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Abstract Cinnamoyl CoA reductase (CCR; EC 1.2.1.44)
is the first enzyme specific to the biosynthetic pathway
leading to monolignols. Arabidopsis thaliana (L.) Heynh.
plants transformed with a vector containing a full-length
AtCCRI cDNA in an antisense orientation were
obtained and characterized. The most severely down-
regulated homozygous plants showed drastic alterations
to their phenotypical features. These plants had a 50%
decrease in lignin content accompanied by changes in
lignin composition and structure, with incorporation of
ferulic acid into the cell wall. Microscopic analyses
coupled with immunolabelling revealed a decrease in
lignin deposition in normally lignified tissues and a
dramatic loosening of the secondary cell wall of
interfascicular fibers and vessels. Evaluation of in vitro
digestibility demonstrated an increase in the enzymatic
degradability of these transgenic lines. In addition, cul-
ture conditions were shown to play a substantial role in
lignin level and structure in the wild type and in the
effects of AtCCR1 repression efficiency.
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Introduction

Lignins are the second most abundant biopolymer on
earth, just after cellulose, and can represent up to 30%
of the dry weight of trees (Sarkanen and Hergert 1971).
They result from the dehydrogenative polymerization of
cinnamyl alcohols or monolignols. The pathway leading
from phenylalanine to monolignols has been determined
and revised recently (Humphreys et al. 1999; Osakabe et
al. 1999; Li et al. 2000, 2001; Humphreys and Chapple
2002). The monolignol pathway leads to cinnamyl
alcohols, p-coumaryl alcohol, coniferyl alcohol and
sinapyl alcohol, differing by their degree of methoxyla-
tion and giving rise respectively to hydroxyphenyl (H),
guaiacyl (G) and syringyl (S) units in the polymer. The
lignin profile of each plant species displays characteristic
features (Baucher et al. 1998). Thus, most lignins of
gymnosperms are devoid of S units, whereas those of
angiosperms contain both G and S units. The content
and composition of lignins depend on the species, the
type and stage of maturation of tissues, and the micro-
localization within the cell wall. The external conditions
such as photoperiod, temperature and hygrometry
(Struik 1983) also influence the lignification patterns.
Cinnamoyl CoA reductase (CCR; EC 1.2.1.44) has
been identified as the first enzyme specific to the
monolignol pathway and was originally cloned and
characterized in Eucalyptus (Lacombe et al. 1997), and



then in tobacco (Piquemal et al. 1998). An antisense
strategy aimed at CCR has only been used in tobacco.
CCR-down-regulation in tobacco drastically affects the
plant phenotype (Piquemal et al. 1998; Chabannes et al.
2001a, 2001b; Pingon et al. 2001).

Up to now the model plants used to study lignin
chemistry and biosynthesis have been woody species
(poplar, sweetgum) and some annual plants (tobacco,
maize, alfalfa, festuca). However, recently, Arabidopsis
thaliana has been proposed as a good model system for
lignification studies (Meyer et al. 1998; Boudet 2000).
Even though the vegetative apparatus of A. thaliana is a
ground rosette, it develops a lignified flowering stem
(Dharmawardhana et al. 1992). Besides the xylem ves-
sels, which are lignified, the interfascicular parenchyma
of the flowering stem differentiates into highly lignified
fibers with growth. Under certain growth conditions,
lignins in Arabidopsis can represent up to 18% of the dry
weight of the extractive-free mature stem and are typical
of angiosperms since they contain both S and G units
(Dharmawardhana et al. 1992).

In this work A. thaliana was used in an antisense
strategy aimed at CCR to determine the consequences of
down-regulation of this enzyme. The first part deals with
the generation and characterization of antisense plants.
The second describes the effects of down-regulation on the
phenotype, lignin content and structure, and cell wall
ultrastructure. In vitro cell wall degradability was
investigated to assess the potential use of CCR down-
regulation in other species to improve digestibility of
forage crops.

Materials and methods

Plant material

Wild-type and transformant Arabidopsis thaliana (L.) Heynh.
plants, ecotype Wassilevskija (WS), were generated in Versailles
and grown in the greenhouse under four culture conditions (CCl,
CC2, CC3 and CC4):

1. CCl1, light 16 h, relative humidity (RH) 40%, temperature
30 °C; dark 8 h, RH 80%, temperature 15-20 °C;

2. CC2, light 16 h, RH 60%, temperature 25 °C; dark: 8 h, RH
80%, temperature 20 °C;

3. CC3, light 8 h, RH 70%, temperature 24 °C; dark 16 h, RH
70%, temperature 16 °C;

4. CC4, light 8 h, RH 85%, temperature 20 °C; dark; 16 h, RH
85%, temperature 16 °C.

Lignin analyses were performed on the wild type (WS) and trans-
formant plants grown under these four culture conditions. RNA
analyses, and biochemical and histochemical analyses were per-
formed under the first culture conditions (CC1). For root analysis,
plants were grown in aeroponic devices.

DNA construct

Plasmid pSPORT1 (Life technologies), containing the expressed
sequence tag (EST) 67E6T7, was digested with BamH I and Sma 1.
The 1.3-kb fragment was subsequently cloned into linearized
pLBR19 digested with the same restriction endonucleases. The
P70::antisense AtCCRI cDNA cassette was excised by a double
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Sph 1 and Sma I digestion. The cassette was cloned into pBIBKAN
(Becker 1990) in the Sst I and Sma 1 sites. The latter construct was
finally transferred to Agrobacterium tumefaciens strain C58pMP90
for subsequent plant transformation experiments (Koncz and
Schell 1986).

Plant transformation

Arabidopsis thaliana plants (WS ecotype) were transformed by
vacuum-infiltration of whole plants in an Agrobacterium solution,
according to Bechtold et al. (1993). Plants were left to self-pollinate
and seeds were harvested after complete drying of the stems.
Primary transformants (T1) were selected on Arabidopsis medium
(Estelle and Somerville 1987) containing 50 mg 17! kanamycin.
Primary transformants were self-pollinated to obtain homozygous
plants for the insertion. Only lines segregating 3:1 for the resistance
to kanamycin were selected for further analyses. Analyses were
performed on monoinsertional homozygous lines, verified by
Southern blot experiments (data not shown).

RNA analysis

Total RNA was isolated from 1 g of frozen tissue (1-week-old
seedlings, young leaf blades, apical and basal parts of the stem
harvested from 4-week-old plants) according to Verwoerd et al.
(1989). RNA samples (20 pg) were separated on formaldehyde/
agarose gels, transferred onto nylon filters (NEN, Boston, Mass.,
USA) and hybridized with randomly primed double-stranded
DNA probes. The AtCCR1 probe was obtained by digestion of
plasmid containing the EST 67E6T7 by BamHI and Smal. A
cDNA corresponding to the 18S rRNA from Raphanus sativus was
used to quantify RNA deposition on the blots.

CCR activity assays

CCR activity was assayed as described in Chabannes et al. (2001b).

Histochemical staining and immunocytolabelling

Wiesner and Méule reactions were performed on hand-cut cross-
sections of mature stems of A. thaliana from wild-type and down-
regulated lines according to standard protocols.

For the safranin—astra blue staining, stems from wild-type,
ASCCR2 and ASCCR?7 lines were fixed in 1.25% glutaraldehyde
plus 2% paraformaldehyde and embedded in LR White resin as
previously described (Burlat et al. 2001). Semi-thin cross-sections of
stems (1 pm) were stained with safranin—astra blue according to the
protocol of Srebotnik and Messner (1994) with slight modifica-
tions. Sections were immobilized on a single microscopy slide, and
sequentially incubated for 30 min each in 1% aqueous safranin
solution and 1% aqueous astra blue solution, respectively, with
thorough rinsing in distilled water after each incubation step.

For transmission electron microscopy (TEM), the polysaccha-
ride moiety of the walls was contrasted on ultra-thin sections by the
periodic  acid-thiocarbohydrazide-silver proteinate (PATAg)
method (Thiery 1967) modified for secondary walls by Ruel et al.
(1981). Briefly, the periodate oxidation was carried out with a 5%
solution of periodic acid in water for 90 min (instead of with a 1%
solution for 30 min), thiocarbohydrazide was applied for 24 h and
silver proteinate for 30 min, in the dark.

For light-microscopic immunolabelling, serial semi-thin cross-
sections from the series used for safranin—astra blue staining were
also utilized for immunolabelling with anti-GSzt lignin antibody,
specific for a mixed guaiacyl/syringyl (GS) lignin polymer enriched
in non-condensed inter-unit linkages (f-O-4; Joseleau and Ruel
1997). The sections were supported on plastic rings using the same
protocol as for TEM immunolabelling (Joseleau and Ruel, 1997)
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with a few modifications. The antiserum was diluted to 1/200. All
washing steps were done on 100-pul drops, and the silver-enhance-
ment step was performed for 15 min at room temperature using the
IntenSE kit (Amersham). As a negative control, the corresponding
pre-immune serum was used in the same conditions. Finally, sec-
tions were transferred to microscopy slides, allowed to dry and
counter-stained with safranin.

All sections, either with safranin—astra blue staining or for
immunolabelling, were mounted under a coverslip in immersion oil
and observed with a Zeiss Axioplan 2 photomicroscope using
Kodak Gold 100 film.

Transmission electron microscopy and immuno-topochemical
analysis

Small slices (1 mm in thickness) taken from the base of the stem
by freehand sectioning with a razor blade were fixed in a freshly
prepared mixture of 0.1% glutaraldehyde (v/v) and 2% para-
formaldehyde (w/v) in 0.01 M phosphate buffer (pH 7-7.2). After
rinsing in phosphate buffer, they were dehydrated through a
graded ethanol series up to 80% (v/v), then infiltrated and em-
bedded in LR White resin (hard mixture; TAAB) and polymerized
for 24 h at 50 °C, as described earlier by Joseleau and Ruel
(1997). For TEM, sections were immunolabelled as described by
Ruel et al. (2002).

Lignin characterization

The lignin content of ground extractive-free mature dry stems was
estimated by the standard Klason procedure (Dence 1992). Lignin
structure was investigated using thioacidolysis and its most recent
developments (Lapierre et al. 1995). The lignin-derived monomers
were identified by GC-MS of their trimethylsilyl (TMS) deriva-
tives.

Digestibility experiments

Stems of 25-30 plants were harvested after 3.5 months of growth
under CC4 conditions. Two independent determinations of the
digestibility parameters were obtained. Stems were manually
shaken in order to eliminate parts of leaves and siliques. Stems were
then oven-dried at 65 °C, and ground with a hammer mill to pass
through a 1-mm screen for subsequent analyses. Neutral detergent
fiber (NDF) was estimated according to Goering and van Soest
(1970). The in vitro dry matter digestibility IVDMD) was esti-
mated according to enzymatic solubility (Aufrére and Michalet-
Doreau 1983) and the in vitro NDF digestibility (IVNDFD) was
computed assuming that the non-NDF part of the plant material
was completely digestible, according to Struik (1983) and Dolstra
and Medema (1990).

Results
Expression of the AtCCRI gene in Arabidopsis thaliana

AtCCRI expression was monitored in different parts of
wild-type A. thaliana by Northern blot analyses, using
the AtCCRI cDNA as a probe. Three different parts of
the plants were tested according to their lignification
pattern: the leaf sheaths (non-lignified or poorly lignified
tissues), the basal part of the stem (highly lignified tissue
with totally differentiated interfascicular fibers) and the
apical part of the stem (tissue undergoing lignification
with differentiating interfascicular fibers; Fig. 1). The
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Fig. 1 Northern analysis performed on wild-type Arabidopsis
thaliana (total RNA from: L leaf blade, Sb basal part of the stem,
Sa apical part of the stem). Probes correspond to the cDNA of
thel8S rRNA from Raphanus sativus (18S) and to the full-length
AtCCRI cDNA from A. thaliana

Northern experiment showed differential expression of
this gene in the three tested tissues. The gene was weakly
expressed in the leaf blade, moderately expressed in the
basal part of the stem and highly expressed in the apical
part.

DNA construct, plant transformation and selection
of lines of interest

The AtCCRI cDNA, under the control of the CaMV
35S promoter with a double enhancer sequence was
cloned into the pBIBKAN binary vector (Becker 1990).
This vector contains a kanamycin-resistance gene to
select transformed cells. 4. thaliana (ecotype WS) was
transformed and 42 independent transformed lines were
obtained. Ten of them, segregating 3:1 for resistance to
kanamycin, were selected. Homozygous lines used for
further analyses were selected in the self-progenies of the
primary transformed plants. CCR activity was measured
on the total mature stems of these ten ASCCR lines and
compared to controls, as described by Chabannes et al.
(2001b). ASCCR2 and ASCCR?7 lines displayed 19.2%
and 24.4% residual activity of the wild type, respectively
(Table 1). The floral stems of these lines were shorter
than those of wild-type plants when grown in green-
house conditions. Preliminary analyses demonstrated
a reduction in lignin content in stems of these lines
(Table 1). Lines with higher residual CCR activity
(ASCCR1 and ASCCRS) also had a lower lignin content
than the control but no difference in the height of stems
when grown in greenhouse conditions.

Anatomy and histochemistry of the ASCCR lines
in standard growth conditions

The 10 homozygous lines were grown in the green-
house. Interestingly, lignin-specific staining of hand-cut
stem sections revealed that some lines, which at the
macroscopic level presented normal phenotypes,
exhibited on microscopic examination particular ligni-
fication patterns. For instance, the ASCCR3 line
showed differential Madule staining within a single



Table 1 CCR activity and lignin content of wild-type (WS) and
ASCCR lines (A4S) of Arabidopsis thaliana. CCR activity (per-
centage of the wild type) was determined on crude extracts of
stems. The experiments were performed three times on plants
grown in CC2 (SE does not exceed 5%). Lignin content (% KL
Klason lignin as a percentage of extract-free dry weight) in WS and
AS stems was determined in two successive cultures in the green-
house (SEs between duplicate measurements are indicated in
parentheses). ND Not determined

Line CCR activity %KL

(12/1998) (06/2000)
WS 100 17.5 (0.2) 13.5(0.2)
ASI 35.8 ND 11.5 (0.1)
AS2 19.2 ND 8.6
AS3 90.9 16.15 (0.1) ND
AS4 109.2 16.5 (0.1) ND
AS5 107.4 ND ND
AS7 24.4 11.2 (0.2) 9.4 (0.2)
ASS8 49.7 12.3 (0.2) 8.35(0.1)
AS9 84.7 16.9 (0.1) D
AS10 143.7 17.2 (0.1) ND
AS11 106.2 16.1 (0.2) ND

stem, at different levels and on independent individuals
of the same line, suggesting that the efficiency with
which the antisense construct affected lignin quality
was heterogeneous (Fig. 2a, b). Coloration with Wies-
ner reagent did not reveal any difference between the
wild type and these ASCCR lines. ASCCR4 showed
ectopic lignification of the pith in some parts of the
stem (revealed by both Wiesner and Mdiule stainings).
The lignins of the lignified pith cells (medullar paren-
chyma) are rich in S units (revealed by Méiule stain-
ing), as already described for ectopic lignification in the
pith of the stem (Zhong et al. 2000; Fig. 2c). However,
only ASCCR2 and ASCCR?7 lines presented a stable
altered phenotype throughout development and were
selected for further analyses. The most striking ana-
tomical modifications displayed by these two lines were
collapsed xylem vessels in the stems together with a

Fig. 2a—e Screening of A. thaliana CCR antisense (ASCCR) lines
using lignin histochemical techniques. Hand-cut stem cross-sections
of wild-type (WS) and different ASCCR lines were stained either
with Miule reagent (a—c) or with Wiesner reagent (d, e). a WS; b
ASCCR3; ¢ ASCCR4; d WS; e ASCCR2. Bars = 0.5 mm
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very weak Wiesner coloration of the vessels and no, or
faint, coloration of the interfascicular fibers (Fig. 2d, e,
for wild-type and ASCCR2 lines). A more accurate
comparison of ASCCR2 and ASCCR?7 lines with the
wild type was then performed on semi-thin cross-sec-
tions of resin-embedded stems using the safranin—astra
blue co-staining technique for polysaccharides and
lignins (Fig. 3a—c, j-1). The safranin—astra blue tech-
nique stains polysaccharides in blue only in the absence
of lignins, and the lignins in pink-red both in the
presence and absence of polysaccharides (Srebotnik
and Messner 1994). In the wild-type stem, the pinkish
lignin-specific coloration was present in the interfasci-
cular fibers (Fig. 3a) and xylem vessel elements
(Fig. 3j). In ASCCR2 and ASCCR?7, besides the
apparent thinning of fiber cell walls in the interfasci-
cular area (Fig. 3b, ¢) and the collapsing of vessels
(Fig. 3k, 1), the lignin-specific pink coloration was less
intense whereas the polysaccharide-specific blue color-
ation was highly visible in tissues (xylem and inter-
fascicular fibers) that are normally lignified in the wild
type. This showed that the polysaccharides were the
predominant components of xylem and fiber walls in
these lines (Fig. 3b, c, k, I).

Lignin immunolocalization

The non-condensed G—S sub-units which are the most
frequent structures in dicots and hardwoods (Terashima
et al. 1993) were identified with the specific anti-GSzt
antibody previously described (Ruel et al. 1994, 1999).
Immuno-gold labelling was performed on serial sections
from the series used for the safranin—astra blue staining.
This specific labelling showed the presence in high pro-
portions of this type of lignin epitope in the walls of
inter-fascicular and xylem fibers, and vessels of the wild
type (Fig. 3d, m). This result demonstrates the presence
of non-condensed GS epitopes in secondary walls, as
already shown by TEM (Joseleau and Ruel 1997; Ruel et
al. 1999). The same antiserum used either on ASCCR2
(Fig. 3e, n) or ASCCR?7 (Fig. 3f, o) indicated a reduc-
tion in non-condensed lignin structures in interfascicular
fibers and xylem. No labelling was observed in the
negative controls when using the pre-immune serum
(Fig. 3g-1). Regarding vessel collapsing and lignin-
modification patterns, ASCCR2 displayed slightly more
drastic alterations than ASCCR?7. These microscopic
observations are in agreement with the lower residual
CCR activity in ASCCR2 than in ASCCR?7, indicating
that the lower the residual CCR activity, the stronger the
micro-morphological effects.

Micromorphology and lignin immunolabelling in TEM
Transmission electron micrographs revealed differences

between wild-type plants and ASCCR2 lines. Walls
from the xylem and interfascicular regions were
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Fig. 3 Histochemical and
immunocytochemical analysis
of wild-type (a, d, g, j, m), Co
ASCCR?2 (b, e, h, k, n) and > En>%
ASCCR7 (¢, 1, i, 1, 0) lines. p 5
Serial semi-thin cross-sections IF
of resin-embedded stems from

the three A. thaliana lines were

stained with safranin—astra blue

(a—c, j-1) or immuno-stained

with anti-GSzt lignin-specific d

antiserum (d—f, m—-o) and the
corresponding pre-immune
serum (g—i). Co Cortex,

En endodermis, Ep epidermis,
IF interfascicular fibers,

Ph phloem, Pi pith, X xylem
vessels. Bar = 5 um

J Ep. -
Co

IF &
Ph T
X

Pi e

3

AT

R ;"':';.' o

examined after PATAg staining, a general stain for
polysaccharides which gives images of the macromo-
lecular arrangement of the cell walls. In down-regu-
lated ASCCR2, the collapsed xylem cells exhibited
ultrastructural ~ modifications  consisting of an
unmasking of the cellulose framework and a loosening
of the cellulose microfibrils. This was particularly ev-
ident in the S2 layer of vessels (Fig. 4a, b). In walls of

adjacent fibers, concentric lamellae of microfibrillar
material were detached. As for cell corners, they dif-
fered from the normal plant in being filled with a very
loose and non-organized polysaccharide material. Fi-
bers forming the interfascicular areas were modified in
the inner part of S2, whereas S1 and outer-S2 layers
kept their normal micromorphological aspect. S2 dis-
played a gradient in its disorganization, which was



Fig. 4a—j Electron micrographs
of cross-sections through A.
thaliana stems of wild-type and
ASCCR?2 lines. a—d Periodic
acid-thiocarbohydrazide—silver
proteinate (PATAg) staining. a,
b Part of a vessel and adjacent
fiber walls of wild-type (a) and
ASCCR?2 (b) lines. ¢, d Fibers in
the inter-fascicular zone of
wild-type (¢) and ASCCR2 (d)
lines. e, f Distribution of non-
condensed GS lignin sub-units
in the inter-fascicular zone of
wild-type (e) and ASCCR?2 (f)
lines. CC Cell corner; F fiber;
ML middle lamella; S;, S,
secondary wall layers; 0S5, iS5,
outer- and inner-S, sub-layers,
respectively; V vessel. Bar =
0.5 pm

more important in the newly formed inner sub-layers
(Fig. 4c, d). Another characteristic of ASCCR?2 is its
particular reactivity to the PATAg staining which
underscored a succession of concentric sub-layers of
different intensities in S2. This is different from the
normal plant in which the PATAg reagent shows a

homogeneous pattern of staining throughout S1 and
S2 (Fig. 4c, d).

The immunolocalization in TEM showed that non-
condensed epitopes, which are homogeneously distribut-
ed in the fiber walls of the wild-type plant (Fig. 4e),
appeared to be reduced in the transformant, with their
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highest concentration in S1 and a very low density in S2
(Fig. 4f). In vessels, the abundant labelling observed in S2
of the control plant was absent in ASCCR2 (data not
shown).

Influence of culture conditions on growth

The consequences of ArCCRI down-regulation were
examined under different culture conditions (CC1 to
CC4), to assess the impact of environmental conditions
on these transformed plants. CCl1 consisted of a long
photoperiod (16 h, 30 °C/8 h, 15-20 °C) and relatively
dry and warm conditions. CC2 consisted of a long
photoperiod (16 h, 25°C/8 h, 20 °C) and a higher
degree of humidity (automatic water spraying). CC3
consisted of a short photoperiod (8 h, 24 °C/16 h,
16 °C) and high degree of humidity. CC4 consisted of a
short photoperiod (8 h, 20 °C/16 h, 16 °C), high degree
of humidity and relatively cold temperatures. The
maximum height reached by each line was determined
in CC1, CC2 and CC3. The height of mature stems of
the wild type varied from 33 cm in CC2 to 45 cm in
CC3 (38% variation). The maximum height of the
ASCCR?2 line ranged from 17 to 25 cm (32% variation).
Regardless of the culture conditions, the mature stem
height of the ASCCR2 and ASCCR?7 lines was always
lower than that of the wild type. ASCCR2 and
ASCCRY7 lines were unable to keep an upright growing
position and their flowering stems crept along the
ground. The most important difference was observed in
CC3, where the height difference between WS and
ASCCR2 and ASCCR?7 reached 44% (Fig. 5). Seed
production was not affected to a great extent, but via-
bility of seeds was impaired in the ASCCR2 and
ASCCR7 lines with 63% and 75% germination,
respectively, compared to 82% for the wild type (mea-
sured in CC4).

£
5]

£

5 ws

g M Asccr2
<

£

s [l ASCCR7
£

S

0

jan)

cc2
Culture conditions

Fig. 5 Comparison of maximum heights reached by wild-type
(WS), ASCCR2 and ASCCR?7 lines of A4. thaliana in three different
culture conditions (CC1, CC2, CC3). Data are means = SD (n=10
plants)

Table 2 Lignin contents of stems of wild-type (W), ASCCR2 and
ASCCR?7 lines of A. thaliana cultivated in four different cul-
tureconditions. % KL Klason lignin as a percentage of extract-
freedry weight (SEs between duplicate measurements are indicated
in parentheses)

Conditions %KL

WS ASCCR2 ASCCR7
CCl1 15.1 (0.1) 8.2 (0.2) 9.5(0.1)
cC2 13.0 (0.1) 8.1 (0.1) 8.5(0.2)
CC3 13.5 (0.1) 8.6 (0.1) 9.4 (0.2)
CC4 15.0 (0.2) 9.35(0.1) 10.8 (0.1)

Lignin content and structure in wild-type, ASCCR2
and ASCCRY7 lines in different culture conditions

The lignin content of the extractive-free dry stems was
determined using the Klason method for each line grown
in the same culture conditions. The lignin contents of
both ASCCR2 and ASCCR7 lines were dramatically
reduced relative to the wild type whatever the culture
conditions (Table 2). The highest reduction in lignin
content relative to the control line was observed in CC1
(46% reduction).

Lignin-derived monomers and dimers released by
thioacidolysis of the extractive-free cell wall fraction of
the stems were analyzed by GC-MS of their trimeth-
ylsilyl (TMS) derivatives (Lapierre et al. 1995). Thio-
acidolysis is an analytical method that proceeds by
cleavage of labile -O-4 bonds (i.e. non-condensed
linkages). G and S lignin-derived monomers are gener-
ated from G and S units involved in f-O-4 bonds,
without any interference from non-lignin phenolics.
Components such as ferulic acid incorporated in the cell
wall through thioacidolysis-cleavable bonds are also
detected with this method. The thioacidolysis yields
from ASCCR2 and ASCCR?7 lines revealed that their
lignins were enriched in carbon—carbon resistant bonds
(i.e. condensed linkages) in all culture conditions, indi-
cated by a decrease in total yields (Table 3). The pro-
portion of f-O-4 linked G units, giving rise to the G
thioacidolysis monomers, was reduced in CCIl and
CC2, but not in CC3. The yield difference between the
wild type and ASCCR?2 lines reached 44% (1,284 vs.
721) in CCI1 and 46% (1,101 vs. 591) in CC2, but
soared to 66% (1,507 vs. 511) in CC3. The S-to-G ratio
was increased in the ASCCR lines in CCI1, whereas
it was not clearly changed in CC2. This ratio was
decreased in CC3.

Abnormal components, such as ferulic acid also ac-
cumulate in the cell walls of the ASCCR2 and ASCCR?7
lines (Table 3). There is substantially more ferulic acid
incorporated in the cell walls of the two ASCCR lines
than in the control whatever the culture conditions.

Albeit H units are systematically recovered in low
amounts, down-regulation of CCR induced a signifi-
cant decrease in H monomers in the stems. Thioacid-
olysis analyses were performed in the roots of wild
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Table 3 Yields of lignin-

derived-thioacidolysis main Total yield

Molar percentage Ferulic acid released by thioacidolysis

monomers and of H+G+S ., H:G:S [umol (g KL)™"]
thioacidolysis-released ferulic [umol (g KL)™]
acid from wild-type (WS)
A. thaliana and ASCCR2 and CCl
indifferent culture conditions ASCCR2 721 (12) 0.4:65.5:34.1 5.0
(CC1, CC2 and CC3). The SEs ASCCR7 865 (20) 0.3:63.4:36.3 6.1
for total yields and between cC2
duplicate experiments are WS 1,101 (1) 0.9:73.1:26.0 2.1
indicated in parentheses ASCCR2 591 (1 1) 0.6:70.2:29.2 5.1
ASCCR7 697 (6) 0.5:69.5:30.0 8.5
CC3
WS 1,507 0.5:67.0:32.3 1.4
ASCCR2 511 0.3:72.9: 26.5 3.6
ASCCR7 855 0.4:70.4:29.0 5.4

type plants and ASCCR7 grown in aeroponic condi-
tions. The results showed that there was also a strong
decrease in H monomers in the roots (data not
shown). These results mean that H units are less
abundant in the lignins and/or that H units are more
involved in the carbon—carbon inter-unit-bonds in the
ASCCR lines.

Digestibility assays

Digestibility assays were performed with plants grown
under culture condition CC4. Stem dry matter yield
per plant was unchanged between the wild type and
ASCCR (Table 4). The reduction in height seemed to
be compensated by a higher degree of branching in
the ASCCR2 and ASCCRY7 lines, and the total bio-
mass was therefore similar in the wild type and the
ASCCR lines. The NDF (neutral detergent fiber which
mainly comprises cell wall components) content and in
vitro dry matter digestibility (IVDMD, enzymatic
solubility) were estimated on ground dry mature
stems. In vitro NDF digestibility (IVNDFD) was
computed assuming that the entire non-NDF fraction
was completely digestible. ASCCR2 and ASCCR7
lines had a lower NDF content in dry matter, possibly
due to a higher soluble carbohydrate content and/or
different resistance of cell wall to neutral detergent
attack, and a lower lignin content in the cell wall
(estimated as NDF) than the wild type. ASCCR2 and
ASCCR?7 lines had a higher IVDMD and a 2-fold

Table 4 Dry matter yield of A. thaliana stems, cell wall content and
digestibility of wild-type (WS), ASCCR2 and ASCCR7 lines grown
in CC4 conditions. NDF Neutral detergent fiber, /V'DMD in vitro
dry matter digestibility, I/VNDFD in vitro NDF digestibility

WS ASCCR2 ASCCR?7
Stem yield (g/plant) 0.3 0.4 0.4
NDF (%) 60.8 47.6 52.0
IVDMD (%) 55.8 79.0 74.9
IVNDFD (%) 27.4 559 51.7

higher IVNDFD than the wild type. The ASCCR2
line, which had a lower residual CCR activity and a
lower lignin content than ASCCR7, also had the
highest cell wall digestibility.

Discussion

AtCCRI expression in the wild type is correlated
with lignification

The expression pattern of 4tCCRI (Atlgl5950) can be
compared to the expression pattern observed for the
CCRI gene of Eucalyptus gunnii (Lacombe et al. 1997).
AtCCRI was highly expressed in the apical part of the
stem, a tissue undergoing active lignification, therefore
indicating a strong correlation between lignification and
AtCCRI gene transcription. Our study completes the
work initiated by Lauvergeat et al. 2001, which attributes
to AtCCRI a role in constitutive lignification. This gene
was also weakly expressed in the leaf blade. One part of
this expression should be correlated with the formation of
vascular tissue in secondary veins. However, it cannot be
excluded that 4¢CCR1 also participates in the formation
of lignans and/or neo-lignans involved in plant defence
(Lewis and Davin 1994).

AtCCRI1 down-regulation has a strong impact
on the phenotype

CCR-down-regulated plants were obtained using the
antisense strategy. The entire AtCCRI cDNA in an
antisense orientation was expressed under the control of
the 35S CaMV promoter, previously used in other
antisense strategies aimed at reducing monolignol bio-
synthetic gene expression (Piquemal et al. 1998; Zhong
et al. 1998; Chabannes et al. 2001b; Pingon et al. 2001).
Observation of the phenotype of homozygous antisense
transgenic plants demonstrated that 4¢CCR1 plays a
major role in normal development of Arabidopsis.
Whatever the culture conditions, the floral stems of the
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ASCCR lines were shorter than those of wild-type
plants. The height variations observed for the wild type
in different culture conditions were not followed by the
ASCCR lines. This suggests that the transformed plants
have a limitation in their growth. Recently, the identi-
fication of an ethyl methane sulfonate (EMS) 4tCCRI
null mutant (irx4) has been reported (Jones et al. 2001).
This mutant has an altered phenotype, similar to the
ASCCR lines, with collapsed xylem vessels and displays
50% residual lignin content (Jones et al. 2001). Pheno-
type comparison between irx4 and these CCR down-
regulated lines shows that in our conditions the AtCCRI1
antisense strategy is fully efficient. However, the 50%
reduction in lignin content is not in itself sufficient to
explain the dwarf phenotype associated with the low
CCR activity. Zhong et al. (1998) have shown that
antisense tobacco plants down-regulated for both cin-
namoyl-coenzyme A O-methyltransferase (CCoAOMT)
and caffeic acid O-methyltransferase (COMT), despite a
50% lignin reduction, grow normally in greenhouse
conditions. The growth defects could be explained by the
possible accumulation of free phenolics in the antisense
plants (Piquemal et al. 1998; Chabannes et al. 2001b),
having a toxic effect on the general metabolism and in-
terfering with other pathways. Such accumulation of
toxic free phenolics could account for the lower seed
viability observed in Arabidopsis, as already reported for
tobacco by Piquemal et al. (1998). The residual CCR
activity in ASCCR lines (about 20%) could be explained
by the remaining 4tCCRI expression or by other CCR-
like enzymes (Jones et al. 2001) that could metabolize
the AtCCRI1 substrate used in the in vitro assay.

AtCCR1 down-regulation has a strong impact
on lignin topochemistry

Several ASCCR lines showed phenotypic alterations
consisting of limited height and tissue disorganization in
the stems. These traits were not systematically observed
for each line over the course of stem development. Such
heterogeneity may be ascribed to an incomplete efficiency
of the antisense construct in each tissue and at each stage
of development and is correlated with a relatively high
residual CCR activity. Only two lines, ASCCR2 and
ASCCR7, presenting a low residual CCR activity (about
20%), showed a constant phenotype throughout their
development. The collapsing of the xylem vessels in these
two lines must be correlated with the general decrease in
lignin content, as this was also observed in the CCR
antisense tobacco plants (Piquemal et al. 1998) and the
irx4 mutant (Jones et al. 2001). This collapsing reveals a
mechanical weakness of the xylem cell walls relative to
the forces of pressure linked to the transport of water
through the plant. It is important to note that the irx4
mutant was identified due to its irregular xylem (Turner
and Sommerville 1997).

Lignin-specific staining evidenced a reduction in the
lignin content in xylem vessels and interfascicular fibers.

Immunolocalization of non-condensed GS lignin epi-
topes, observed in light microscopy, showed that the
normally lignified tissues (xylem and fibers) of the wild
type were not labelled in the ASCCR2 and ASCCR?7
lines. This was an indication that not only was the lignin
content in the secondary walls of vessels and fibers ab-
normally low but also that the lignin that had been
synthesized was almost devoid of non-condensed sub-
units. This observation is substantiated by the results of
thioacidolysis showing the low level of non-condensed
units in the ASCCR lines. With the resolution of TEM
at the ultrastructural level it was demonstrated that the
highly unorganized inner S2 layer in these lines is almost
negative to the labelling for non-condensed sub-unit
epitopes. Conversely, the S1 layer and the primary wall
retained an almost normal labelling, showing that the
occurrence of non-condensed substructures had not
been appreciably affected in these areas of the wall of the
transformants. Thus, lignification in the layers and sub-
layers deposited before internal-S2 is less affected by the
CCR down-regulation.

The low lignin content, together with the profound
secondary wall loosening and the concomitant absence
of non-condensed forms of lignins have already been
described as characteristic of the CCR down-regulated
transformation in tobacco (Chabannes et al. 2001a; Ruel
et al. 2001). The results obtained with the two ASCCR
Arabidopsis lines constitute additional evidence that in
the absence of non-condensed lignin, the inner S2 layer
of the secondary wall is not able to assemble in a proper
way. The involvement of non-condensed forms of lignin
during secondary wall assembly was further supported
by a topochemical analysis of lignin in developing A.
thaliana plants (Ruel et al. 2002). These results suggest
that AtCCR1 is important for lignification and assembly
of the inner secondary cell wall. The mechanisms that
control the supramolecular arrangements between lignin
and cellulose are not known, but it appears that mutants
with altered spatial patterns of wall macromolecule
distribution (Turner and Somerville 1997) are useful
tools for the study of cell wall formation and assembly.

Lignin content and structure are altered
in the CCR antisense lines and vary according
to culture conditions

A. thaliana stems possess G lignins in xylem and GS
lignins in the interfascicular fibers (Chapple et al. 1992).
Therefore, the S-to-G ratio could be in part represen-
tative of the fiber-to-xylem ratio, which seems to vary
according to growth conditions. Dry culture conditions
(CC1) induce a high accumulation of lignins in the stem
of wild-type plants. In these conditions wild-type plants
may compensate for a loss of turgor by synthesizing
more lignins in fibers (the proportion of -O-4 linked S
units is higher in CC1 than in CC2) to keep the stems
growing upright. The wild type was less lignified when
grown in CC2 conditions, which are more favorable to



limit water loss. In CC3, wild type plants developed a
stronger stem and more fibers differentiated in these
conditions than in the two others (S:G=0.46 in CC3
compared to S:G=0.37 in CC2). These results demon-
strate that lignin content and structure are correlated
with growth and development in normal plants.

Total lignin content was strongly decreased in the
ASCCR2 and ASCCRY7 lines in all culture conditions.
These data are in accordance with what was observed in
the irx4 mutant (Jones et al. 2001). The decrease in lignin
content could be directly correlated with the down-regu-
lation of CCR activity in the stems. This result demon-
strates that CCR is a limiting enzyme that regulates lignin
contentin A. thaliana. This is in agreement with the results
obtained with the CCR antisense tobacco (Piquemal et al.
1998). The highest difference in lignin content between the
wild type and the ASCCR lines was observed in CCl,
whereas in CC2 and in CC3 the differences between the
wild type and the ASCCR lines were lower. It thus appears
that phenotypic differences between the wild type
and CCR-down-regulated lines could be accentuated
under extreme culture conditions (CC1), and especially
temperature and hygrometric variations.

Lignin structure was significantly altered in the
ASCCR2 and ASCCRY7 lines whatever the culture con-
ditions. Lignins were enriched in condensed inter-unit
bonds, more specifically established at the level of G and
H units. In CC3, the S-to-G ratio in the ASCCR lines is
lower than in the wild type (higher in CC1 and CC2). This
shows that the deposition of lignins, and especially of S
units, is also impaired in the CCR down-regulated lines in
CC3. This suggests a substantial influence of culture
conditions on the rate of incorporation of S and G units
both in the wild type and CCR down-regulated plants.
The alteration of lignification was observed not only in the
stems, but also in roots. In addition, it was found that
ferulic acid was incorporated, through thioacidolysis-la-
bile bonds, into the walls of the ASCCR transformed
lines. It is very likely that ferulic acid, which builds up as a
consequence of 4*CCR1 down-regulation, participates in
lignin cross-linking together with G and H units. Incor-
poration of ferulic acid was also observed in CCR anti-
sense tobacco plants (Piquemal et al. 1998) and therefore
could be considered as a marker of CCR down-regulation.

AtCCRI down-regulation has a positive impact
on digestibility

To our knowledge, this experiment demonstrated, for
the first time, the improvement of cell wall digestibility
of plants down-regulated on a CCR gene. Due to the
important reduction in lignin content, an improvement
in digestibility could be anticipated. The increase in
IVNDFD was of the same order of magnitude as that
previously observed in mutants such as bm-3 maize
whose caffeic acid O-methyltransferase (COMT) activity
was reduced to almost zero and had a similar decrease in
lignin content (Méchin et al. 2000).
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The consequences of AtCCR1 down-regulation on
lignification in Arabidopsis thaliana are similar to those
shown in tobacco, and in the recently reported irx4 A.
thaliana mutant. Using the model plant A. thaliana will
enable us to perform a more exhaustive study of the
consequences of deregulation of the lignin pathway genes.
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