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Maize Revisited Using a Transgenic Approach’

Joel Piquemal? Simon Chamayou? Isabelle Nadaud, Michel Beckert, Yves Barriere, Isabelle Mila,
Catherine Lapierre, Joan Rigau, Pere Puigdomenech, Alain Jauneau, Catherine Digonnet,
Alain-Michel Boudet, Deborah Goffner, and Magalie Pichon*

Signaux et Messages Cellulaires chez les Végétaux, Unité Mixte de Recherche, Centre National de la
Recherche Scientifique-Université Paul Sabatier 5546, Pole de Biotechnologie Végétale, 24 Chemin de Borde
Rouge, 31326 Castanet Tolosan, France (J.P., S.C., A.]., C.D., A.-M.B., D.G., M.P.); Génétique et Amélioration
des Plantes, Institut National de la Recherche Agronomique, Domaine de Crouelle, 234 Avenue du Brezet,
63039 Clermont-Ferrand, France (I.N., M.B.); Unité de Génétique et d’Amélioration des Plantes Fourrageres,
Institut National de la Recherche Agronomique, Route de Saintes, 86600 Lusignan, France (Y.B.); Laboratoire
de Chimie Biologique, Institut National Agronomique, F-78850 Thivernal-Grignon, France (.M., C.L.); and
Departament de Genetica Molecular, Institut de Biologia Molecular de Barcelona, Centre d’'Investigaci6 i
Desenvolupament-Consejo Superior de Investigaciones Cientificas, Jordi Girona, 18-08034 Barcelona, Spain
(J.R., P.P.)

Transgenic maize (Zea mays) plants were generated with a construct harboring a maize caffeic acid O-methyltransferase
(COMT) cDNA in the antisense (AS) orientation under the control of the maize Adhl (alcohol dehydrogenase) promoter.
Adhl-driven B-glucuronidase expression was localized in vascular tissues and lignifying sclerenchyma, indicating its
suitability in transgenic experiments aimed at modifying lignin content and composition. One line of AS plants, COMT-AS,
displayed a significant reduction in COMT activity (15%-30% residual activity) and barely detectable amounts of COMT
protein as determined by western-blot analysis. In this line, transgenes were shown to be stably integrated in the genome
and transmitted to the progeny. Biochemical analysis of COMT-AS showed: (a) a strong decrease in Klason lignin content
at the flowering stage, (b) a decrease in syringyl units, (c) a lower p-coumaric acid content, and (d) the occurrence of unusual
5-OH guaiacyl units. These results are reminiscent of some characteristics already observed for the maize bm3 (brown-
midrib3) mutant, as well as for COMT down-regulated dicots. However, as compared with bm3, COMT down-regulation in
the COMT-AS line is less severe in that it is restricted to sclerenchyma cells. To our knowledge, this is the first time that an

AS strategy has been applied to modify lignin biosynthesis in a grass species.

Lignins are complex phenolic polymers present in
all vascular plants. They provide rigidity to conduct-
ing xylem elements and fiber cells. Lignins are com-
posed of C.C; units, principally p-hydroxyphenyl
(H), guaiacyl (G), and syringyl (S) units, and are
present in various proportions according to botani-
cal, physiological, and cytological criteria (Lewis and
Yamamoto, 1990). Throughout the plant kingdom,
grass lignins appear to be particularly specialized
because they contain not only H, G, and S units, but
also additional p-hydroxycinnamic units such as
p-coumaric and ferulic acids (Higuchi et al., 1967).
Ferulic acid may be ester linked to wall polysaccha-

! This work was supported by the Génoplante Program, by the
Institut National de la Recherche Agronomique, by the Centre
National de la Recherche Scientifique, and by the European pro-
gram, COPOL (grant no. QLK5-CT-2000-01493).

2 Present address: Euralis Génétique, Domaine de Sandreau,
31700 Mondonville, France.

* Corresponding author; e-mail pichon@smcv.ups-tlse.fr; fax 33—
562-19-35-02.

Article, publication date, and citation information can be found
at www.plantphysiol.org/cgi/doi/10.1104/pp.012237.

Plant Physiology, DecembeDR00N0d2A1BO
Copyright

rides and/or ether linked to G units, thereby forming
bridges between lignins and polysaccharides (Jac-
quet et al., 1995), whereas p-coumaric acid is primar-
ily ester linked to S lignin units in lignified walls
(Ralph et al., 1994; Grabber et al., 1996).
Lignification in dicotyledons has been extensively
studied and most of the known lignin biosynthetic
genes have been employed in genetic engineering
experiments (for review, see Grima-Pettenati and
Goffner, 1999). There are almost no molecular data
on lignification in grasses (Collazo et al., 1992; McAli-
ster et al., 1998; Pichon et al., 1998; Selman-Housein
et al., 1999; Spangenberg et al., 2001). Although lig-
nification in grass species is likely to share a high
degree of similarity to other angiosperms, the afore-
mentioned structural specificity of grass cell walls
may also involve a certain degree of grass-specific
regulatory mechanisms. An in-depth knowledge of
lignification in Graminaeae is of utmost importance
because lignins are one of the main limiting factors
affecting forage digestibility in ruminants (Jung and
Deetz, 1993). Although it is clear-cut that lignin con-
tent negatively affects the enzymatic degradability of
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cell wall polysaccharides, the impact of lignin struc-
ture on this important parameter is poorly under-
stood. It is difficult to establish a clear relationship
between digestibility and wall composition such as S
to G ratio or p-coumaric and ferulic acid content.

Four naturally occurring mutant lines of maize (Zea
mays), bml, bm2, bm3, and bm4, exhibit a reduced
lignin content, a modified S to G ratio, and increased
digestibility (for review, see Barriere and Argillier,
1993). These mutants are called bm (brown-midrib)
mutants because they exhibit a characteristic reddish-
brown pigmentation of lignified tissues. There has
been long-standing incentive to used bm mutations in
breeding programs, but bm genotypes are frequently
associated with a lower field standability (Cherney et
al., 1991). Genes corresponding to both bm1 and bm3
mutations have been identified. The bml mutation
affected the cinnamyl alcohol dehydrogenase gene
(Halpin et al., 1998), whereas bm3 maize is altered in
the COMT gene (Vignols et al., 1995; Morrow et al.,
1997). In the past, brn mutants have been useful to
study lignin biosynthesis and its impact on cell wall
digestibility. Nowadays, genetically engineered
maize with altered gene expression provides an al-
ternative means to study the impact of lignin content,
structure, and distribution on forage digestibility.
Until recently, techniques to disrupt gene expression
in maize were not routinely available. However, re-
cent progress on maize transformation has allowed
us to envisage down-regulation of cell wall genes
(Komari et al., 1998; Frame et al., 2002).

With the objectives of using genetic engineering to
improve lignin profiles in maize, we generated trans-
genic maize lines with reduced COMT expression
using RNA antisense (AS) technology. This gene has
been extensively studied and AS strategies have been
successful in different dicot species: tobacco (Nicoti-
ana tabacum; Dwivedi et al., 1994; Atanassova et al.,
1995), poplar (Populus tremula X P. alba; Van Doors-
selaere et al., 1995; Lapierre et al., 1999; Jouanin et al.,
2000), aspen (Populus tremuloides Michx; Tsai et al.,
1998), and alfalfa (Medicago sativa; Guo et al., 2001a).
In maize, the cDNA encoding caffeate O-methyl-

Figure 1. pBAR-GUS (A), pAdh1-ASOMT (B),
and pBAR (C) constructs used for maize trans-
formation. pAdhi, Promoter of maize Adhl

A. pBAR-GUS

transferase was originally isolated from a root cDNA
library (Collazo et al., 1992). The corresponding en-
zyme appears to be encoded by a single gene. In situ
hybridization and COMT promoter analysis revealed
that COMT was expressed in the vascular system of
roots and leaves of young plantlets (Capellades et al.,
1996).

In this study, a transgenic approach was applied to
down-regulate COMT gene expression in maize.
One line with severely reduced COMT gene expres-
sion exhibited dramatically altered lignin content
and composition in addition to improved digestibil-
ity. Because the biochemical alterations caused by
transgenesis were less pronounced than for the bm3
mutant, these results illustrate that genetic engi-
neering is a promising approach to improve maize
performance.

RESULTS

Cell Specificity of the Maize Adhl (Alcohol
Dehydrogenase 1) Promoter

Stable expression of the maize Adhl promoter
fused to the B-glucuronidase (GUS) reporter gene has
been mainly studied in transgenic rice (Oryza sativa;
Kyozuka et al., 1991, 1994). Although Fromm et al.
(1990) reported the regeneration of maize plantlets
containing the GUS reporter gene under the control
of the full-length maize Adhl promoter, precise ex-
pression patterns were not described. To examine if
this promoter could be suitable to down-regulate
COMT in lignifying tissues of maize, we first gener-
ated a series of independent transformants by micro-
particle bombardment using the pBAR-GUS plas-
mids described in Figure 1A (Fromm et al., 1990).
Four independent R; progeny exhibited detectable
levels of GUS activity in 20- to 30-d-old plants. In all
transformants, GUS expression was specifically asso-
ciated with the vascular system in roots, leaves, and
internodes (Fig. 2). In roots, GUS staining was re-
stricted to the protoxylem cells of the stele (Fig. 2C).
Cross sections of the basal part of the stalk enabled us

gene; iAdh1, first intron of Adhl maize gene; EgoR1 Prull Pstl Hind Il EcoR | Sal I Sal EcoRl
CaMV35S, cauliflower mosaic virus (CaMV) 35S — pAdh! [ iAdnt | GUS [Nos | camvsss [ iadnt | BAR [os —
RNA promoter; PAT or BAR, coding sequence of
phosphinotricin acetyltransferase gene confer-
ring resistance to phosphinotricin (bialaphos B. pAdhl-ASOMT
[Bastal]); Tnos, terminator of the nopaline syn-
thase gene; AS OMT, partial sequence (850 bp) EgoR 1 Pyull Pstl  Hind Il
of the maize COMT in AS orientation; GUS, —] pAdhl [iadh1 | ASOMT [ wNoOS |—
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C. pBAR

FcoRl Sa}l EC?RI

—{ camvsss PAT [1Nos +—

1676 Downloaded from www.plantphysiol.org on March 9, 2015 - Published by www.plantBtgnt Physiol. Vol. 130, 2002

Copyright © 2002 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org/
http://www.plant.org

Down-Regulation of Caffeic Acid O-Methyltransferase in Maize

J '
.px
Figure 2. GUS expression in different organs of 30-d-old transgenic maize transformed with the Adh7 promoter construct
(pPBAR-GUS; Fig. TA). A and B, Cross section of the nodal region of maize stem. GUS staining is restricted to vascular
bundles (A) and more precisely in cells surrounding the protoxylem (B, open arrowhead). C, Root cross sections. GUS
activity is mainly located in protoxylem cells. D through G, Cross sections of rolled leaves around the internodes. In
proximal leaves (youngest), GUS activity is located in differentiating sclerenchyma cells and in cells surrounding the
protoxylem (D). In distal (older) leaves, small and large vascular strands exhibit GUS activity (E). Higher magnifications
indicate GUS activity in protoxylem cells of small vascular strands (F) and in phloem and companion cells of large vascular
strands (G). px, Protoxylem; s, sclerenchyma; pp, protophloem; ps, procambial strands. Magnification bar = 50 um (A-C)

e |

and 100 wm (D-G).

to examine GUS expression in nodes, internodes, and
rolled leaves. In the nodal region, GUS staining was
intense in vascular bundles, mainly in cells surround-
ing the protoxylem and protophloem (Fig. 2, A and B).
In the first leaves surrounding the internodes, vascu-
lar strands were at the early stage of differentiation
and GUS activity was detected in differentiating
sclerenchyma fibers and cells surrounding the pro-
toxylem (Fig. 2D). In mature leaves, GUS activity was
observed in both small and large vascular strands (Fig.
2, E-G). However, in the latter case, staining was
restricted to phloem and companion cells. The vascu-
lar tissue-specific expression of the maize Adhl pro-
moter indicated that it was suitable to drive COMT
transgene expression in lignifying tissues.

Generation and Characterization of a Significantly
Down-Regulated COMT Line in Maize

An 850-bp fragment of the maize COMT cDNA
(Collazo et al., 1992) was placed under the control of
the maize Adhl promoter (Fig. 1B). This construct
was co-introduced into maize by particle accelera-
tion with a plasmid containing the pat gene (Fig.
1C). Twenty independent R, transformants were
obtained and screened for COMT activity using caf-
feic acid as substrate (Fig. 3). COMT activity was
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measured in young, rolled leaves and piled-up in-
ternodes of 20-d-old transformants (4-5-leaf stage)
and compared with the mean activity calculated for
a population of 12 untransformed plants. Among
the 20 transformants, one COMT-AS line (225) ex-
hibited 30% residual activity. COMT down-
regulation was even more pronounced in internodes
at the flowering stage (100 d after sowing) with a
residual activity of only 15% (data not shown). This
reduction was genetically stable because it was also

g
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Figure 3. COMT activity in COMT AS transformants. Enzyme activity
using caffeic acid as substrate was measured in 20-d-old R, transfor-
mants and the bm3 mutant, and expressed as a percentage of the
mean value of the control population (dashed horizontal line). The
two solid lines indicated the sp of the control population. COMT
activity values of each transgenic line (histogram) represents the
mean of three plants and two activity measurements per plant.
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observed in lines resulting from an independent
backcross of the R, progeny. The bm3 mutant exhib-
ited even lower residual COMT activity than in the
COMT-AS line grown under the same conditions
(Fig. 3). No overall differences in growth and devel-
opment (growth rate, height at flowering, and inter-
node length) of the COMT-AS line were observed
relative to the control.

Because it has been shown recently in other spe-
cies that the preferred substrate of COMT was 5-OH
coniferaldehyde and 5-OH coniferyl alcohol (Chen
et al., 1999, 2001; Osakabe et al., 1999; Inoue et al.,
2000; Li et al., 2000; Parvathi et al., 2001), we tested
COMT activity vis-a-vis these substrates in the
COMT-AS line. A strong decrease in activity was
also observed for both substrates as compared with
control plants, indicating that both 5-OH coniferal-
dehyde and 5-OH coniferyl alcohol are also sub-
strates for the down-regulated COMT enzyme in
maize (data not shown).

To correlate COMT protein content with results
obtained for enzyme activity, western blots using
maize anti-COMT antibodies were performed on
rolled leaf tissue of 20-d-old plants (Fig. 4A) and
internodes at the flowering stage (Fig. 4B). The
COMT protein content in the COMT-AS line was
significantly lower at both stages of development as
compared with controls. In the bm3 mutant, COMT
protein is undetectable. Thus, the reduction in COMT
protein content at both developmental stages is in
good agreement with enzyme activity data.

To determine transgene copy number in the
COMT-AS line, Southern blots were performed (Fig.
5). Results indicated that two to three copies of the
AS COMT construct were integrated into the
COMT-AS line. These copies were inserted at one
locus as determined by the segregation of Basta re-
sistance. The same transgene integration pattern was
observed in progeny from two independent back-
crosses, indicating that the transgenes were stably
integrated into the plant genome and transmitted to
the progeny (data not shown).

49 -

356 —

A B

Figure 4. Determination of COMT protein content in the COMT-AS
line, bm3 mutant, and control line by western-blot analysis. Total
protein was extracted from 20-d-old plants (A) and at the flowering
stage (B), separated by SDS-PAGE, blotted to nitrocellulose mem-
branes, and probed with polyclonal antisera raised against recombi-
nant maize COMT protein. C, Control line; 225, COMT-AS line,
bm3, bm3 mutant; 1 through 4, internode number from the bottom to
the top of the plant.

EcoRl1 EcoRY Sacl

Figure 5. Determination of COMT transgene copy number in
COMT-AS line by Southern-blot analysis. Ten micrograms of
genomic DNA was cut by EcoRI, EcoRV, or Sacl restriction enzymes
and transferred to nylon membranes. Blots were probed with full-
length COMT sequence. C, Control line; 225, COMT-AS line. The
endogenous COMT gene is indicated by arrows in lane C. AS trans-
genes correspond to additional bands detected in lanes 225.

Down-Regulation of COMT Alters Lignin
Profiles and p-Hydroxycinnamic Ester
Content in Maize

The consequences of COMT down-regulation on
lignification were evaluated using different chemi-
cal methods. Lignin content of internodes, leaves,
and whole plants was determined by the Klason
procedure on R, progeny of two independent back-
crosses of R; transformants and the bm3 mutant
(Table I). Lignin content was 25% to 30% lower in
the two AS COMT progenies and the bm3 mutant as
compared with controls. Lignin structure was inves-
tigated by thioacidolysis, which is an analytical deg-
radation method that proceeds by cleavage of labile
B-O-4 bonds (Lapierre et al., 1986; Table II). The
total amount and relative frequency of the H, G, S,
and 5-OH-G monomers cleaved by thioacidolysis
provides an estimate of the amount and composi-
tion of these units that are uniquely B-O-4 linked.
Both the COMT-AS line and the bm3 mutant exhib-
ited lower thioacidolysis yields (Table II) as com-
pared with controls. Because these data are ex-
pressed as a percentage of Klason lignin content, it
may be deduced that down-regulating COMT in-
creased the relative amounts of resistant interunit
bonds in lignins.

The most striking difference between COMT-AS
and control lines is the 2-fold decrease in S units.
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Table 1. Klason lignin of the COMT-AS line, bm3 mutant, and control line at the flowering stage

Internodes (I) were annotated 1 to 6 from the bottom to the top and pooled two by two for analysis.
225a and 225b are R, progeny from two independent backcrosses of R; transformants. The data are
expressed as weight percentage of the extract-free sample. They represent the mean of two independent
assays with individual values varying from the mean by <1.5%. The values reported for the whole

plants were obtained from a second set of plants.

Line 11 +2 13 +4 I15+6 Leaves Whole Plants
Control 9.45 8.8 7.69 10.13 8.76
Line 225a 6.78 7.13 5.88 8.06 6.23
Line 225b 6.12 6.69 6.23 8.6 6.54
bm3 8.27 6.72 5.68 6.66 nd®

“nd, Not determined.

The reduction of S units in the COMT-AS line is
intermediary between the bm3 mutant and controls.
Concomitant with a decrease in S units, we also
observed a significant increase in 5-OH-G units,
which is a well-characterized effect of COMT down-
regulation in various mutant and transgenic dicot
species. Interestingly, the severe decrease in S units
was compensated by an increase in G units. Al-
though lignins in leaves exhibited greater amounts
of G units and resistant interunit bonds as indicated
by low thioacidolysis yield, the data obtained in

leaves were similar to the data for internodes. In
agreement with our current knowledge of the tempo-
ral variation of the types of lignin subunits, the
amount of G units decreased with plant age (inter-
nodes 5 + 6 versus 1 + 2). In both lines, H units were
detected in trace amounts, but their relative frequency
was also slightly reduced as a result of COMT
down-regulation.

Because grasses are known to contain sizable
amounts of wall-bound p-coumaric and ferulic ac-
ids, a mild alkaline hydrolysis was performed to

Table II. Relative frequency and total yield of lignin-derived monomers recovered from the thioacy-
dolyis of the COMT-AS line, bm3 mutant, and control line at the flowering stage

Internodes (I) were annotated 1 to 6 from the bottom to the top. H, p-Hydroxyphenyl; G, guaiacyl;
S, syringyl; 5-OH-G, 5-hydroxyguaiacyl. 225a and 225b are R, progeny from two independent
backcrosses of R, transformants. Each measurement represents the mean of two assays with individual
values varying by <3.5% from the mean. The values reported for the whole plants were obtained from
a second set of plant culture.

Relative Frequency of Thioacydolysis Monomers

Line and Samples Thioacydolysis Yield

H G S 5-OH-G
mol % wmol g~ KL?
Control
11T+ 2 2 40.7 56.7 0.6 790
13+ 4 1.9 48.3 49.4 0.4 690
15+ 6 2.1 53.6 43.8 0.4 610
Leaves 4 60.2 35.1 0.7 320
Whole plant 3.2 56.0 40.5 0.3 nd®
Line 225a
11T+ 2 1.7 56.2 35.8 6.3 610
13+ 4 1.7 65.4 27.6 5.3 490
15+ 6 2 70.4 25.5 2.1 520
Leaves 2.9 73.4 20.7 29 280
Whole plant 2.4 70.1 20.4 7.1 nd
Line 225b
11T+ 2 1.6 58.3 33.4 6.7 600
13+ 4 1.8 67.2 25.5 5.6 450
15+ 6 1.9 70.8 22.3 5 500
Leaves 2.7 72 21.8 3.6 295
Whole plant 2.5 68.7 24.4 4.4 nd
bm3
11T+ 2 1 76.4 7.7 14.9 630
13+ 4 1.4 81.1 5.2 12.3 540
15+ 6 1.9 85.1 3.7 9.3 580
Leaves 2.3 88.7 1.5 7.5 210
KL, Klason lignin. Pnd, Not determined.
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Table Ill. Recovery yields of p-coumaric (PC) and ferulic (FE) acids
from the alkaline hydrolysis of the COMT-AS line, bm3 mutant,
and control line at the flowering stage

225a and 225b are R, progeny from two independent backcrosses
of R, transformants. Data are expressed as mg g~ ' extract-free inter-
nodes or whole plants and represent the mean of two independent
experiments with individual values varying by <3% from the mean.
The values reported for the entire plants were obtained from a second
set of plant culture.

Line and Samples PC FE
Control
11+ 2 12.4 7.6
12 +3 6.0 5.7
Whole plant 8.0 8.6
Line 225a
11+ 2 8.8 8.1
12 +3 4.6 6.5
Whole plant 5.6 10.0
Line 225b
1T+ 2 7.6 7.8
12+3 4.7 6.7
Whole plant 5.4 10.5
bm3
1T+ 2 5.7 7.8
12 +3 4.2 8.6

evaluate the impact of COMT down-regulation on
these components (Table III). A 30% decrease in
esterified p-coumaric acid content was observed in the
COMT-AS line. Because p-coumaric acid is primarily
esterified to S residues (Grabber et al., 1996), this
reduction may be an indirect effect of the reduced
amount of S units in the COMT-AS line. On the con-
trary, the COMT-AS line exhibited an increase in feru-
lic acid content. Together, the structural features ob-
served in the COMT-AS line are reminiscent of those
previously reported for the b3 mutant, but to a lesser
extent.

COMT Down-Regulation Causes a brown-midrib
Phenotype and Altered Histochemical Staining

Starting at the 5- to 6-leaf stage, the COMT-AS line
displayed a reddish-brown coloration of the leaf mid-
rib, similar to that one observed in the bm3 mutant
(Fig. 6A). This coloration was also observed in inter-
nodes at the flowering stage (Fig. 6, B-D). A more
detailed microscopic analysis indicated that this col-
oration was mainly associated with sclerenchyma cells
adjacent to the epidermis and surrounding the vascu-
lar bundles (Fig. 6, E-G). In the COMT-AS line, the
coloration varied from yellow to brown depending on
the bundle, whereas in the bm3 mutant, the coloration
is clearly brown (Fig. 6, F and G, respectively).

Internodes were then stained with Wiesner re-
agent, which specifically reacts with cinnamaldehyde
side chains in lignins. No significant differences were
observed for either the COMT-AS line or the bm3 as
compared with controls (Fig. 6, H-]). The Maiile re-
agent, which enables the distinction between S and G

units, revealed striking differences between the
COMT-AS line, bm3, and controls (Fig. 6, K-M). In
the control, all lignified tissues including xylem,
sclerenchyma, and lignified parenchyma between
vascular bundles exhibited a red coloration that is
diagnostic of S units. In the COMT-AS line, lignified
parenchyma cells stained red, similar to controls.
However, the sclerenchyma cells surrounding vascu-
lar bundles displayed an overall orangey appearance.
This alteration in Maiile staining indicated a
sclerenchyma-specific reduction of S units in the
COMT-AS line. However, in the bm3, both scleren-
chyma and parenchyma between bundles displayed
a dark-brown coloration, indicating the absence of S
units in both of these cell types.

Despite changes in lignin content and composition,
the overall histological organization of xylem ele-
ments and sclerenchyma fiber cells was unaltered in
the COMT-AS line and bm3 internodes.

Down-Regulation of COMT Is Beneficial for
Digestibility in Maize

To evaluate the effect of COMT down-regulation on
forage digestibility, the COMT-AS line was further
evaluated for neutral detergent fiber (NDF) content,
which provides a measure of the total cell wall content
and for in vitro NDF digestibility (IVNDFD). The
COMT-AS line was more digestible than controls as
indicated by its higher IVNDFD value (84% versus
77%, respectively). In this study, the COMT-AS line
displayed a similar increase in IVNDFD values to
those reported for the bm3 mutant (Mechin et al.,
2000).

DISCUSSION

With the aim of modifying lignification via genetic
manipulation of lignin biosynthetic enzymes, it is of
great interest to target transgenes in a tissue-specific
manner. In angiosperms, most of the AS strategies to
modify lignin profiles have employed strong, consti-
tutive promoters such as CaMV 35S. In some cases,
tissue-specific promoters of lignification genes such
as cinnamate 4-hydroxylase (Meyer et al., 1998) and
Phe ammonia-lyase (Guo et al., 2001a) also have been
used successfully to drive transgene expression. In
cereals, much less information concerning promoter
activity is available. Transgenic experiments have
been mainly performed using maize ubiquitin (Chris-
tensen and Quail, 1996), rice actin (McElroy et al.,
1991), maize alcohol dehydrogenase 1 (Fromm et al.,
1990), and, more recently, maize streak geminivirus
(Mazithulela et al., 2000) promoters. In maize, the
efficiency of these promoters has only been reported
in transient expression assays and their in-depth ex-
pression patterns have never been described. For the
first time, to our knowledge, we have provided a
detailed description of stable Adhl promoter expres-
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sion in maize. The fact that the maize Adhl promoter
was highly active in both lignifying vascular tissue
and sclerenchyma cells demonstrates its suitability
for targeting AS COMT transgene expression to mod-
ify lignin synthesis.

That said, among the 20 transformants containing
the pAdh1-ASOMT construct, only one line exhibited
significantly reduced COMT expression. This may be
because of multiple-copy transgene insertion often
observed when using biolistic transformation meth-
ods (Register et al., 1994). Multiple copies are gener-
ally inserted at one locus, increasing the probability
of recombination events that subsequently lead to the
insertion of inactivated partial constructs. Alterna-

Down-Regulation of Caffeic Acid O-Methyltransferase in Maize

Figure 6. Phenotypical and histochemical char-
acterization of COMT-AS and bm3 lines. A,
Brown coloration of the leaf midrib in the
COMT-AS line and bm3 mutant compared with
the yellowish coloration of the leaf midrib of
untransformed control plants at 5- to 6-leaf
stage. B through D, Stereomicroscopic observa-
tions of transverse sections of internodes. E
through M, Light microscopy observations of
transverse sections of internodes, in the absence
of staining (E-G) or stained with Wiesner (H-J)
or Maiile (K-M) reagent. Note the orangey col-
oration of sclerenchyma in COMT-AS line (ar-
row) in the presence of reagent (L). Co, Control
line; 225, COMT-AS line; bm3, bm3 mutant.
Magnification bar = 5 mm (B-D) or 100 um
(E-M).

tively, the introduction of homologous promoter se-
quences (in this case, maize Adhl) could lead to
methylation of chromatin in the region where the
transgene is inserted, and, thus, cause transgene ex-
tinction (Iyer et al., 2000). In the future, it will be
important to identify and characterize suitable pro-
moters to drive transgene expression for specific pur-
poses in grass species. The complete sequencing of
the rice genome will undoubtedly provide an excel-
lent source of new promoters to complete this gap.
Several studies have been reported on the effects of
down-regulation of COMT activity on lignin content
and composition in dicotyledonous plants (Dwivedi
et al., 1994; Ni et al.,, 1994; Atanassova et al., 1995;
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Van Doorsselaere et al., 1995; Tsai et al., 1998; Lapi-
erre et al., 1999; Jouanin et al., 2000; Guo et al., 2001a).
In dicots, transgenic plants with 10% to 50% residual
COMT activity exhibited similar modifications in lig-
nin structure: a decrease in S unit content and incor-
poration of 5-OH-G units. A reduction in lignin con-
tent has also been observed, but only in a limited
number of cases in which COMT activity was close to
zero (Jouanin et al., 2000; Guo et al., 2001a). In grass
species, transgenic approaches have thus far not been
used to down-regulate expression of lignification
genes. In this study, an 85% reduction in COMT
activity at the flowering stage was sufficient to cause
a decrease in lignin content.

As is the case in dicots, the down-regulation of
COMT in maize also caused a marked decrease in S
unit content. Although the involvement of COMT in S
unit synthesis has been known for some time, it is only
recently that this enzyme could be accurately situated
in the lignin biosynthetic pathway. In elegant bio-
chemical studies of recombinant COMT protein
(Humphreys et al., 1999; Li et al., 2000), it was shown
that the preferred substrate of COMT in dicot angio-
sperms is not caffeic acid as expected, but rather
5-hydroxyconiferyl aldehyde and 5-hydroxyconiferyl
alcohol, indicating that S unit synthesis occurs at the
aldehyde and alcohol level and not at the acid level as
previously predicted. Evidence provided here also
indicates that COMT from maize is also capable of
methylating  5-hydroxyconiferyl aldehyde and
5-hydroxyconiferyl alcohol because reduced activity
in the COMT-AS line was also observed with these
substrates. These findings further support data re-
cently reported by Chen et al. (2001) showing that
there is no significant differences in substrate speci-
ficity between O-methyltransferases from tall fescue
(Festuca arundinacea), a grass, and alfalfa, a dicot.
Together, these data suggest strong similarities be-
tween S unit synthesis in grasses and dicots. The
production of recombinant COMT from maize
should allow us to precisely determine its substrate
specificity.

To further examine the changes in lignin content
and structure in the COMT-AS line, histochemical
analyses were performed. In maize internodes, it is
known that despite the obvious anatomical differ-
ences between lignified sclerenchyma and paren-
chyma cells (i.e. wall thickness), there is little differ-
ence in their overall phenolic content and
composition (Chesson et al., 1997; Joseleau and Ruel,
1997). Here, by using the Adhl promoter, we directed
the down-regulation of COMT specifically in scleren-
chyma cells as revealed by Maiile staining. On the
contrary, transposon-induced disruption of COMT in
the bm3 mutant led to the absence of S units in both
cell types. The fact that the reduction of COMT ac-
tivity was restricted to sclerenchyma, whereas the
bm3 mutant was affected in all lignifying tissues,
most likely explains why the reduction of S unit

content observed in the COMT-AS line was less se-
vere than in the bm3 mutant.

Although the involvement of COMT in methylat-
ing S unit precursors of lignins has been clearly es-
tablished, the methylating enzyme(s) leading to feru-
lic acid synthesis remains unclear. If ferulic acid were
the direct end product of COMT-mediated methyl-
ation of caffeic acid, one would have expected that
COMT down-regulation would result in a decrease in
ferulic acid content. Surprisingly, we have shown
here that down-regulation of COMT had little to no
effect on ferulic acid content. The ferulic acid content
was even slightly higher in the COMT-AS line and
the b3 mutant as compared with the control. Thus,
the question remains as to know how ferulic acid is
synthesized in maize. Several hypotheses may be
suggested. First, a genetically distinct COMT, with
no sequence similarity to the COMT studied here,
could be responsible for ferulic acid synthesis. This
hypothesis is conceivable if multiple COMT genes
existed in the maize genome. Several genes encoding
COMT have been characterized in alfalfa (Gowri et
al.,, 1991) and tobacco (Pellegrini et al.,, 1993). In
wheat (Triticum aestivum), it has been suggested that
an “early” COMT may be involved in the synthesis of
ferulic acid for esterification of cell wall arabinoxy-
lans, whereas a “late” COMT may be involved in the
synthesis of ferulic and sinapic acids for lignin bio-
synthesis (Lam et al., 1996). To date, only one gene
encoding COMT has been described in maize, but
large-scale expressed sequence tag databases are now
becoming available (Gai et al., 2000) and will allow
for an exhaustive search of COMT genes in maize.
Second, it is conceivable that ferulic acid originates
from the hydrolysis of feruloyl-CoA via a putative
feruloyl esterase (Sancho et al., 1999). One argument
in favor of this hypothesis is that tobacco down-
regulated for cinnamoyl-CoA reductase, which uses
feruloyl-CoA as a substrate, exhibited higher
amounts of wall-bound hydroxycinnamic acids
(Piquemal et al., 1998). This would imply that
caffeoyl-CoA 3-O-methyltransferase, which is an es-
sential enzyme in feruloyl-CoA synthesis, is also in-
volved, albeit indirectly, in ferulic acid synthesis.
Third, the fact that the amount of ferulic acid is
unchanged in the COMT-AS line may also be a con-
sequence of the lower lignin content, which in turn
facilitates ferulic acid release by mild alkaline hydro-
lysis (Grabber et al., 1998).

Beyond understanding phenylpropanoid metabo-
lism in grasses, transgenesis is a powerful tool to
create genetic variability and study the effect of cell
wall modifications on forage digestibility. To date,
conflicting results have been reported concerning the
digestibility of transgenic plants and mutants down-
regulated for COMT gene expression. COMT down-
regulated tobacco with a decrease in S to G ratio and
no change in lignin content exhibited improved di-
gestibility (Bernard-Vailhé et al., 1996; Sewalt et al.,
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1997). Similarly, the down-regulation of COMT in
transgenic alfalfa (Guo et al., 2001b) and a tropical
pasture legume, Stylosanthes humilis (Rae et al., 2001)
also led to improved digestibility. In contrast, the
total absence of S units in the Arabidopsis ferulate
5-hydroxylase mutant did not alter cell wall digest-
ibility (Jung et al., 1999). In maize, a decrease in
COMT activity, either by an AS strategy or in the bm3
mutant, led to improved digestibility. It is well es-
tablished that one of the major mechanisms limiting
forage cell wall degradation is the lack of physical
access of wall polysaccharides to hydrolytic enzymes
because of steric hindrance (Jung and Deetz, 1993). It
is likely that the down-regulation of COMT alters the
overall cell wall organization via modified lignin-
polysaccharide interactions in a way that walls are
more readily accessible to bacterial enzymes. Beyond
digestibility, other agronomically important traits of
the COMT-AS line are currently being evaluated to
determine if these plants characterized by intermedi-
ary COMT down-regulation may be better adapted
than bm3 under field conditions.

MATERIALS AND METHODS
Generation of AS Vectors

The pBAR-GUS (Fig. 1A) plasmid contains the Adhl promoter region and
the first intron fused to the gusA reporter gene. For the pAdh1-ASOMT
construct (Fig. 1B), the pMC1 vector containing the maize (Zea mays)
COMT cDNA (Collazo et al., 1992) was used to PCR amplify an 850-bp
COMT fragment using two synthetic oligonucleotides: 5'-CTGCTGGAGG-
TGCTGCAGAAG-3" (plus strand) and 5'CTCCTTGCCCCCGGGGT-
TGTG-3' (minus strand) containing PstI and Smal restriction sites (under-
lined). The PCR product was subcloned into the pGEMT vector and the
clone was excised using PstI-Smal. The insert was then cloned in the AS
orientation upstream of the terminator of the nopaline synthase gene in the
PstI-Smal site in the pNOS vector to generate the pASOMT-NOS vector. A
1.75-kb EcoRI/Poull fragment spanning the Adhll promoter and the first
Adhl intron isolated from the pBAR-GUS vector was cloned upstream
from the ASOMT sequence in an EcoRI/Smal site of the pASOMT-NOS
vector resulting in pAdh1-ASOMT (I. Nadaud, unpublished data). The
PBAR construct (Fig. 1C) contains a CaMV 35S promoter-pat gene fusion.

Maize Transformation

Transformation experiments were performed either with pBAR-GUS
alone for GUS histochemical assays or pAdh1-ASOMT and pBAR together
for AS experiments. Maize callus (B73 X A188 derivates) were bombarded
with a particle delivery system similar to the one described by Finer et al.
(1992). Four hours before bombardment, calli were transferred to modified
N¢ (Chu, 1978; Amstrong and Green, 1985) medium containing 0.2 M man-
nitol and 0.2 M sorbitol for osmotic treatment. Supercoiled plasmid DNA
were precipitated on tungsten microprojectiles. For plasmid coprecipitation,
equal amounts of each plasmid DNA (2.5 ug) were used. The bombarded
tissues were incubated on osmotic medium for an additional 16 h at 27°C in
the dark and then transferred to selective medium containing 5 mg L™!
Basta. Stable transformants were selected by transferring calli and, subse-
quently, plantlets to selective medium. Primary transformants were trans-
ferred to the greenhouse, tested with Basta in a paint assay, and back-
crossed. R, progeny were selected for single locus integration on Basta.
Southern-blot analysis of Basta-resistant transformants confirmed the pres-
ence of both the phosphinotricin acetyltransferase and AS COMT portions
of the construct (data not shown).

Down-Regulation of Caffeic Acid O-Methyltransferase in Maize

Analysis of gusA Expression

Histological GUS assays were performed according to Jefferson et al.
(1987) using a solution containing 1 mm 5-bromo-4-chloro-3-indolyl-g-
glucuronic acid and 100 mm sodium phosphate buffer (pH 7.0). Leaves and
internodes from 20- and 30-d-old-plants were cut into thin sections with a
razor blade. Plant material was fixed in 0.5% (w/v) paraformaldehyde and
100 mm potassium phosphate buffer (pH 7.0) under vacuum and incubated
in staining solution for 4 to 12 h at 37°C. After staining, sections were
conserved in 70% (v/v) ethanol.

COMT Activity Assays

All transformants and untransformed controls were analyzed for COMT
activity using caffeic acid as described by Atanassova et al. (1995). Rolled
leaves and young internodes from 20-d-old transformants and controls
grown under greenhouse conditions were harvested. Samples were ground
in liquid nitrogen and extracted in 100 mm sodium phosphate buffer (pH
7.5) containing 5% (w/v) polyvinylpolypyrrolidone and 10 mm dithiothre-
itol. After centrifugation, 40 uL of protein extract was added to 1 mL of
phosphate sodium buffer containing 3 mm caffeic acid, 10 mm dithiothreitol,
0.6 mM tritiated S-adenosyl-L-Met (13 uCi pmol~!, Amersham, Bucking-
hamshire, UK), and 50 um unlabeled S-adenosyl-L-Met and incubated for
1 h at 37°C. COMT assays were also performed using 5-OH coniferylalde-
hyde (30 um) or 5-OH coniferyl alcohol (30 uM) as substrates. The reaction
was stopped with 100 uL of 9 N H,SO,. Radiolabeled ferulic acid was
extracted in 5 mL of scintillation solution (OCS, Amersham), and the radio-
activity was counted in a 1900TR scintillation counter (Hewlett-Packard,
Palo Alto, CA). The protein content was determined according to Bradford
(1976) using the Bio-Rad reagent (Bio-Rad Laboratories, Hercules, CA).

Southern- and Northern-Blot Analysis

For Southern blots, DNA was isolated from young leaves according to
Dellaporta et al. (1983). Ten micrograms of genomic DNA was digested with
restriction enzymes, run on agarose gel, and transferred to Hybond N
membranes (Amersham) using the alkaline blotting procedure according to
manufacturer’s recommendations. For northern blots, RNA was prepared
from rolled leaves, roots, and collar with Extract-all (Laboratories Eurobio,
Les Ulis, France). Ten micrograms of total RNA was run on agarose gels
containing formaldehyde and transferred to Hybond N membranes ac-
cording to standard protocols (Sambrook et al., 1989). All blots were hy-
bridized with radiolabeled COMT c¢DNA overnight in 3X SSC, 0.5% (w/v)
SDS, and 0.1% (w/v) skimmed milk powder at 65°C. Filters were washed
consecutively in 3X SSC/0.5% (w/v) SDS, 0.3X SSC/0.5% (w/v) SDS, and
0.1X SSC/0.5% (w/v) SDS at 65°C for 15 min each.

Western-Blot Analysis

Ten micrograms of protein (the same extracts used for COMT activity
assays) were run on 10% (w/v) SDS-PAGE gels. Proteins were electroblotted
onto nitrocellulose membranes (Amersham). Membranes were blocked in
Tris-buffered saline (pH 8), Tween 20 0.1% (v/v) (TTBS) (pH 8) containing
30 mg mL™! of polyvinylpolypyrrolidone, overnight at 4°C. Membranes
were incubated in maize polyclonal anti-COMT serum (dilution 1/1,000
[v/v]) for 1h. After three washes with TTBS (pH 8, 10 min each), membranes
were incubated with an alkaline phosphatase-conjugated goat anti-rabbit
antibody. Alkaline phosphatase detection was performed with nitroblue
tetrazolium and 5-bromo-4-chloro indoxyl phosphate according to the man-
ufacturer’s recommendations (Bio-Rad).

Histochemical Staining of Lignins

Leaf and stem sections were hand-cut with a razor blade from 100-d-old
plants grown in the greenhouse. Wiesner and Maiile reactions were per-
formed according to standard protocols (Nakano and Meshitsuka, 1992).
Sections were observed using an inverted microscope (Leitz DMRIBE, Leica
Microsystems, Wetzlar, Germany). Images were registered using a CCD
camera (Color Coolview, Photonic Science, Milham, UK) and treated by
image analysis (Image PRO-Plus, Media Cybernetics, Silver Spring, MD).
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Lignin Analysis

Whole plants at the flowering stage were lyophilized at harvest and
ground to a fine powder. Lignin analyses were performed on extract-free
cell wall residue. The lignin content was estimated by the Klason procedure
(Whitting et al., 1981). The lignin monomeric composition was determined
by thioacidolysis followed by gas chromatography-mass spectrometry of
lignin-derived monomer trimethylsilyl derivatives (Lapierre et al., 1986).
The determination of p-hydroxycinnamic esters linked to lignin was per-
formed by mild alkaline hydrolysis according to Jacquet et al. (1995).

NDF and Digestibility Measurements

Whole plant samples were dried in an oven at 65°C. After drying,
samples were ground with a hammer mill and passed through a 1-mm
screen. NDF was estimated according to Goering and Van Soest (1970) and
the in vitro dry matter digestibility (IVDMD) was estimated according to the
enzymatic solubility of Aufrere and Michalet-Doreau (1983). The digestibil-
ity IVNDFD was computed assuming that the non-NDF part of plant
material was completely digestible according to Struik (1983) and Dolstra
and Medema (1990), and the formula used was:

IVNDED = 100 X [(IVDMD — (100 — NDF)]/NDF
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