
Plant Molecular Biology 31: 307-322, 1996. 
© 1996 Kluwer Academic Publishers. Printed in Belgium. 307 

The maize caffeic acid O-methyltransferase gene promoter is active in 
transgenic tobacco and maize plant tissues 

Montserrat Capellades 1, Miguel Angel Torres 1, Ingo Bastisch 1, Virginia Stiefel 1, Florence Vignols 1, 
Wesley B. Bruce 2, David Peterson 2, Pere Puigdom+nech ~ and Joan Rigau 1"* . 
1Departament de Genbtica Molecular, CID-CSIC, Jordi Girona 18-26, 08034-Barcelona, Spain (*author 

for correspondence); 2 Trait and Technology Development, Pioneer Hi-Bred Intl., P.O. Box 1004, 
Johnston, IA 50131, USA 

Received 29 August 1995; accepted in revised form 27 February 1996 

Key words: Caffeic acid O-methyltransferase, in situ hybridization, lignification, maize, maize 
transformation, tobacco transformation 

Abstract 

The pattern of expression directed by the promoter of the maize caffeic acid O-methyltransferase 
(COMT) gene was studied by histochemical and fluorometric fl-glucuronidase (GUS) analysis in trans- 
genic maize and tobacco plants. The COMT promoter directs GUS expression to the xylem and the 
other tissues undergoing lignification, and it responds to wounding and to elicitors. In transgenic maize 
plants, expression of GUS corresponds to the pattern of expression of the endogenous COMT gene as 
determined by northern analysis and in situ hybridization. The pattern in transgenic tobacco plants clearly 
shows that the maize promoter sequence is recognized by tobacco transcriptional factors, in spite of the 
anatomical differences and the evolutionary distance between these two species. The results suggest that 
the most significant promoter signals that induce the specific expression of the lignin COMT are con- 
served in different species. 

Introduction 

Lignin is a three-dimensional structural compo- 
nent of the plant secondary cell wall. Its presence 
in the cell wall increases the mechanical strength 
and resistance of the plant towards biotic and 
abiotic stresses. Lignin plays an important role in 
the mechanical support, defence and water reten- 
tion in plants [37]. The lignin content and the 
monomeric composition of lignins can vary with 
the plant family, the tissue, the developmental 
stage, and even the subcellular location [37]. Lig- 
nin composition and deposition can also be in- 

fluenced by wounding, fungal attack, specific en- 
zyme inhibitors, mutations, hormones, metal ions 
and light [3, 8, 17, 18, 20, 48, 49, 59]. 

Some of the genes involved in lignin biosyn- 
thesis have been cloned. These include those cor- 
responding to phenylalanine ammonia-lyase 
(PAL) [7, 38, 40, 50, 58], cinnamate 4-hydroxy- 
lase [51], 4-coumarate:CoA ligase (4CL) [10, 39, 
56], caffeic acid 3-O-methyltransferase (COMT, 
EC 2.1.1.6) [5, 13, 45], caffeoyl-CoA-3-O- 
methyltransferase [60-62] and cinnamyl-alcohol 
dehydrogenase (CAD) [ 32, 47 ]. In addition, genes 
downstream in the pathway of flavonoid synthe- 



308 

sis such as chalcone synthase (CHS) have also 
been characterized [14, 22, 33]. 

Production of lignin monomers involves me- 
thylation of caffeic acid to ferulic acid by COMT. 
In angiosperm dicot plants, COMT is bispecific 
and can also catalyze the methylation of 5-hy- 
droxyferulic acid to sinapic acid. COMTs may 
therefore act as regulatory steps in the lignin bio- 
synthesis pathway. In tobacco, three distinct 
COMTs have been isolated and they have indi- 
cated different substrate specificities [2, 6, 26, 29]. 
COMT cDNA was also cloned and described in 
other species such as aspen [4], poplar [ 12, 53], 
alfalfa [ 17] and almond [ 16]. In maize, the gene 
coding for COMT involved in the lignin pathway 
has been described [5] and the molecular char- 
acterization of another putative OMT gene, which 
could be involved in the suberin pathway, has 
been reported [25]. The pattern of expression of 
the COMT gene in maize by RNA blot analysis 
has previously been published [5]. Recently, it 
has been proved, by molecular biology means, 
that the brown midrib (bm3) mutants in maize 
have the COMT gene not functional [55]. 

In this report, we present a study of the ex- 
pression directed by the maize COMT promoter, 
fused to the GUS reporter gene, in transgenic 
maize and tobacco plants, with particular empha- 
sis on expression patterns throughout plant de- 
velopment. As deposition of lignin is an ubiqui- 
tous defence in a wide range of monocot and 
dicot species [9] the response to induction of the 
COMT::GUS gene by wounding and elicitors has 
been also studied. To evaluate the patterns ob- 
tained by the transgenic plants, an analysis of the 
mRNA accumulation by in situ hybridization was 
carried out in maize. 

Materials and methods 

in situ hybridization 

Experiments were carried out with Zea mays (in- 
bred line W64A). Tissue sections (2-3 mm) were 
fixed in ethanol/acetic acid 3:1 for 30 min at room 
temperature. The fixative was removed and the 

samples were stored in 70 ~o ethanol at 4 ° C, until 
their hybridization. 

Non-radioactive riboprobes were labelled with 
digoxigenin-dUTP according to the manufactur- 
er's directions (Amersham). The labelled tran- 
script was hydrolysed by alkali to achieve the 
desired length range. Pre-treatment and hybrid- 
ization of samples were carried out as described 
by Langdale [35]. Digoxigenin hybrids were de- 
tected by immunoreaction with alkaline phos- 
phatase conjugated to anti-digoxigenin antibody. 
The antibody was diluted 1/1000 in TBS and 
bovine serum albumin fraction V (100 mM Tris- 
HC1 pH 7.5, 400 mM NaC1, 0.5~o BSA). The 
incubation with the antibody was performed for 
1-4 h. Tissues were then washed for 3 x 10 min 
in TBS and BSA. Detection was performed ac- 
cording to the protocol of the manufacturer 
(Amersham) following incubation overnight. Tis- 
sue preparations were photographed using bright- 
field microscopy on Ektachrome 160 ASA film 
(Kodak). 

Wounding assays 

For the northern analysis of the induction of the 
COMT gene in maize a scalpel blade was used to 
make longitudinal incisions in roots of 9-day-old 
plantlets grown in the dark, and transverse inci- 
sions in leaves of one-month-old plants grown in 
a greenhouse. The various parts of the plant were 
harvested for analysis at different times after 
wounding. Northern analysis were carried out as 
described by Montoliu et al. [42, 43]. 

Wounding analysis were also carried out in 
transgenic plants. In tobacco and maize trans- 
genic plants, grown in a greenhouse, transverse 
incisions were made with a scalpel on young and 
not yet expanded leaves (ca. 2-3 cm long), and 
the histochemical and fluorometric GUS analysis 
was performed after 12 h. Roots of tobacco plants 
cultured in vitro were split off from the shoot and 
transverse incisions were made with forceps along 
the root. After 12 h of horizontal incubation in a 
Petri dish with an agarized MS medium [44] the 
histochemical GUS assay was performed. In 



6-day-old transgenic maize plants cultured in vitro, 
roots and coleoptiles were lightly wounded with 
a scalpel and incubated for 12 h in a Petri dish 
over a wet filter paper before the histochemical 
GUS assay. 

Plasmid construct 

The 1963 bp SphI-XhoI DNA promoter fragment 
from the MG18/14 genomic clone [5] of the 
COMT gene was inserted into SphI- and Sail- 
digested pBI101.1 plasmid [30], resulting in a 
transcriptional fusion of the COMT promoter 
with the GUS-encoding region of the uidA gene 
of Escherichia coli ( 'GUS')  and the 3'-untrans- 
lated region of the nopaline synthase gene of A. 
tumefaciens (Nos-term) (-1955 construct). 

Maize stable transformation 

Maize transformation was performed basically as 
described by Tomes et al. [52] with some modi- 
fications. Embryogenic callus cultures were initi- 
ated from R116 (Hi II, a B73 x A188 derivative, 
gift from C.L. Armstrong, Monsanto Co.) imma- 
ture embryos cultured in the dark at 27 °C on a 
N6-based medium containing 2 mg/1 2,4-D, 690 
mg/1 proline and 0.85 mg/1 silver nitrate (N6 2-6). 
The calli were subcultured onto fresh N6 2-6 at 
two-week intervals. After 28-d culture, the Hi II 
calli were bombarded, using a helium-driven 
PDS1000 particle gun (DuPont), with tungsten 
particles coated with DNA encoding bialaphos 
resistance and the GUS reporter construct. Pu- 
tative transgenic calli were isolated after 3 months' 
culture on N6 2-6 containing 3 mg/1 bialaphos 
but not proline. Transgenic somatic embryos were 
recovered from calli cultured on regeneration me- 
dium (MS salts, 100 mg/1 myo-inositol, 0.5 mg/l 
zeatin, 1.0 mg/1 IAA, 0.1 mg/l BA, 3 mg/1 biala- 
phos). Plantlets were recovered after transfer of 
the mature somatic embryos onto MS salts with 
100 mg/1 myo-inositol and exposure to 16 h light/8 
h dark cycle. After regeneration, plantlets were 
transplanted in sterile soil and grown under 

309 

greenhouse conditions. Self-pollination were car- 
ried out to obtain the T 1 and T2 progeny. 

Tobacco stable transformation 

The construct described above with the COMT 
promoter fused to the GUS and Nos term was 
introduced into DH5~ E. coli K12 strain and into 
LBA4404 strain of Agrobacterium tumefaciens by 
transformation. The Agrobacterium culture was 
then used to inoculate sterile leaf discs of Nicoti- 
ana tabacum L. cv. Petit Havana SR1. Trans- 
formed tobacco shootlets were selected in a 
shoot-inducing medium [54] containing 100/~g/ 
ml kanamycin and 500 /~g/ml carbenicillin. Re- 
generated shootlets were rooted in a root-inducing 
medium [54] containing 100 /~g/ml kanamycin 
and 250/~g/ml carbenicillin. Plants were grown in 
a greenhouse and T 1 seeds were collected and 
germinated in a medium with 200/~g/ml kanamy- 
cin. Genomic DNA from transgenic plants was 
analyzed by Southern blot to determinate the 
number of incorporated copies of the GUS gene 
and possible recombinations. This was carried 
out by digesting genomic DNA by HindlII and by 
HindlII plus EcoRI, and hybridizing with the 
HindlII-SnaBI fragment of the GUS gene as 
probe. 

Histochemical and fluorometric GUS assay 

The histochemical localization of GUS in trans- 
formed plants was performed essentially as 
described by Jefferson et al. [30], modified by 
adding methanol to the histochemical reaction 
mixture. Small pieces of several tissues were im- 
mersed in a histochemical reaction mixture con- 
taining 1 mg/ml X-Gluc in 50 mM sodium phos- 
phate buffer pH 7, 0.1~o Triton X-100, and 2 0 ~  
methanol (v/v). The histochemical reaction was 
performed in the dark at 37 °C until a blue indigo 
colour appeared (6-12 h). Tissues were rinsed 
several times in 50 mM phosphate buffer to stop 
the reaction, rinsed in 70~o v/v ethanol and ex- 
amined by light microscopy. Staining for lignin 
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with phloroglucinol 20~o (v/v) HC1 was per- 
formed following the method described by Jensen 
[311. 

The fluorometric GUS assay was performed 
following the protocol described by Jefferson et 
al. [30], modified by adding methanol to the assay 
buffer as suggested by Kosugi et al. [34]. Mea- 
surements were carried out with a TKO 100 
Mini-Fluorometer (Hoefer Scientific Instruments, 
San Francisco, CA). 

For the fluorometric G U S  assay of the T2 
progeny of a transformed tobacco plant all the 
plantlets were grown in vitro on a MS medium 
[44]. In very young plantlets, the analysis was 
carried out on the whole plant, which includes the 
cotyledons and the primary young root. When the 
plantlets were 10 and 15 days old, roots and coty- 
ledons (with incipient leaves) were analysed 
separately. In 25- and 60-day-old plants (subcul- 
tured into a fresh medium after 40 days in culture) 
a separate analysis of the stem, leaves (just ex- 
panded) and cotyledons was performed. In 60- 
day-old plants the petiole of the leaves was also 
analysed. The analysis was performed using three 
replicates of 25 seedlings when the plantlets were 
5, 10 or 15 days old, and three replicates of five 
different plants for the 25- and 60-day-old plants. 

C O M T  activation in response to elicitors 

The elicitin fl-cryptogein isolated from Phytoph- 
thora cryptogea and kindly provided by Dr Per- 
nollet ( INRA Versailles, France), was tested on 
transformed and untransformed tobacco leaves. 
Plants were grown in a phytotron at 23 o C, under 
a 16 h day photoperiod and a photon flux density 
of 100 #mol m - 2 s - i provided by Sylvana Grolux 
fluorescent lamps. Young tobacco leaves which 
were still expanding were punched with a needle 
of 0.6 mm. Three to fiver small holes were made 
in the leaf lamina on both sides of the midrib, and 
1 #l of an aqueous of fl-cryptogein (0.1 #g/ml), or 
water for the control, was immediately applied to 
each hole. Inoculated plants were maintained in 
the same room for a period of 20 h (6 h light/8 h 
dark/6 h light) before the leaves were collected for 

the histochemical and fluorometric GUS assay. 
At that time, necrotic spots were visible in the leaf 
lamina. 

Results 

C O M T  m R N A  accumulation in maize analysed by 
in situ hybridization 

It has previously been shown by RNA blot analy- 
sis [5] that mRNA accumulation of the COMT 
gene transcript in maize is higher in tissues such 
as the maturation region of the root, where ligni- 
fication occurs. This correlation can be more pre- 
cisely observed using in situ hybridization of dif- 
ferent maize tissues. Using non-radioactive 
probes (digoxigenin-dUTP) in an in situ hybrid- 
ization of longitudinal sections of the root 
(Fig. 1B), the COMT mRNA was shown to ac- 
cumulate specifically in the metaxylematic vascu- 
lar cells of the root. A close-up of Fig. 1B (Fig. 1C) 
shows this pattern of accumulation around the 
tracheary elements. 

In a cross section of the root, at the level of the 
differentiating zone, COMT-mRNA was detected 
in the exodermis and in the metaxylem elements 
(Fig. 1D). A higher magnification (Fig. 1E) shows 
more precisely that labelling is specifically de- 
tected in the metaxylem cells. On the other hand, 
in a cross section of young coleoptiles, mRNA 
accumulation was observed in the vascular 
bundles of the coleoptile (Fig. 1F and 1G). In 
cross sections of the leaves, the accumulation was 
seen in the small and large vascular strands and 
most clearly in the midrib (see Vignols et al. [ 55 ]). 
The results using in situ hybridization closely cor- 
respond to its mRNA accumulation previously 
revealed by RNA blot [5]. These figures show a 
good correlation between lignin biosynthetic sites 
[37] and COMT m R N A  accumulation. 

C O M T  promoter activity in transgenic maize plants 

The maize COMT is a single gene that codes for 
one of the enzymes of the biosynthetic pathway 



311 

Fig. 1. In situ hybridization in different maize organs with the COMT full-length cDNA probe. A. Longitudinal section of the root 
tip as a negative control with a sense probe (100 x ). B. Longitudinal section of the root tip showing mRNA accumulation at the 
tracheary elements and a weak signal in the root cap (100 × ). C. Close-up orB, showing hybridization in the metaxylematic vascular 
cells (400 × ). D. Cross section of the root corresponding to the maturating zone of the root. COMT mRNA is detected in the 
exodermis and in the metaxylem elements (200 x ). E. Close-up of D, also showing hybridization only in the metaxylematic cells 
(1260 x ). F. Cross section of coleoptile. Accumulation of mRNA is mainly observed in the vascular bundles of young leaves and 
in the two vascular elements (100 x ). G. Close-up of F, showing the expression in the metaxylematic cells (320 x ). 
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of the lignin. The RNA blot [5] and in situ hy- 
bridization studies showed that the m R N A  of this 
gene was accumulated in tissues where lignifica- 
tion was very active. To test whether the 
sequences located in the 5' region of the gene 
were responsible for the pattern of expression ob- 
served, a construct with a 5' promoter region of 
the genomic clone was transcriptionally fused to 
the G U S  gene joined to the Nos term. The pro- 
moter region analyzed ranges from position 
-1955 of the putative start of transcription to the 
+ 7 position [5]. A schematic drawing of the con- 
struct is shown as an inset in Fig. 3A. 

Maize plants were transformed by micropar- 
ticle bombardment of embryogenic calli with the 
COMT promoter-GUS construct and the bar 
gene as selection marker. We examined several 
regenerated plants from each of 15 independent 
transformation events and found To plants from 
four events that showed detectable levels of GUS 
by histochemistry. Each of the 15 events was 
tested for incorporation of  COMT: :GUS D N A  
into the maize genome using appropriate primers 
in a PCR analysis. Results discussed here are 
derived from the four G U S  active events that had 
the same pattern of  expression. Analysis of the T1 
and T2 progeny of these transformed plants 
showed G U S  expression in different tissues 
(Fig. 2). 

Expression was localized in roots in a well- 
defined zone corresponding to the maturation re- 
gion of xylem (Fig. 2A and 2B). High G U S  ex- 
pression was observed in lateral roots that are 
just emerging through the epidermis (Fig. 2C), 
and also in tissues surrounding the main root. In 
a cross section of the xylem maturation zone of 
the root, expression was found around the met- 

axylem groups of the stele (Fig. 2D) and also in 
the exodermis (Fig. 2E). In a cross section of the 
nodes of the stem, G U S  expression was observed 
in the vascular bundles that extend into the leaf 
arising from the node (Fig. 2F). To compare these 
results to the lignin deposition sites, a phloroglu- 
cinol-HCl-stained [ 31 ] similar section of the stem 
was examined (Fig. 2G). In a cross section of a 
young leaf, expression of G U S  Was observed 
mainly in the small vascular strands, while little 
or no expression was observed in the large vas- 
cular strands (Fig. 2H). However, cross sections 
of leaves stained with phloroglucinol-HC1 show 
that the large vascular strands were stained while 
not all the small strands were stained (Fig. 21). 
This may be due to the fact that the large vascular 
strands were already lignified, while some of the 
small ones were still undergoing lignification. No 
G U S  activity was detected in pollen grains or in 
young embryos, in agreement with the results of 
the mRNA accumulation [ 5 ]. 

COMT promoter activity in transgenic tobacco 
plants 

Tobacco plants were transformed using the Ti 
plasmid via Agrobacterium tumefaciens. The same 
transcriptional fusion as in maize was used. The 
nptlI gene was used as a selection marker. The 
pattern of expression of this construct in trans- 
formed tobacco plants was consistent with most 
of the qualitative features observed for lignin 
deposition, and also for the COMT: :GUS ex- 
pression in transgenic maize. The pattern of ex- 
pression was the same in the 12 independent 
transformed plants obtained, with different levels 

Fig. 2. Histochemical localization of GUS activity in transgenic maize plants. A. Roots of 15-day-old plants showing GUS ex- 
pression (see arrow) in the xylem maturation region of the secondary roots (10 x ). B. Close-up of A (20 x ), showing that the GUS 
staining is localized at the vascular system level (see arrow). C. Emerging secondary roots through the main root (20 x ). D. Cross 
section of the maturating region of root xylem. Expression is visible in the metaxylem groups of the stele (200 x ). E. Cross sec- 
tion of the mature region of the root showing G U S staining at the exodermis (100 x ). F. Cross section of a node of the stem showing 
GUS expression at the vascular bundles (40 x ). G. Similar section stained with phloroglucinol-HC1 showing the lignin deposi- 
tion sites (40 x ). H. Cross section of a young already expanded leaf from a 20-day-old plant. GUS reaction is observed mainly 
in the small vascular strands (S) (60 x ). I. Phloroglucinol-HC1 stained cross section of the leaf. The large vascular strands (L) 
are purple stained whereas not all the small strands (S) are stained (80 x ). 
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of GUS expression depending on the number of 
integrated copies of the gene and its specific in- 
tegration site in the genome. 

In order to quantify the levels of GUS expres- 
sion in the different organs of the transformed 
tobacco plants, fluorometric analysis of the T2 
progeny was performed. The results are shown in 
Fig. 3B. It appears that, except in the young 
plantlets, in which a peak of expression was ob- 
served in the first few days of germination (see 
also Fig. 4A), in general, the GUS activity in- 
creases with the plant age. While in the young 
plantlets GUS activity was higher in the root sys- 
tem than in leaves, the reverse occurred in more 
mature plants which present a high GUS activ- 
ity in the young already expanded leaves, in the 
petioles and in the stems. 

C O M T  promoter TATA ATG 
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Fig. 3. Scheme of the COMT promoter fused to GUS.  Fluo- 
rometric GUS analysis of the T 2 progeny of a transgenic to- 
bacco plant. A. Schematic representation of the 1963 bp 
COMT promoter fragment transcriptionally fused to the GUS 
reporter gene. B. Bar chart of the results of the fluorometric 
G U  S analysis in the transgenic tobacco plants. W corresponds 
to the whole 5-day-old plantlets, L to the leaves, R to the roots, 
S to the stems, C to the cotyledons, and P to the petioles. The 
numbers after letters correspond to the days after germination 
of the different plantlets. The 60-day-old plantlets were trans- 
ferred to a new media after 40 days in culture and young leaves 
already expanded were used for the analysis. The bars are 
compared to the levels of the untransformed plants (control). 

Histochemical analysis of the transformed 
plants was performed to identify the tissues in 
which the COMT promoter is active in tobacco. 
The patterns of GUS expression in transgenic 
tobacco plants carrying the maize COMT pro- 
moter are presented in Figs. 4 and 5. Expression 
was detected in all the organs of the plant in 
which formation of xylem and/or biosynthesis of 
lignin occurs. Figure 4A shows that the COMT 
promoter activity was detected very soon after 
germination. In 5-day-old plantlets, GUS stain- 
ing was observed in the central veins of cotyle- 
dons and in the midrib of the transition zone 
between cotyledons and root. In 25-day-old 
plants, GUS expression was localized to a short 
and specific internal zone of the root, where the 
maturation of xylem takes place (Fig. 4B). This is 
also illustrated by a cross section of this region of 
the root (Fig. 4C), where the vascular system was 
stained. In leaves, GUS expression was clearly 
observed in the midrib and in all the veins 
(Fig. 4D). A cross section of the leaf shows that 
expression is localized in vessels of each vein 
(Fig. 4E). GUS expression is also well delimited 
in petioles, particularly in the vascular bundles of 
the midrib, and also in the small bundles 
(Fig. 5A). A phloroglucinol-stained section of the 
petiole shows good correspondence between the 
expression of the GUS and the lignification sites 
(Fig. 5B). The immature elements of xylem were 
GUS stained, while the mature elements were 
brownish and non-stained. There appears to be 
an alternation between the immature and mature 
xylem elements (Fig. 5C). Furthermore, when 
comparing the GUS stained section of the peti- 
ole (Fig. 5C) with its corresponding fluorescence 
microscopy image (Fig. 5D), it was seen that the 
immature xylem elements were blue stained while 
the fluorescence of the lignin [41] was localized 
to the non GUS-stained mature xylem. In stem 
sections GUS activity was also clearly observed 
in the immature xylem elements of the vascular 
system (Fig. 5E). A more detailed view of this 
expression is shown in Fig. 5F, which is com- 
pared with a similar section observed by fluores- 
cence under UV light (Fig. 5G). GUS activity 
was confined to the xylem parenchyma and im- 
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Fig. 4. Histochemical localization of GUS activity of the transgenic tobacco plants in young plantlets and leaves. A. 5-day-old 
plantlet expressing GUS in the central veins of cotyledons and in the midrib of the transition zone between cotyledons and root 
(40 × ). B. Root of 25-day-old plantlet showing GUS expression (see arrow) at the maturation zone of xylem (20 × ). C. Cross section 
of the maturation zone of xylem in the root. The vascular system is blue-stained (100 × ). D. GUS expression in a young leaf just 
expanded from an adult plant. Blue staining is visible in the midrib and in all the veins (4 x ). E. Cross section of a leaf showing 
a localized GUS expression in the vascular system of the midrib and of each vein (20 × ). 

mature xylem elements, since those cells showing 
G U S  staining were located in a layer next to those 
stained for lignin, which did not show G U S  ac- 
tivity. 

Induction by wounding and by elicitors in maize and 
in transgenic plants 

Most of the enzymes of the phenylpropanoid 
pathway, and particularly PAL [38], are highly 
inducible in response to biotic and abiotic 

stresses, like defence reactions after wounding. 
To test this possibility for the maize COMT, RNA 
blot analysis of wounded leaves was carried out. 
Leaves from one-month-old maize plants, grown 
in the greenhouse, were wounded with the scalpel 
blade and harvested after 1, 2, 6 and 12 h. A 
full-length COMT c D N A  was used as a probe. 
There was a seven-fold increase in leaves 6-12 h 
after injury (Fig. 6A). As a control, uninjured 
plants (C) were analysed, and also uninjured 
plants were left to dry in a flow of air (D) in order 
to determine whether the induction was due to the 
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Fig. 5. Histochemical localization of G U S activity in petioles and stems of the transgenic tobacco plants. A. GUS expression in 
a cross section of a petiole. Blue staining is observed in the vascular bundles of the midrib and also in the small bundles (30 x ). 
B. Similar section to A stained with phloroglucinol-HC1 to localize the sites of lignin deposition (30 x ). C. Close-up of the vas- 
cular bundle of the petiole. The xylem parenchyma and the immature xylem elements show GUS activity and are blue stained, 
while the mature xylem dements are brownish and non stained (250 x ). D. The same section as C observed under UV light mi- 
croscopy showing lignin depositions (100 x ). E. Cross section of a stem showing GUS activity in the vascular system (20 x ). F. 
Close-up of a similar section to E in order to visualize the G U  S stained cell type. G. Similar section observed under UV light (100 × ), 
in order to localize the lignified xylem elements. The COMT::GUS expressing cells are placed next to the lignified xylem elements 
in both petiole and stem. 



Fig. 6. A. Northern blot analysis of maize leaves after wound- 
ing. A full-length COMT cDNA was used as a probe. Leaves 
from one-month-old plants, grown in the greenhouse, were 
harvested at 1, 2, 6 and 12 h after wounding. Sample C cor- 
responds to control undamaged root and D to the uninjured 
plants desiccated in an air flow. B. Fluorometric GUS assay 
of tobacco leaves harvested 12 h after wounding or 20 h after 
elicitor (fl-cryptogein) treatment (C, untransformed control 
plant; W, wounded leaf; crypt, punched leaf with cryptogein; 
H20, punched leaf without cryptogein (only water); COMT, 
transformed plant). 

injury or to the desiccation effect produced by the 
injury. The results show a clear induction of their 
m R N A  accumulation by wounding, especially in 
leaves. 

Since an induction of the COMT gene was 
observed by RNA blot analysis in wounded leaves 
in maize (Fig. 6A), it was determined whether 
wounding stimulates the expression of the COMT 
promoter construct in the transgenic plants. By 
histochemical G U S  analysis in transgenic to- 
bacco and maize plants, non-systemic induction 
was also observed around the injured area of 
leaves and roots after 12 h. In transgenic maize 
plants, the induction of  the G U S  activity was 
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more pronounced in the young roots than in co- 
leoptiles and leaves. The expression was localized 
around the injured areas of  the root (Fig. 7A), 
and very weak or no G U S  reaction was observed 
in wounded young leaves of  maize. In contrast, in 
the tobacco transgenic plants the wounding effect 
was clearly observed in both leaves and roots but 
the G U S  activity was higher in wounded young, 
not yet expanded (ca. 2-3 cm long) leaves 
(Fig. 7B). In tobacco, as well as in maize, induc- 
tion by wounding was much more intense in young 
than in mature leaves. In tobacco leaves, G U S  
activity was observed around the vascular system 
and in the leaf epidermis and parenchyma which 
are unlignified tissues in healthy plants. G U S  
staining was also observed on the trichomes sur- 
rounding the injured area of the tobacco leaf 
(Fig. 7C). 

It has been shown [3] that messenger RNAs 
corresponding to OMT accumulate in tobacco 
leaves in filtrated with an elicitor isolated from 
Phytophthora megasperma. To analyse the pos- 
sible induction effect of elicitors in the transgenic 
plants, 1/~1 of fl-cryptogein (0.1 btg/ml solved in 
water), or water alone as a control, was applied 
to not yet expanded leaves of transformed to- 
bacco plants. In normal conditions at this stage 
of development these leaves do not show any 
detectable G U S  activity by histochemistry. Un- 
transformed tobacco plants were used as a con- 
trol of endogenous G U S  induction. The his- 
tochemical GUS assay revealed that in the leaves 
of  the transgenic tobacco plants treated with 
fl-cryptogein, G U S  expression was visible in the 
midrib, the veins and the leaf lamina surrounding 
the veins (Fig. 7C). The trichomes present in the 
G U S  expressing tissues were also blue-stained. 
However, in leaves treated with only water G U S  
staining was localized just around the hole made 
by the needle (Fig. 7D). No GUS reaction was 
observed in untransformed tobacco plants treated 
with fl-cryptogein. No induction of  the GUS ex- 
pression was obtained in the transgenic maize 
plants, indicating that probably cryptogein is not 
an appropriate elicitor in this species. Besides the 
histochemical G U S  assay, a fluorometric G U S  
analysis was carried out on not yet expanded 
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Fig. 7. Histochemical localization of GUS activity in wounded or elicited transgenic plants: A. GUS activity in a 6-day-old 
wounded root of a transgenic maize plant (20 x ). B. G U  S activity in a young leaf, not yet expanded, of a three month old transgenic 
tobacco plant grown in a greenhouse, lightly wounded with a scalpel. G U S staining is observed on the injured tissues and also 
in the trichomes surrounding the wounded area (40 × ). C. Punched leaf of a transgenic tobacco plant treated with #-cryptogein 
solved in water (4 × ). D. Punched leaf of transgenic tobacco plant treated with only water, as a control (4 × ). 

leaves injured with an scalpel or treated with 
fl-cryptogein (Fig. 6B). As a control an untrans- 
formed plant and uninjured leaves of the trans- 
genic plant were analysed. The results confirm 
those observed by histochemistry. Induction is 
also observed in leaves of transgenic tobacco 
plants punched without cryptogein due to the 
wounding effect produced by the needle. 

Discussion 

The patterns o fmRNA accumulation of the maize 
caffeic acid O-methyltransferase (COMT) gene 
have been analyzed in maize by northern blot [ 5] 
and by in situ hybridization. Here the expression 
directed by the promoter region was studied in 
transgenic maize and tobacco plants. The loca- 

tions where the mRNA accumulation is maxi- 
mum seem to be the cells which are synthesizing 
their secondary wall, in accordance with the func- 
tion of COMT, that it appears to provide precur- 
sors for lignification. The COMT mRNA was not 
detected in regions that were already lignified. 
This effect was clearly observed by in situ hybrid- 
ization in the root, where the COMT expression 
was confined to the lignifying xylem of the matu- 
ration zone around the tracheary elements and in 
the exodermis. The COMT mRNA accumulation 
was also limited to the vascular bundles of the 
coleoptiles, and in the vascular strands of the 
leaves. 

The pattern of mRNA accumulation found for 
COMT is similar to that obtained by the his- 
tochemical GUS studies carried out in the maize 
transgenic plants. The COMT promoter driving 



the GUS gene, introduced in transgenic maize 
plants, direct GUS activity to specific cells in the 
root and leaves of young plantlets (ca. 10-day-old 
plants), where the highest mRNA accumulation 
was also observed. In wheat it has been described 
that the highest levels of COMT and PAL activity 
also occur within 10 days of germination, at a 
time when the lignification is still at a minimum 
[28]. There is also a clear correspondence to the 
pattern obtained in transgenic tobacco plants, 
with a number of distinguishing differences. In 
roots, the mRNA accumulation, as well as the 
GUS expression was detected specifically in the 
maturation region of the xylem in both maize and 
tobacco transgenic plants. In the maize root, in 
contrast to tobacco, the exodermis is lignified 
[15], and GUS expression was thus also ob- 
served. A correlation between the cells expressing 
GUS activity and those undergoing lignification 
was clearly observed in sections of stems, petioles 
and leaves. The COMT gene in maize and to- 
bacco appears to be tightly controlled in those 
cells where the synthesis of lignin takes place. In 
both species, maize and tobacco, the GUS was 
expressed in the cells surrounding the lignified 
tissues, as visualized in stems and petioles of to- 
bacco plants stained with phloroglucinol or ob- 
served under UV light by fluorescence. As a con- 
clusion, a 2 kb sequence upstream of the COMT 
gene is sufficient to direct specific expression in 
cells undergoing lignification. 

We have done a comparison between our re- 
suits, using the maize COMT promoter in trans- 
genic tobacco plants, with those obtained by 
Jaeck et al. [29], using the COMT mRNA of 
tobacco. Using the OMT-I probe by in situ hy- 
bridization in petioles and leaves they observed 
signal in the xylematic parenchyma and in the 
lignifying cells of the xylem. This results have a 
clear correspondence with the GUS expressions 
presented in this paper. 

A variety of factors, both environmental and 
endogenous, have been found to exert an effect 
upon the process of lignification [ 18, 37, 57]. An- 
other feature of the COMT genes, shared with 
genes encoding enzymes of the lignin biosynthetic 
pathway, is their induction by wounding. The in- 
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duction was observed in both maize and tobacco 
plants, especially in young roots and leaves. Such 
induction produces a lignification in tissues such 
as the epidermis and parenchyma, which are un- 
lignified in healthy plants. The results presented 
here clearly show that the COMT maize pro- 
moter responds to wounding in both tobacco and 
maize, but following the specific features of the 
wound response of each plant species. For in- 
stance, the COMT promoter is activated during 
the lateral root emergence in maize, probably due 
to the formation of new vascular tissue and/or to 
the tissue damage incurred during normal root 
development. This COMT induction could be in- 
terpreted as a lignin deposition in the injured area 
surrounding the site of emergence of the lateral 
root, as a defence mechanism against pathogen 
infection through the injured tissues. The late ex- 
pression of COMT (after 6-12 h) observed after 
wounding suggests that this enzyme is not in- 
volved in the early defence response. COMT in- 
duction by elicitors has been seen in transformed 
tobacco plants, with a clear GUS induction by 
cryptogein in leaves. We have tested several elici- 
tors in the transgenic maize plants without any 
positive results, perhaps because the appropriate 
elicitor was not used. Deposition of lignin is an 
ubiquitous defence response, and induction of 
genes encoding enzymes involved in the synthe- 
sis of lignin monomers by fungal elicitors has been 
observed in a wide range of monocot and dicot 
species [6]. Lignin is highly resistant to attack by 
most microorganisms and lignified cells walls are 
considered to be effective barriers to the progres- 
sion of plant pathogens. In muskmelons, Grand 
and Rossignol [19] found that enhanced lignifi- 
cation induced by Colletotrichum lagenarium was 
associated with a concerted increase in the activ- 
ity of the polymer biosynthesis enzymes, includ- 
ing COMT. Dumas et al. [11] observed de novo 

synthesis of OMT enzymes during the hypersen- 
sitive response to tobacco mosaic virus. 

The signals that control the maize COMT pro- 
moter in cells accumulating lignin may be wide- 
spread in higher plants. Even though the pattern 
of expression in transgenic tobacco plants is dif- 
ferent from that observed in maize, it closely fol- 
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lows the distribution of cells undergoing lignifi- 
cation. Thus, the factors needed for this control 
are present in distant species such as tobacco and 
maize, and in both species these factors are only 
present in those cells whose wall is becoming lig- 
nified. The shared signals of the lignin biosyn- 
thetic pathway and the defence reaction are also 
found in maize and the sequences controlling the 
induction in the COMT gene appear to be within 
the 2 kb 5'-upstream region together with the 
sequences defning the cell-type-specific control 
already described. 

The regulation of phenylpropanoid genes has 
been an area of active research. A phenylalanine 
ammonia-lyase gene promoter from Arabidopsis, 
and a 4-coumarate:CoA ligase gene promoter 
from parsley were studied [23, 46]. The expres- 
sion in transgenic plants and the length of the 
regulatory fragments have several similarities with 
that obtained by other genes of the pathway. Some 
elements have been described in the promoters of 
genes involved in the phenylpropanoid metabo- 
lism [36, 38, 46] that could be related to their 
regulation. In the COMT promoter there are 
similar elements at positions -237 to the tran- 
scription start site (ACCTAAC) and at position 
-304 (ACAACAACCAC), that are homologous 

to the previously described in Arabidopsis and 
parsley and in a similar positions. The second one 
coincides with an elicitor-inducible hypersensitive 
site in parsley. These data are consistent with the 
hypothesis that these elements could be involved 
in the regulation of the COMT promoter in maize. 

Using the antisense technology with the cin- 
namyl alcohol dehydrogenase (CAD) genes in to- 
bacco [21, 27, 28], an increase of cinnamalde- 
hyde groups in lignin, but no significant changes 
in lignin content were suggested. Tobacco plants 
transformed with the CAD antisense show very 
low levels of CAD activity and a red-brown co- 
lour phenotype in xylem tissues similarly to the 
brown-midrib mutants of maize. When using the 
antisense of the COMT gene in tobacco [2, 13, 
45] a marked decrease of syringyl units and the 
appearance of 5-hydroxy guaiacyl units were 
demonstrated. This correlates well with the fea- 
tures characteristic of natural mutants of maize 

bm3 where the COMT gene is not functional [ 5 5]. 
All these results indicate that it may be possible 
to manipulate the processes of lignification by 
using molecular approaches. Genetic manipula- 
tion of genes encoding proteins essential for the 
plant lignification may enable the regulation of 
lignin content and composition in agronomically 
and industrially important crops. The availability 
of promoters specific of cells involved in lignifi- 
cation may allow a more efficient control of the 
expression of genes related to these processes. 
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