two parts 2% (w/v) phloroglucinol in 95% (v/v)
ethanol with one part concentrated HCI, and adding drop
wise to the tissue. Sections were photographed after 2 min.
Matile staining was performed by incubating sections in
1% (w/v) potassium permanganate for 5 min, then wash-
ing twice with water before adding 3% (v/v) HCI and
waiting for the color to change. Sections were washed
again then immersed for 2 min in ammonium hydroxide.

Lignin Analysis

All lignin analyses were performed according to previ-
ously described protocols. Thioacidolysis and Klason anal-
yses were carried out as described by Lapierre et al. (1995).
Acetyl bromide lignin determinations were carried out
according to liyama and Wallace (1990).

Western and Northern Blotting

Western blots were performed using standard proce-
dures. Ten micrograms of plant extracts were separated on
12% (w/v) SDS-PAGE, then transferred to nitrocellulose
membrane. Blots were probed with primary antibody (rab-
bit anti-CAD or anti-COMT sera at 1:10,000 or 1:5,000 [v/ V]
dilution) followed by HRP-conjugated anti-rabbit IgG (1:
10,000) and developed using the Phototope-HRP western
Blot Detection Kit (New England Biolabs, Hitchin, Herts,
UK). Northern blots were performed as previously de-
scribed (Halpin et al., 1998).
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