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Transgenic tobacco (Nicotiana tabacum 1.) plants in which the 
activity of 4-coumarate:coenzyme A ligase is very low contain a 
novel lignin in their xylem. Details of changes in hydroxycinnamic 
acids bound to cell walls and in the structure of the novel lignin 
were identified by base hydrolysis, alkaline nitrobenzene oxidation, 
pyrolysis-gas chromatography, and '3C-nuclear magnetic resonance 
analysis. In the brownish tissue of the transgenic plants, the levels of 
three hydroxycinnamic acids, p-coumaric, ferulic, and sinapic, 
which were bound to cell walls, were apparently increased as a 
result of down-regulation of the expression of the gene for 4-cou- 
marate:coenzyme A ligase. Some of these hydroxycinnamic acids 
were linked to cell walls via ester and ether linkages. The accumu- 
lation of hydroxycinnamic acids also induced an increase in the 
leve1 of condensed units in the novel lignin of the brownish tissue. 
Our data indicate that the behavior of some of the incorporated 
hydroxycinnamic acids resembles lignin monomers in the brownish 
tissue, and their accumulation results in dramatic changes in the 
biosynthesis of lignin in transgenic plants. 

The deposition of lignin in vascular cell walls is a key 
step in the differentiation of these cells into the functional 
elements that participate in the transport of water and in 
the structural support of plants. The biosynthesis of lignin 
has been studied extensively and the major enzymes in- 
volved in the synthesis of precursors to lignin have been 
identified (Higuchi, 1985; Lewis and Yamamoto, 1990). In 
the past decade many genes for enzymes related to the 
biosynthesis of lignin have been cloned from a variety of 
plant species, and the expression of these genes at various 
stages of lignification has been characterized (Sederoff et 
al., 1994; Whetten and Sederoff, 1995). In several recent 
studies transgenic plants carrying chimeric genes for the 
enzymes involved in lignin biosynthesis were generated 
and the altered lignins in these transformants were ana- 
lyzed (Elkind et al., 1990; Dwivedi et al., 1994; Halpin et al., 
1994; Ni et al., 1994; Atanassova et al., 1995; Doorsselaere et 
al., 1995; Hibino et al., 1995; Mcintyre et al., 1996). The 
analysis of lignins in these transgenic plants has provided 
useful information about the role of each enzyme in lignin 
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biosynthesis. The characterization of the structures of the 
lignin in such transgenic plants is also important for the 
development of new plants with lignins suitable for pulp- 
making and with fibers of enhanced digestibility (Halpin et 
al., 1994; Bernard-Vailhe et al., 1996a, 199613). 

In a recent study we produced transgenic tobacco plants 
that carried chimeric genes for 4CL, and in which the 
activity of 4CL was depressed (Kajita et al., 1996). The low 
4CL activity in these transgenic plants was due to the 
down-regulation of the endogenous gene(s) for 4CL. In 
transgenic plants with low 4CL activity the xylem tissue in 
stems was brown rather than the yellowish-white of the 
xylem tissue of control plants. Cell walls in the brownish 
tissue did not stain normally with phloroglucinol-HC1 or in 
the Maule reaction. These reactions are standard methods 
for the detection of lignin. The brownish cell walls in 
several transgenic plants that had depressed 4CL activity 
and that carried the chimeric sense-gene construct for 4CL 
had a similar response in the staining analysis. Moreover, 
levels of benzaldehydes detected after alkaline nitroben- 
zene oxidation of the CWR of plants with brownish xylem 
tissue were, without exception, lower than those of control 
plants (Kajita et al., 1996). It seemed likely, then, that the 
lignin in the brownish tissue was rich in condensed units. 

To confirm the structure of the lignin in the brownish 
tissue and to evaluate the mechanism responsible for the 
change in lignin structure, we used offspring from a typical 
transgenic plant that had been transformed with the chi- 
meric sense gene for 4CL, as well as offspring from a 
control transgenic plant. We investigated the detailed 
chemical structures of lignins in the transgenic plants by 
I3C-NMR and Py-GC, as well as by traditional oxidative 
and base hydrolytic methods for the qualitative and quan- 
titative analysis of lignins. We also monitored levels of 
H-units in the lignins of the transgenic plants, which we 
had failed to examine in our previous study (Kajita et al., 
1996). Our results indicate that many derivatives of hy- 
droxycinnamic acid are linked via ester and I or ether bonds 

Abbreviations: 4CL, 4-coumarate:CoA ligase; CWR, cell wall 
residue; G-unit, guaiacyl unit; H-unit, p-hydroxyphenyl unit; MTL, 
milled tobacco lignin; ppm, parts per million; Py-GC, pyrolysis- 
GC; S-unit, syringyl unit. 
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to the cell wall fraction, and that the novel lignin has 
elevated levels'of condensed units as a result of the in- 
crease in levels of accumulated hydroxycinnamic acids. 

MATERIALS A N D  METHODS 

We used offspring derived from two different transgenic 
tobacco (Nicotiuna tubacum L.) plants (Kajita et al., 1996), 
one (designated S4 in the previous report) that had been 
transformed with the binary vector pSNT4CL, which in- 
cluded a chimeric gene for 4CL in the T-DNA region, and 
one (control; designated C1 in the previous report) that had 
been transformed with pBI121DG, which included only a 
gene construct for resistance to kanamycin in the same 
region. The S4 plant and its offspring had brownish xylem 
tissue that included novel lignin, and depressed 4CL activ- 
ity as a result of the down-regulation of the endogenous 
gene for 4CL. 

The second generations (T,) produced from selfed seeds 
of the S4 and C1 plants were selected on kanamycin- 
containing medium (300 mg L-'), and kanamycin-resistant 
plants (20 plants per mother plant) were chosen for exper- 
iments. The existence of the relevant gene construct in each 
offspring was confirmed by PCR with the total DNA from 
each plant. Offspring from each plant were used in further 
experiments after cultivation for 5 months. 

Preparation of CWR 

The brownish regions of the xylem tissue from stems of 
S4 offspring were carefully separated from the noncolored 
tissue and combined. The sample of the brownish tissue 
was dried and ground until it could pass through 100-mesh 
(150 pm in diameter). The milled sample was extracted 
successively with a mixture of toluene and ethanol (2:1, 
v /v )  for 10 h, with ethanol for 10 h, and with hot water for 
6 h in a Soxhlet extractor. The extract-free powder (CWR) 
was dried again under a vacuum for 3 weeks and used for 
analysis. The reference sample from control tissue was 
prepared in the same way as that from offspring of the C1 
plant. 

Determination of Lignin Content 

The lignin content of the CWR was determined by the 
Klason method and the acetyl bromide procedure. Two 
parallel experiments were performed using each method. 
For determination by the Klason method, the CWR (500 
mg) was treated with 72% sulfuric acid at 20°C for 4 h. The 
sample was then diluted with water to a sulfuric acid 
concentration of 3% and boiled for 4 h. After filtration 
through a glass filter, washing with hot water, and heating 
in an oven at 105°C overnight, the acid-insoluble residue 
(Klason lignin) was weighed. For determination by the 
acetyl bromide procedure, the CWR (5 mg) was digested 
with 2.5 mL of a mixture of acetyl bromide and acetic acid 
(25:75, w / w) plus 0.1 mL of 70% perchloric acid at 70°C for 
30 min. The solution was then cooled and transferred to a 
volumetric flask (50 mL) that contained 10 mL of 2 N 

sodium hydroxide and 12 mL of acetic acid. The solution 

was made up to 50 mL with acetic acid. A blank sample 
was prepared from the same solution without the CWR. 
The UV absorption spectrum of the solution was recorded 
against the blank solution. The amount of lignin was de- 
termined from the AZsO and a specific absorption coefficient 
of 20 L g-' cm-' (Iiyama and Wallis, 1990). 

Analysis by Alkaline Nitrobenzene Oxidation 

The CWR (20 mg) was subjected to analysis by alkaline 
nitrobenzene oxidation as described previously (Kajita et al., 
1996). The products after oxidation of the sample were sily- 
lated and analyzed by GC (model G1800A, Hewlett- 
Packard) on a capillary column (DB-1, J&W Scientific, Fol- 
som, CA) with an electron ionization detector. The column 
temperature was 200°C initially and after 5 min was in- 
creased to a final temperature of 270°C at a rate of 5°C 
min-'. The products were identified from their mass spectra 
and quantitated by reference to a calibration curve prepared 
from the results of analysis of authentic compounds. Each 
sample was analyzed in three parallel experiments. 

Analysis of Alkali-Labile Hydroxycinnamic Acids 

Levels of hydroxycinnamic acids linked to cell walls via 
ester and/or ether linkages were measured in duplicate for 
each sample by hydrolysis and subsequent analysis by GC. 

The CWR (300 mg) was treated with 20 mL of 1 N sodium 
hydroxide at 20°C for 24 h or 7 mL of 4 N sodium hydrox- 
ide at 170°C for 2 h. After removal by filtration of the 
residue the solution was acidified with 1 N hydrochloric 
acid and saturated with sodium chloride. The solution was 
then extracted three times with diethylether and the ether- 
soluble fraction was recovered. This fraction was dehy- 
drated with anhydrous sodium sulfate overnight. The so- 
lution was evaporated to dryness and the residue was 
dissolved in 1 mL of pyridine. The silylated sample was 
analyzed by GC on a capillary column (model HP-5, 
Hewlett-Packard). The column temperature was 100°C ini- 
tially and after 5 min was increased to a final temperature 
of 270°C at a rate of 10°C min-l. Identification of the 
products was performed as described above. 

Py-GC 

The analysis was performed as described by Izumi et al. 
(1995). The CWR (200 pg) was pyrolyzed in a Curie-point 
pyrolyzer (JHP-3, Japan Analytical Industry Co., Ltd., To- 
kyo, Japan) at 500°C for 4 s. The products of pyrolysis were 
transferred to a gas chromatograph (model GC-l4A, 
Shimazu Co., Kyoto, Japan) with a stainless-steel capillary 
column (Ultra Alloy-8 h-1, Hitachi Co., Tokyo, Japan). The 
temperature of the column was initially kept at 50°C for 1 
min and was then increased to a final temperature of 280°C 
at a rate of 5°C min-l. The levels of G- and S-type products 
were estimated from the response factors for each product, 
as reported by Izumi et al. (1995). 

Preparation of MTL and 13C-NMR Spectroscopy 

MTLs were isolated from the brownish tissue and control 
tissue using a procedure described by Bjorkman (1956), 
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with slight modifications. The CWR (10 g of each sample) 
was milled in a ball-mil1 apparatus with toluene for 96 h. 
The lignin was extracted with a mixture of dioxane and 
water (96:4, v /v)  for 1 week. After extraction, the solution 
was concentrated, and then this concentrated solution was 
added dropwise to 20 times its volume of diethylether. The 
resultant precipitate was dissolved in acetic acid (90%) and 
the solution was added to 20 times its volume of water. The 
precipitated MTL was recovered by centrifugation and 
dried under a vacuum for 3 d. For further purification, 
MTL was dissolved in a mixture of dichloroethane and 
ethanol(2:1, v /v )  and the solution was added dropwise to 
20 times its volume of diethylether. The precipitated MTL 
was washed three times with diethylether and dried under 
a vacuum for 1 week. 

The 13C-NMR spectrum of MTL was recorded at 303K 
from 100 mg of the sample of MTL that had been dis- 
solved in DMSO-d, with a spectrometer (62.89 MHz; 
model AC-250P, Bruker Japan Co., Ltd., Tsukuba, Japan). 
A pulse-repetition time of 2.0 s with a flipping angle of 45" 
was used, with 60,000 scans. Trimethylchlorosilane (1% of 
solvent) was used as the interna1 standard and a11 chem- 
ical shifts are given downfield from the signal due to 
trimethylchlorosilane. 

RESULTS 

Quantitation of Lignin 

Prior to a11 experiments we measured the density of the 
CWR from the offspring of the S4 and C1 plants. The 
density of CWR from the brownish tissue was 1.45 2 0.09 
g crn--? and that of the control sample was 1.23 ? 0.13 g 
cm- . 

The lignin content of the CWR of the brownish tissue in 
offspring of the S4 plant and that of the control tissue in 
offspring of the C1 plant were measured by the Klason and 
acetyl bromide methods (Table I). Using the Klason 
method we determined that the amount of lignin in the 
brownish tissue was 19.9 t 0.8% (w/w) of the CWR and 
that in the control tissue it was 22.8 ? 1.1%. By contrast, the 
amount in the brownish tissue was determined to be 20.3 2 
0.1%, whereas that in the control was 23.4 +- 0.2% by the 
acetyl bromide method. 

Analysis by Alkaline Nitrobenzene Oxidation 

Analysis by nitrobenzene oxidation was performed 
to determine the monomeric composition of lignin in 
each sample (Table I). In such oxidation analysis, 
p-hydroxybenzaldehyde, vanillin, and syringaldehyde are 
derived from H-, G-, and S-units, respectively, in the 
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noncondensed fraction of lignin. The three benzaldehydes 
were detected in both the brownish and the control sam- 
ples from transgenic tobacco plants. However, the levels 
of the respective aldehydes were very different from each 
other. The level of p-hydroxybenzaldehyde per unit of 
lignin from the treated sample of the brownish tissue was 
about three times higher than that from the control sam- 
ple (Table I). This result suggests that in the brownish 
tissue, the level of H-units in the noncondensed lignin 
fraction was increased by the reduction in the level of 
expression of the gene for 4CL. By contrast, the levels of 
the other two aldehydes were dramatically reduced in the 
brownish tissue. The ratio of the amount of syringalde- 
hyde to that of vanillin (the S / V  ratio) in the brownish 
tissue and in the control tissue was 0.6 and 1.0, respec- 
tively. Moreover, the total level of aldehydes detected in 
the analysis of the brownish tissue was about 40% of that 
of the control tissue. 

Analysis of Alkali-Labile Cinnamic Acids 

Hydroxycinnamic acid derivatives, linked via ester 
and/or ether linkages to cell walls, were released by alka- 
line hydrolysis and analyzed by GC (Table 11). During 
hydrolysis at 20°C, ester-linked hydroxycinnamic acids 
should be removed from cell walls, whereas treatment with 
4 N NaOH at 170°C should release both ester- and ether- 
linked hydroxycinnamic acids (Lam et al., 1992). In the 
control tissue ferulic acid and a trace of p-coumaric acid 
were detected after alkaline treatment at'20"C. However, 
no sinapic acid was detected in the analysis of the CWR of 
the control sample. By contrast, these three hydroxycin- 
namic acids were recovered from the CWR of the brownish 
tissue after the same treatment. The level of each hydroxy- 
cinnamic acid in the brownish tissue was much higher than 
that in the control tissue. A high level of hydroxycinnamic 
acids was also detected in the brownish tissue after hydro- 
lysis at 170°C. These data indicate that levels of ester- and 
ether-linked hydroxycinnamic acids were considerably el- 
evated in the brownish tissue. The respective levels of 
vanillic and syringic acids detected after hydrolysis at 
170°C of the brownish and the control samples were not 
very different. However, the level of p-hydroxybenzoic 
acid from the brownish sample was slightly higher than 
that from the control (results not shown). 

Characterization of Lignin by Py-CC 

Characterization of the chemical structure of lignin in 
each type of tissue was also performed by Py-GC. Figure 1 
and Table I11 show the chromatograms of the products of 

Table 1. Chemical analysis of lignins in cell wall residue prepared from offspring of each transgenic plant 
Lignin Content Benzaldehydes 

Origin S / V  Ratio 
Klason Ac-Br H V S Total value 

% CWR pmol g- Klason lignin 

c1 22.8 2 1.1 23.4 ? 0.2 90.9 2 4.3 934.3 2 9.0 979.2 2 2.2 2004 1 .O5 
54 19.9 2 0.8 20.3 2 0.1 288.0 ? 3.4 311.7 2 9.4 186.9 5 1.6 785 0.60 
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Table 11. Levels of cinnamic acid derivatives linked to cell walls in offspring from each transgenic plant 

CA, p-Coumaric acid; FA, ferulic acid; SA, sinapic acid. 
1 N NaOH at 20°C 4 N NaOH at 170°C 

Origin Residue" 
CA FA SA CA FA SA 

~~ 

nmol g-' CWR % (w/w) 
c 1  Trace 221 I 3  N D ~  Trace 620 ? 30 Trace 67.7 ? 0.8 
s4 1276 +- 15 2783 2 52 500 -+ 5 1999 +- 92 5316 & 160 1115 5 11 62.6 5 1.4 

a Residue after hydrolysis of the sample at 20°C. ND, Not detected. 

pyrolysis and the amounts of the products from each tis- 
sue, respectively. We identified 3 products that were de- 
rived from H-units, 11 from G-units, and 9 from S-units of 
noncondensed lignins. 

We noted some differences between the pyrograms of 
the brownish and control tissues. First, high levels of 
4-vinylphenol and 4-vinylguaiacol were detected among 
the products of pyrolysis of CWR from the brownish tissue. 

Figure 1. Pyrograms obtained by Py-GC analy- 
sis of control (A) and brownish (B) tissues from 
the offspring of the C1 and S4 plants, respec- 
tively. The numbering of peaks corresponds to 
the numbering of the chemical compounds in 
Table 111. FID, Flame ionization detector. 

These compounds could have originated from p-coumaric 
acid and ferulic acid, respectively, bound to lignin via ester 
and / or ether bonds (Scheijen and Boon, 1991; Kuroda et al., 
1995). Other possible sources of these products are deriv- 
atives of hydroxycinnamic acid in fatty acids that are 
bound to cell walls (e.g. cutin or suberin; Tegelaar et al., 
1989). Second, the levels of trans-isoeugenol and trans-4- 
propenylsyringol in the pyrogram of the brownish tissue 

A 

m 

20 40 (min) 

B 

P i 

20 40 (min) 
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Table 111. Results of PyGC of CWR from the offspring of the Cl  and 54 plants 

Productb - Peak  NO.^ Twe 
Amount 

c1 s4 

Rel a t i ve 
ValueC 

pV 5 - 1  % (w/w) 

1 H Phenol 970,304 620,449 n.d.d 
2 H 4-Methylphenol 88,017 171,038 n.d. 
5 H 4-Vinylphenol Trace 334,459 n.d. 

3 G Guaiacol 42 44 105 
4 G 4-Methylguaiacol 21 13 62 
6 G 4-Vinylguaiacol 80 141 176 

9 C Vanillin 39 41 105 
10 G cis-lsoeugenol 12  6 50 
1 2  G trans-lsoeugenol 62 16 26 
13 C Acetoguaiacone 37 17 46 
15 C Propioguaiacone 14  Trace n.d. 
19 G Coniferaldehyde 43 6 ' 14 
20 G trans-Coniferyl alcohol 125 14 11  
7 S Syringol 45 26 58 

11  S 4-Methylsyringol 57 20 35 
14 S 4-Vinylsyringol 64 28 44 
16 S Syringaldehyde 51 12  24 
1 7  S cis-4-Propenylsyri ngol 16 Trace n.d. 
18 S trans-4-Propenyl-syringol 44 9 20 
21 S Propiosyringone 7 Trace n.d. 
22 S Sinapaldehyde 66 8 12  
23 S trans-Sinapyl alcohol 99 24 24 

pmol g- lignin 

8 G Eugenol 1 o1 49 49 

a We identified 23 peaks of products that were markers of lignin after pyrolysis of cel l  wall resi- 
Products of G- and S-types were quantitated with the response factors reported by lzumi et al. 

n.d., Not 
dues. 
(1 995). 
determi ned. 

Amount of product from the brownish tissue relative to that from the control. 

were relatively low compared with levels in the control. 
Some of these products might have been derived from 
trans-coniferyl alcohol and trans-sinapyl alcohol residues, 
respectively, in lignin (Faix et al., 1992). Third, the levels of 
cinnamyl alcohols and aldehydes detected among the 
products of pyrolysis of the brownish tissue were also low 
relative to those of the control. These products might have 
been partially derived from lignin units with P-O-4-type 
bonds (Van der Hage et al., 1993). Finally, the sum of the 
products of pyrolysis of the brownish tissue was lower 
than that of the control. In particular, the leve1 of S-type 
products from the brownish tissue was more severely re- 
duced than levels of H- and G-type products. 

lsolation of MTL from the Xylem Tissue of 
Transgenic Tobacco 

MTL was isolated as described by Bjorkman (1956), with 
slight modifications. In our first attempt at the isolation of 
MTL, we failed to obtain purified MTL from the brownish 
tissue by the standard procedure. This failure was due to 
the existence of large amounts of fatty acid derivatives in 
the CWR of the brownish tissue (S. Kajita, S. Hishiyama, Y. 
Tomimura, Y. Katayama, S. Omori, unpublished results). 
Thus, as a first step in the isolation of MTL we removed 
fatty acids by extraction with diethylether. 

The purified MTL was isolated by our modified version 
of Bjorkman's method from the control and the brownish 
tissues and accounted for 9.64 and 6.03% (w/w) of the 
Klason lignin in each tissue, respectively. Contamination of 
the MTL by small amounts of protein (the nitrogen in both 
samples of MTL was approximately 0.4% [w/w]) was re- 
vealed by analysis with a nitrogen analyzer. 

I 3C-NMR Analysis of MTL 

The purified MTLs were analyzed by I3C-NMR spectros- 
copy (Fig. 2). Data in the literature for isolated lignin, 
obtained with the same solvent (DMSO-d,) at a similar 
temperature, were used for assignment of signals (Him- 
melsbach and Barton, 1980; Scalbert et al., 1986; Robert, 
1992; Pan et al., 1994; Tai et al., 1995; Bernard-Vailhe et al., 
1996). 

The NMR spectrum of the MTL from the control tissue 
(Fig. 2A) indicated that the lignin in wild-type tobacco was 
composed of H-, G-, and S-units, as is widely the case in 
angiosperms. This result was confirmed by signals for 
C3/C5 in S-units (153 ppm, no. 4), C2/C6 in H-units (129 
ppm, no. 9), C6 in G-units (119 ppm, no. ll), C5 in G-units, 
C3/C5 in H-units (115 ppm, no. 12), C2 in G-units (111 
ppm, no. 13), and C2/C6 in S-units (106 and 104 ppm, nos. 
14 and 15). In addition to these peaks, signals derived from 
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A Figure 2. 13C-NMR spectra of MTLs from the 
control (A) and brownish (6) tissues derived 
from the  offspring of the C1 and S4 plants, re- 
spectively. See text for full details. S, Solvent. 

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 

PPm 

B 

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 

PPm 

interunit linkages for C2 in a p-p linkage (103 ppm, no. 16), 
Ca in a p-5 linkage (87 ppm, no. 17), Cp in a p-0-4 linkage 
(83-86 ppm, nos. 18-20), Ca and CP in a p-0-4 linkage (72 
ppm, no. 21), C y  in p-5 and P-0-4 linkages (63 ppm, no. 22), 
and Cy in P-0-4 linkage (60-61 ppm, nos. 23 and 24) were 
observed in the spectrum of the MTL from the control. The 

strongest peak was located at 56 ppm (no. 25), representing 
the carbon atoms of the methoxy groups in the G- and 
S-units. A signal corresponding to cinnamyl aldehydes (no. 
1) was also observed in the spectrum of the control MTL. 

Relative to the signals in the spectrum of the control 
MTL, the signal (no. 9 )  for C2/C6 in H-units and the signal 
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(no. 12) for C5 in G- and C3/ C5 in H-units were apparently 
stronger in that of MTL from the brownish tissue (Fig. 2B). 
Moreover, the signal (no. 2) for Cy in esterified hydroxy- 
cinnamic acids was also relatively strong in the spectrum of 
the brownish tissue. These signals could have been derived 
from esterified p-coumaric and ferulic acids that accumu- 
lated in the MTL of the brownish tissue, as indicated by the 
results of hydrolysis and Py-GC. Furthermore, the intensi- 
ties of the signals for noncondensed interunit linkages, 
derived mainly from P-O-4-type bonds (nos. 18-20), were 
relatively low in the spectrum of the brownish tissue. The 
signal for cinnamyl aldehyde units (no. 1) was also weak in 
the spectrum of the MTL from the brownish tissue com- 
pared with that from the control. 

DlSCUSSlON 

We reported previously that brownish and normal- 
colored xylem tissues were presented in transgenic plants 
with the chimeric gene for 4CL (Kajita et al., 1996). The 
brownish tissue that included a novel lignin was observed 
specifically in transgenic plants with very low 4CL activity, 
not in control plants or in plants with a chimeric gene in 
which the activity of 4CL was normal (Kajita et al., 1996). 
This result indicates that alterations in lignin biosynthesis 
in the brownish tissues were strongly dependent on the 
down-regulation of 4CL in the transgenic plants. In a recent 
study we showed that down-regulation of 4CL occurred 
specifically in the brownish tissue and not in the normal- 
colored tissue in the plants with low 4CL activity by im- 
munohistochemical analysis with antiserum raised against 
4CL (S. Kajita, Y. Mashino, N. Nishikubo, Y. Katayama, and 
S. Omori, unpublished results). Thus, it seems appropriate 
that the chemical analysis of lignins in transgenic plants 
with very low 4CL activity should be performed using only 
the brownish tissue from such plants. To evaluate the 
relationship between down-regulation of 4CL and alter- 
ations in lignin, in this study we used CWR from the 
brownish tissues of offspring derived from the S4 plant, in 
which the activity of 4CL was depressed, as well as CWR 
from control plants. 

Our structural analysis revealed significant differences 
between the lignin in the brownish tissue and that in the 
control tissue. It appeared that in the brownish tissue of the 
transgenic plants derivatives of hydroxycinnamic acid, 
p-coumaric, ferulic, and sinapic acids accumulated as a 
result of the inhibition of 4CL activity, and it seems likely 
that these derivatives were incorporated into the cell wall 
fraction. The results of hydrolytic analyses also indicated 
that the composition of hydroxycinnamic acids linked to 
cell walls via ester and/or ether linkages was dramatically 
altered in the brownish tissue. Moreover, the NMR spectra 
of MTLs also indicated that these hydroxycinnamic acids 
were linked to a novel lignin fraction in the brownish 
tissues. It appeared that hydroxycinnamic acids were in- 
corporated into cell walls, where they might play impor- 
tant roles in cross-linking between different polysacchar- 
ides and / or between polysaccharides and lignin, as 
observed in other plant species (Ishii, 1991; Lam et al., 1992; 

Ishii and Tobita, 1993; Ralph et al., 1995). Thus, the abnor- 
mal accumulation of hydroxycinnamic acids might lead to 
alterations in linkages between components of the cell wall. 
The observed increase of density of the CWR from the 
brownish tissue seems to support this hypothesis. 

The results of alkaline nitrobenzene oxidation and 
Py-GC indicated that high levels of condensed units were 
present in the brownish tissue, since the levels of products 
after each treatment were relatively low, as was also sug- 
gested in a previous report (Kajita et al., 1996). The yields 
of products in both types of analysis were strongly depen- 
dent on the number of condensed units in lignin (Yasuda 
and Sakakibara, 1975; Kuroda et al., 1994). Furthermore, 
the low yield of the MTL from the brownish tissue also 
indicated a high leve1 of condensed units in the lignin of 
the brownish tissue. The yield of milled lignin from com- 
pression wood, which included large amounts of con- 
densed lignin, was reported by Yasuda and Sakakibara 
(1975) to be lower than that from normal wood. In the 
NMR spectrum of condensed lignin, the intensity of the 
signals due to p-0-4 linkages is low, as was also observed 
in the spectrum of the novel lignin from the brownish 
tissue. Increased levels of the condensed lignin in the 
brownish tissue might be due to the H- and/or G-units, 
which can form condensed linkages at C3 and/or C5 po- 
sitions in aromatic rings more easily than S-units. Accumu- 
lated p-coumaric and ferulic acids in the brownish tissue 
might contribute to the formation of condensed lignin, 
since free hydroxycinnamic acids and glycosidic esters of 
hydroxycinnamic acids might be incorporated into lignin 
macromolecules through copolymerization with lignin 
monomers (Ralph et al., 1992; Ralph and Helm, 1993; 
Iiyama et al., 1994). 

If hydroxycinnamic acids that accumulated in the 
brownish tissue were incorporated mainly into lignin via 
ester bonds, as has been observed in other plants, the 
hydroxycinnamic acids should be recoverable as benzalde- 
hydes after alkaline nitrobenzene oxidation, and signals 
due to carbon atoms in hydroxycinnamic acids are very 
simple to detect in NMR spectra (Shimada et al., 1971; 
Himmelsbach and Barton, 1980; Scalbert et al., 1986; Fer- 
nandez et al., 1990; Ralph et al., 1994). However, the yield 
of benzaldehydes from the brownish tissue was very low 
compared with that from the control tissue in the analysis 
by alkaline nitrobenzene oxidation (Table I). Furthermore, 
signals for C4 (159 ppm) and Ca (145 ppm) of p-coumaric 
acid could not be assigned in the NMR spectrum of the 
novel lignin from the brownish tissue (Fig. 2). These data 
suggest that some of the accumulated hydroxycinnamic 
acids had been incorporated into the novel lignin with 
various linkages and that they contributed to the formation 
of the condensed novel lignin in the brownish tissue. 

Recently, Lee and Douglas (1996) reported that in wild- 
type tobacco plants the rate of conversion of sinapic acid to 
sinapoyl-COA was quite low compared with that of 
p-coumaric or ferulic acids to the corresponding COA es- 
ters. They also reported that recombinant proteins pro- 
duced in Esckericha cozi from isolated cDNAs for tobacco 
4CL failed to recognize sinapic acid as a substrate. More- 
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over, Kutsuki e t  al. (1982) suggested that sinapoyl-COA or 
sinapaldehyde might  not be synthesized from sinapic acid 
i n  severa1 angiosperms that have S-type lignins, since the 
sinapate:CoA ligase activity was  not detected in  these 
plants. In a novel biosynthetic pathway for lignin mono- 
mers suggested by Higuchi (1985) and  Ye et  al. (1994), 
sinapoyl-COA is  also synthesized from 5-hydroxyferuloyl- 
COA. Our studies revealed that the leve1 of S-units i n  the 
novel lignin of the brownish tissue was  quite low relative 
to that i n  the control, indicating that suppression of the 
synthesis of S-type monomers h a d  occurred i n  the brown- 
ish tissue. Our data  and observations i n  previous studies 
suggest that  the activation with COA of hydroxycinnamic 
acids is necessary for the effective biosynthesis of S-type 
monomers. 

O u r  present data  were obtained from the offspring of 
only t w o  independent  transgenic plants. Thus, it is possible 
that changes i n  lignin structure i n  the brownish tissue were 
specific to  the present cases and that down-regulation of 
4CL might  not  be related to  alterations i n  lignin i n  other 
transgenic lines. However, brownish tissue that included 
novel lignin was observed specifically i n  transgenic plants 
with very low 4CL activity without  exception (Kajita e t  al., 
1996). Thus, it seems likely that the change i n  lignin struc- 
ture  in  the brownish tissue was indeed due to down- 
regulation of 4CL i n  the tissue. Our present data  remain to  
be  confirmed with multiple transgenic lines derived from a 
number  of independent transformants. 
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