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Abstract In the context of our research on cell wall
formation and maturation in flax (Linum usitatissimum
L) bast fibers, we (1) confirmed the presence of lignin in
bast fibers and (2) quantified and characterized the
chemical nature of this lignin at two developmental
stages. Histochemical methods (Weisner and Maüle re-
agents and KMnO4-staining) indicating the presence of
lignin in bast fibers at the light and electron microscope
levels were confirmed by chemical analyses (acetyl bro-
mide). In general, the lignin content in flax bast fibers
varied between 1.5% and 4.2% of the dry cell wall res-
idues (CWRs) as compared to values varying between
23.7% and 31.4% in flax xylem tissues. Immunological
and chemical analyses (thioacidolysis and nitrobenzene
oxidation) indicated that both flax xylem- and bast fiber-
lignins were rich in guaiacyl (G) units with S/G values
inferior to 0.5. In bast fibers, the highly sensitive
immunological probes allowed the detection of con-
densed guaiacyl-type (G) lignins in the middle lamella,
cell wall junctions, and in the S1 layer of the secondary
wall. In addition, lower quantities of mixed guaiacyl–
syringyl (GS) lignins could be detected throughout the
secondary cell wall. Chemical analyses suggested that
flax bast-fiber lignin is more condensed than the corre-
sponding xylem lignin. In addition, H units represented
up to 25% of the monomers released from bast-fiber
lignin as opposed to a value of 1% for the corresponding
xylem tissue. Such an observation indicates that the
structure of flax bast-fiber lignin is significantly different

from that of the more typical ‘woody plant lignin’,
thereby suggesting that flax bast fibers represent an
interesting system for studying an unusual lignification
process.
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protein Æ H: p-hydroxyphenyl unit Æ HPLC: High
pressure liquid chromatography Æ S: Syringyl unit Æ
TEM: Transmission electron microscopy

Introduction

Flax (Linum usitatissimum L.) is an economically
important fiber crop. The cellulose fibers (bast fibers) of
this plant are characterized by a number of physico-
chemical and mechanical properties of importance in the
textile and composite polymer industries (Baley 2002).
Bast fibers are located in the stem cortex between the
epidermis and the xylem core and are considered as
primary sclerenchyma phloem fibers. At maturity, indi-
vidual fiber cells with a thick secondary wall and ex-
tremely reduced lumen can reach 150 mm in length with
a diameter of 15–25 lm.

The physical properties of flax fibers are determined
not only by the chemical and structural properties of
the different cell wall polymers, but also by their spatial
organization within the cell wall and by the interactions
between different polymers. Cellulose, the main struc-
tural component of flax fibers, is thought to play a
predominant role in determining the mechanical prop-
erties of the fiber cell wall, but other components of the
cell wall might also contribute to these properties
(Girault et al. 1997).

Individual bast fibers (elementary fibers) are ‘glued
together’ at their middle lamella with ‘a pectin-rich
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cementing material’ to form bundles orientated in par-
allel to the longitudinal axis of the stem. The ease with
which elementary fibers can be separated depends upon
the chemical nature of the ‘cementing material’ in the
common middle lamella between cells (Girault et al.
2000). In flax fibers, it has been suggested that the
presence of various ‘phenolic compounds’ reinforces the
cementing material of the middle lamella. As a result,
the middle lamella is more resistant to microbial deg-
radation during the retting stage and fiber separation
becomes more difficult (Sharma et al. 1999). While it
seems likely that the presence of phenolic compounds
has a negative effect on fiber bundle dissociation, the
exact chemical nature of these substances has not yet
been confirmed.

For example, some workers consider that the phe-
nolic compounds in question are lignins (McDougall
1992; Akin et al. 1996; Gorshkova et al. 2000) whereas
others suggest that they are composed of diverse aro-
matic molecules such as flavonoids, anthocyanins or
cinnamic acids (Love et al. 1994; Gamble et al. 2000;
Morrison et al. 2003). The uncertainty surrounding the
chemical nature of flax fiber phenolics can be partly
explained by the fact that they are generally present in
low amounts (0.5–7.0%) as compared with the much
higher amounts found in xylem tissues (Gorshkova et al.
2000; Kotelnikova et al. 2000).

Generally, there is a lack of detailed information
about the nature of phenolic compounds in the bast fi-
bers of different annual plants. Such a paucity of
information is in contrast to studies on woody plants,
where abundant chemical information on the lignin
present in xylem tissue is available (Monties 1989).
Lignin itself is a highly complex polymer composed of
hydroxycinnamyl alcohols or ‘monolignols’ [the phe-
nylpropane units p-hydroxyphenyl-propane (H), guaia-
cyl (G) and syringyl (S)] and displays a large diversity
depending upon the plant species, cell type, and envi-
ronmental factors. Monolignols are interconnected by a
variety of ether (carbon–oxygen) and carbon–carbon
bonds that are usually classified into condensed linkages,
such as biphenyl, biphenyl ethers, and non condensed
linkages including alkyl–aryl ether linkages (b-O-4 and
a-O-4; Monties 1989).

Since the presence of lignin and/or phenolic com-
pounds in flax bast fibers appears to be negatively
correlated with fiber separation, the chemical charac-
terization of such compounds represents an important
first step toward the improvement of fiber quality
during processing, also relevant for textile application.
The aim of this study was therefore to characterize in
detail the nature of the phenolic compounds associ-
ated with bast fibers, as well as providing information
on their distribution within the fiber cell wall. As we
also wished to know whether these phenolic com-
pounds are characteristic of bast fibers, or of the flax
plant itself, we decided to analyze the lignin and other
phenolic compounds in the xylem tissue of the flax
stem.

Materials and methods

Plant material

Flax plants (Linum usitatissimum L.); fiber cultivar her-
mes; were sown in March 2000 and grown under field
conditions at Dunkerque (Nord, France) by professional
flax producers (Institut Technique du Lin, Paris). The
plants analyzed were randomly harvested at two devel-
opmental stages: (1) flowering (10-week-old plants,
approximately 85 cm in height, 50% of flowers open)
and (2) seed maturation (14-week-old plants, approxi-
mately 85 cm in height, yellowing capsules). These two
stages were chosen, since flax plants are typically har-
vested after flowering, but before seed maturation.
Following elimination of the first 10 cm of the stem
above ground level, two further 10-cm regions were
isolated for study: the ‘basal region’ (the next 10 cm at
the basal end of the stem) and the ‘apical region’ (the
10 cm region under the first floral branch point). For
chemical analyses, the stem samples were separated by
peeling into: (1) bast fiber-rich strips (‘outer tissues’, also
containing phloem, epidermis and cortical parenchyma
accounting for approximately 20% total tissue) and (2)
xylem-rich cores (‘inner tissues’, also containing pith
tissue accounting for approximately 5% total tissue).

Histochemical analyses of flax stem samples

Freshfree-handtransversesectionswerecut fromthebasal
regions of flax stems and the presence of lignin was deter-
mined by staining with the Weisner reagent (phloroglu-
cinol–HCl) (Clifford1974) thatgivesaredcoloration inthe
presence of lignin cinnamaldehyde groups, or the Maüle
reagent (Meshitsuka and Nakano 1979), which gives a
purple red coloration with syringyl lignin. Observations
weremadeusingaNikonEclipemicroscope(modelTS100)
andNikonCoolpix camera system (model E-950).

Transmission Electron Microscopy (TEM) procedures

Fixation and embedding

Small transverse slices of basal regions (1 mm in thick-
ness) of flax stems, obtained by free-hand sectioning,
were fixed in a freshly prepared mixture of 0.2% glu-
taraldehyde (v/v), 2% para-formaldehyde (w/v) in
0.05 M phosphate buffer (pH 7.0–7.2). After rinsing in
phosphate buffer, samples were dehydrated in a graded
ethanol series and embedded in LR White resin (hard
mixture, TAAB) and polymerized 24 h at 50�C as pre-
viously described (Joseleau and Ruel 1997).

Potassium permanganate labeling

Free-hand transverse sections of basal regions (1 mm in
thickness) of flax stems were fixed in a freshly-prepared
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mixture of 5% KMnO4 (Kerr and Goring 1975). Sam-
ples were then vacuum-incubated for 90 min at room
temperature and then rinsed in water (5 min) followed
by four rinses (15 min each) under vacuum. Observa-
tions were performed with a Philips CM 200 Cryoelec-
tron microscope operating at 80 kV.

Immunocytochemical labeling

Three polyclonal antibodies raised against synthetic
lignin dehydropolymers (DHPs) were prepared and used
as antisera as described previously (Ruel et al. 1994;
Joseleau and Ruel 1997): (1) Anti-Gzl (directed against
guaiacyl (G) lignin homopolymer with condensed in-
terunit bonds), (2) Anti-GSzl (directed against mixed
guaiacyl/syringyl (GS) lignin polymer with condensed
interunit bonds) and (3) Anti-GSzt (directed against
mixed guaiacyl/syringyl (GS) lignin polymer with non-
condensed interunits bonds).

Immunolabeling for TEM was done on ultrathin
transverse sections (50 nm) of basal regions of flax stems
as previously described (Ruel et al. 2002), and observa-
tions were performed at 80 kV with a Philips CM 200
Cryoelectron microscope. In order to maintain the same
experimental parameters, comparative immunolabeling
experiments were carried out in parallel. The pre-im-
mune serum for each antibody was assayed under the
same conditions used for immunolabeling.

Cell wall residue preparation

Outer or inner tissues from flax stem regions were
ground to a fine powder in liquid nitrogen with a mortar
and pestle. Compounds that were not covalently bound
were sequentially removed from the ground samples by
successive extraction with 80% ethanol at room tem-
perature. The obtained material was called Cell Wall
Residue (CWR).

Lignin content determinations

CWR lignin content was estimated by a spectrophoto-
metric procedure using acetyl bromide (Iiyama and
Wallis 1990) and by the Klason procedure (Effland 1977)
as modified by Monties (1984). Data were analyzed by
analysis of variance (ANOVA, Minitab programme)
and differences were considered as significant at the 5%
level (P £ 0.05).

Lignin characterization

Lignin characterization was performed using thioacid-
olysis and alkaline nitrobenzene oxidation that disrupt
the noncondensed intermonomer linkages (alkyl–aryl
ether). Nitrobenzene oxidation cuts the propane side
chains giving rise to C6–C1 aldehydes, whereas,

thioacidolysis maintains the phenylpropane structure
intact and gives rise to trithioether derivatives. Data
were analyzed by analysis of variance (ANOVA, Mini-
tab programme) and differences were considered as
significant at the 5% level (P £ 0.05).

Thioacidolysis

The thioacidolysis reaction was performed in triplicate
on 10 mg of CWR at 100�C using ethanethiol/BF3eth-
erate/dioxane reagent as detailed previously (Vallet et al.
1996). After 4-h reaction, the mixture was diluted with
water containing tetracosane as an internal standard and
extracted with dichloromethane. Guaiacyl (G) and sy-
ringyl (S) thioethylated monomers were analyzed as
their trimethylsilyl derivatives using a gas chromato-
graph, equipped with a fused silica capillary DB1 col-
umn (30 m · 0.3 mm) and flame ionisation detector.
The temperature gradient was 160–280�C at 2�C min
(Vallet et al. 1996). Measurements were performed in
triplicate.

Nitrobenzene oxidation

Nitrobenzene oxidation was performed as described by
Billa et al. (1996). Sodium hydroxide (5 ml, 2 M) and
nitrobenzene (0.5 ml) were added to CWR (20–30 mg)
in a Teflon vial enclosed within a stainless steel autoclave
and samples were heated in an oil bath (3 h, 160�C).
After addition of the internal standard (3-ethoxy-4-hy-
droxybenzaldehyde), the cooled reaction mixture was
diluted with 20 ml H2O and extracted with 3·25 ml
CH2Cl2, to eliminate the nitrobenzene. The aqueous
residue was then adjusted to pH 1–2 with 6 M HCl,
extracted with 3·25 ml CH2Cl2, and finally dried over
anhydrous Na2SO4. After removal of the solvent, the
lignin oxidation products were analyzed by HPLC on a
Spherisorb S5 ODS2, RP18, 4.6·250 mm (WATERS)
column. Gradient elution was as previously described
(Beaugrand et al. 2004) using a combination of
acetonitrile, methanol and 1% orthophosphoric acid in
ultra-pure water. The lignin oxidation products were
quantified at 280 nm using commercial standards.
Measurements were performed in triplicate.

Cell wall phenolic acid characterization

For the analyses of ether- and ester-linked phenolic
acids, 40 mg CWR was heated (2 h, 170�C) in the
presence of 10 ml 4 M NaOH with constant stirring
under nitrogen flow (Iiyama et al. 1990). Alkali filtrate
was acidified to pH 1 with HCl, mixed with 3,4,5 tri-
methoxy-trans-cinnamic acid as an internal standard
and extracted three times with 25 ml ether. The organic
phase was dried under reduced pressure, dissolved in
1.5 ml of methanol/water (1/1, v/v) and filtered
(0.45 lm) prior to HPLC as previously described for
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nitrobenzene oxidation. Ether- and ester-linked phenolic
acids were quantified at 302 nm using commercial
standards. Measurements were performed in triplicate.

Results

Microscopic evidence for the presence of lignin
in flax stems

The distribution of flax stem ‘lignin’ at the seed matu-
ration stage (stage 2) was determined by histochemical
staining of freshly prepared cross-sections using the
Maüle and Wiesner reactions (Fig. 1a, b). Both stains
gave an intense red coloration of the xylem, indicative of
its highly lignified nature. The red-purple staining ob-
served with the Maüle test suggests that flax xylem lignin
is a G–S type lignin characteristic of dicotyledons (Iiy-
ama and Pant 1988). In outer tissues (phloem, bast fi-
bers, cortical parenchyma, and epidermis), a discrete red
coloration with the Weisner reagent could only be de-
tected in the cell corners and in the middle lamella of
bast fibers (Fig. 1a). No red-purple coloration could be
detected in the bast fibers with the Maüle test (Fig. 1b)
suggesting that the ‘lignin’ associated with the fibers is
poor in S units.

In addition to its role as a fixative, KMnO4 also re-
acts selectively with lignin, and can therefore be used as
a highly electron-sensitive stain for characterizing lignin

deposition in cell walls at the ultrastructural level. In
xylem cells (Fig. 1d), the middle lamella and the primary
cell wall were more heavily stained than the secondary
cell wall. In addition, the S1 layer of the secondary cell
wall was also more intensely stained than the S2 layer.
KMnO4-staining of bast fibers (Fig. 1c) showed that the
compound middle lamella (cell corner, middle lamella,
and primary cell wall) of all bast fibers presented an
intense staining, similar to that observed in xylem fibers.
In contrast, the thick secondary cell wall was only
weakly stained except for a narrow 1 lm-wide band at
the primary/secondary cell wall junction which may
correspond to the S1 layer of the secondary cell wall.

Chemical evidence for the presence of lignin in flax stems

The lignin contents of flax inner (xylem-rich) and outer
(fiber-rich) stem tissues were determined by the acetyl
bromide method at the flowering (stage 1) and seed
maturation (stage 2) stages. Phloroglucinol–HCl stain-
ing (data not shown) confirmed that outer tissues (ob-
tained by peeling) were not contaminated with inner
(xylem) tissues that could represent a source of possible
errors in subsequent chemical analyses.

The lignin content of flax stems was tissue-dependent
(Fig. 2): the inner tissues were approximately 10-fold
richer in acetyl bromide lignin (23.7–31.4% dry CWR)
than the outer tissues in which the lignin content varied

Fig. 1 a–d Histochemical and
cytochemical detection of lignin
in basal regions of flax stems at
the seed maturation stage.
Staining by phloroglucinol–
HCl (a) and by Maüle reaction
(b) of free-hand cross-sections;
lignin labeling by KMnO4-
staining in bast fiber bundles (c)
and xylem tissues (d) of
ultrathin cross-sections. bf bast
fibers, cc cell corner, cp cortical
parenchyma, ep epidermis, ml
middle lamella, pcw primary cell
wall, ph phloem, S1 S1
secondary cell wall, S2 S2
secondary cell wall, sx
secondary xylem, xf xylem fiber
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from 1.5% (basal region, stage 1) to 4.2% (apical region,
stage 2) of dry CWR. In the outer tissues, the lignin
content was always higher (‡1.5·) in apical regions as
compared to basal regions, whereas no significant dif-
ferences were detected between apical and basal regions
in the inner tissues. The lignin content increased in the
outer tissues by 83% (basal regions) and 31% (apical
regions) between the two developmental stages. In con-
trast, in the inner tissues a significant increase (32%) in
lignin content was only observed in basal regions.

In order to verify the possibility of an overestimation
of lignin levels due to the presence of phenolic acids, we
estimated the yield of wall-linked phenolic acids released
by alkali treatment (Table 1). Inner tissues contained
phenolic acids in trace amounts (<0.01 lmol/g CWR),
whereas outer fiber-rich tissues had quantifiable p-
coumaric acid, ferulic acid, and at stage 2, sinapic acid.
However, even when the three acids are taken into ac-
count, they represent only 0.60 lmol/g CWR or 0.012%
(apical region, stage 2) of dry CWR, indicating that
phenolic acids do not make a significant contribution to
the lignin estimation.

To confirm these results, we used a gravimetric pro-
cedure (Klason method) for lignin determination. The
use of this technique gave lignin values similar to those
obtained with acetyl bromide for the inner tissues (data
not shown). However, Klason lignin values obtained
with the outer tissues were highly variable and irrepro-
ducible. These observations suggest that, as previously
observed for several other annual plants and/or young
woody plants (Morrison 1976; Dence 1992), the Klason
method is inappropriate for quantifying lignin in weakly
lignified tissues.

Table 1 Total phenolic acid content (p-coumaric + ferulic + si-
napic acids) in inner- and outer flax stem tissues as determined by
alkaline hydrolysis. Each value is expressed in lmoles per gram of
dry CWR and is the mean ± SD (in brackets) of three separate
assays and the variation was estimated to be 5%

Inner tissues Outer tissues

Basal region stage 1 <0.01 0.22 (0.01)
Apical region stage 1 <0.01 0.31 (0.02)
Basal region stage 2 <0.01 0.51 (0.07)
Apical region stage 2 <0.01 0.59 (<0.01)

Fig. 2 a, b Acetyl-bromide
lignin content in outer- (a) and
inner (b) tissues of flax stems.
Stage 1: flowering stage, stage 2:
seed maturation stage. Each
value is the mean ± standard
deviation of three separate
assays

Table 2 Immunolabeling pattern in xylem- and bast-fibers from
basal regions of flax stems using three different polyclonal anti-
bodies raised against synthetic lignins (DHPs). Anti-Gzl directed
against G lignin homopolymer with condensed interunit bonds,

Anti-GSzl directed against mixed GS lignin polymer with con-
densed interunit bonds, Anti-GSzt directed against mixed GS lignin
polymer with noncondensed interunit bonds

Cell type Antisera Epitope Cell wall region

cc ml pI S1 S2 S3

Xylem fibers Anti-Gzl G, condensed + - - ++ ++ ++
Anti-GSzl G-S, condensed - + + ++ ++ +
Anti-GSzt G-S, noncondensed - - - + ++ +

Bast fibers Anti-Gzl G, condensed + + ND + +/- -
Anti-GSzl G-S, condensed - +/- ND + + -
Anti-GSzt G-S, noncondensed - - ND + +/- -

cc cell corner, ml middle lamella, pI primary cell wall, ND not determined (individual elementary bast fibers become separated in the
primary cell wall region during thin-section preparation and it is therefore difficult to estimate the labeling intensity)
S1=S1 secondary cell wall layer, S2=S2 secondary cell wall layer, S3=S3 secondary cell wall layer
++=intense labeling, +=medium labeling, +/-=weak labeling, -=no labeling

238



Lignin characterization and distribution in flax
inner- and outer tissues

In order to obtain data on lignin distribution at the ul-
trastructural level in basal stem regions, we utilized three
different polyclonal antibodies, anti-Gzl, anti-GSzl, and
anti-GSzt raised against synthetic lignins (DHPs; Ruel
et al. 1994; Joseleau and Ruel 1997). The results are
summarized in Table 2. The labeling pattern (Fig. 3a, c,
e) in flax xylem cell walls at stage 2 is characteristic of
that previously observed in dicotyledonous wood (Ruel
et al. 1999). Although such observations were not con-
firmed by statistical analyses of the labeling pattern, and
the size of silver grains may vary from one preparation

to the other as a result of the labeling process (temper-
ature and enhancement time), the labeling density did
not appear to change dramatically between stage 1 and
stage 2.

The use of the antiserum anti-Gzl (condensed gua-
iacyl epitopes, prevalence of C–C interunit linkages)
gave rise to a significant and homogenous labeling of the
whole secondary cell wall and the cell corners of xylem
fibers; no labeling was detected in the middle lamella
and the primary cell wall (Fig. 3a). The GSzl antibodies
(condensed G–S epitopes) gave rise to a dense labeling
in the S1 and outer part of the S2 secondary cell
wall layers, but only a weak labeling in the middle
lamella and the primary wall (Fig. 3c). GSzt antibodies

Fig. 3 a–f Identification and
topochemistry of lignin
subunits in xylem fibers (a, c, e)
and bast fibers (b, d, f)
Immunocytochemical
localization of condensed G
lignin subunits (a, b), condensed
mixed GS lignin subunits (c, d),
and noncondensed mixed GS
lignin subunits (e, f). bf bast
fibers, cc cell corner, ml middle
lamella, pcw primary cell wall,
ph phloem, S1 S1 secondary cell
wall, S2i inner region of S2
secondary cell wall, S2o outer
region of S2 secondary cell wall,
S3 S3 secondary cell wall, xf
xylem fiber
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(noncondensed G–S epitopes) gave a strong labeling
pattern uniquely in the secondary cell wall, particularly
in the S2 layer (Fig. 3e).

The immunocytochemical labeling pattern observed
in all the basal stem regions of stage 2 bast fibers was
generally much less dense than in xylem fiber cells,
suggesting a limited lignification as indicated by acetyl
bromide analyses. Nevertheless, labeling with Gzl anti-
bodies could be observed in the cell corner and middle
lamella and in the secondary cell wall, the labeling
intensity decreased from the S1 to the S2 layers, the S3
layer was not labeled (Fig. 3b). Condensed GS lignin
subunits (GSzl antibodies) were detected throughout the
S1 and the S2 layers of the bast fiber secondary cell wall,

while the S3 layer was not labeled (Fig. 3d). Such a
distribution is similar to that observed in xylem fibers.
The GSzl antibodies also recognized some epitopes in
the middle lamella but not in the cell corners (Fig. 3d).
As with xylem fibers, the GSzt antibodies labeled both
the S1 and S2 layers of the secondary cell wall, however,
in contrast to xylem fibers, it was the S1 layer that was
the most intensely labeled in bast fiber cells (Fig. 3f).

Immunocytochemical examination of the lignin
distribution in bast fiber- (Fig. 4) and xylem fiber (data
not shown) cell walls at stage 1, showed a very similar
pattern to that observed at stage 2, suggesting that the
extent of the lignification does not change significantly
between these two developmental stages. Although such

Fig. 4 a–f Immunolabeling
of condensed G lignin subunits
(a, b), condensed mixed GS
lignin subunits (c, d), and
noncondensed mixed GS lignin
subunits (e, f) in flax bast fibers
at flowering (a, c, e) and seed
maturation stages (b, d, f). bf
bast fibers, cc cell corner, ml
middle lamella, pcw primary cell
wall, S1 S1 secondary cell wall,
S2 S2 secondary cell wall
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observations were not confirmed by statistical analysis
of the labeling pattern, these observations suggest that
lignification of flax bast fibers is already well-advanced
by the flowering stage.

Chemical characterization of flax inner- and outer
stem tissue lignin

The immunocytochemical characterization of flax stem
lignin was completed by chemical analyses (thioacidol-
ysis (Table 3) and nitrobenzene oxidation (Table 4)).
Such powerful degradation techniques provide estimates
of the relative proportions of monolignols involved in
labile ether linkages (b-O-4 and a-O-4).

Table 3 shows the recovery yields of thioacidolysis
products from flax basal and apical stem regions in both
outer- and inner tissues. Only mono- (G) and di-meth-
oxylated (S) monomers were detected indicating that flax
stem lignin can be classified as an angiosperm GS lignin.
In inner stem tissues, the total (S + G) values ranged
from 285.5 lmol/g to 324.9 lmol/g dry CWR, as com-
pared to values of 4.8–12.8 lmol/g dry CWR in outer
stem tissues. For the inner stem tissues, the G and S
values did not vary significantly, neither as a function of
the developmental stage nor of the stem region analyzed
(basal versus apical region). These results gave rise to an
S/G value varying between 0.14 and 0.21 suggesting that
flax stem secondary xylem is rich in G units.

With regard to the outer stem tissues, G and S values
varied as a function of the stem regions analyzed (basal
versus apical) but did not appear to vary significantly as
a function of the developmental stage. The S/G values
(0.31–0.45) of outer stem tissues were higher than those
observed in inner tissues but remained inferior to 1,
thereby indicating that the lignin associated with flax
bast fibers is also rich in G units.

Assuming that (1) acetyl bromide determination gives
a correct estimation of the lignin content in flax stems
and (2) thioacidolysis and nitrobenzene oxidation result
in 100% cleavage of the noncondensed lignin structures,

the proportion of noncondensed lignin can be deter-
mined. Calculations of the quantity of lignin monomers
(S + G) released per g lignin (acetyl bromide) indicated
that the quantities released from outer stem tissues (2.3–
17.2%) were lower (except for the stage 1 basal stem
regions with a value of 17.2%), and more variable, than
from inner stem tissues (20.7–25.2%). These observa-
tions suggest that flax outer tissue lignin is more con-
densed than inner tissue lignin.

After nitrobenzene oxidation (Table 4), three lignin
degradation products: 4-hydroxybenzaldehyde, vanillin,
and syringaldehyde corresponding to H, G, and S lignin
subunits, respectively, could be detected in all samples.
Trace amounts of phenolic acids were also detected
(data not shown). In inner stem tissues, the total (H + V
+ S) values were between 15- and 35-fold higher (for
similar stages and stem regions) than in outer tissues.
This difference is of the same order of magnitude to that
observed with the thioacidolysis results (22·–64·). In
contrast to the inner stem tissues, where H units repre-
sent only 1% of total degradation products, in the outer
stem tissues this value rises to approximately 25% (basal
region, stage 1). The observation of H units with nitro-
benzene oxidation, but not with thioacidolysis is
potentially related to the increased monomer yield ob-
tained with the first method as compared to the second.
In inner tissues, nitrobenzene oxidation gave rise to S/V
ratios that varied from 0.14 (basal region, stage 2) to
0.21 (apical region, stage 1), values that are almost
identical to the S/G value obtained with thioacidolysis.
In contrast, in outer stem tissues, the S/V ratio varied
from 0.22 (basal region, stage 1) to 0.43 (apical region,
stage 2), suggesting that the developmental stage and, in
the case of the stage 2 samples, the sample type (basal
versus apical region) has an influence on the S/V ratio.

Calculation of the quantity of lignin monomers (H +
V + S) released per g lignin (acetyl bromide) indicated
that, as observed with the thioacidolysis results, the
quantities released by outer stem tissues were, in general,
lower (5.5–17.1%) and more variable than with inner
stem tissues (16.6–30.1%). The stage 1 samples (outer

Table 3 Monomeric composition of lignin determined by thioacidolysis of inner- and outer flax stem tissues

Inner tissues Outer tissues

Stage 1 Stage 2 Stage 1 Stage 2

Basal Apical Basal Apical Basal Apical Basal Apical

H 0 0 0 0 0 0 0 0
G 241.01 (13.22) 238.44 (29.14) 284.02 (27.53) 253.20 (11.84) 9.73 (1.78) 3.99 (0.04) 8.04 (0.69) 3.50 (0.05)
S 44.45 (5.07) 51.14 (8.34) 40.87 (4.73) 52.92 (2.43) 3.09 (1.70) 1.69 (0.50) 3.69 (1.58) 1.32 (0.13)
S/G 0.18 (0.01) 0.21 (0.01) 0.14 (<0.01) 0.21 (<0.01) 0.31 (0.12) 0.42 (0.12) 0.45 (0.16) 0.38 (0.04)
S+G 285.5 (18.2) 289.6 (37.3) 324.9 (32.3) 306.1 (14.3) 12.8 (3.5) 5.7 (0.5) 11.7 (2.3) 4.8 (0.1)
S+G/lignin 1204.5 (76.8) 1129.0 (145.2) 1035.7 (102.8) 1260.3 (58.8) 860.5 (233.4) 177.0 (16.9) 428.0 (82.7) 114.8 (1.9)

H, G, S = yields of the thioethylated products of p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) lignin units expressed as lmoles per
gram of CWR; S/G=ratio of G to S lignin units; S+G=total S plus G lignin units; S+G/lignin: yields of total (S+G) expressed
as lmoles per gram of lignin
Each value is the mean ± SD (in brackets) of three separate assays. The analytical data varied by nearly 5% and 10% in inner- and outer
tissues respectively
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tissue) and stage 2 samples (inner tissue) from basal re-
gions were, however, exceptions to this general trend.
These results suggest that flax outer tissue lignin is more
condensed than inner tissue lignin. In addition, and only
for the outer stem tissues, more lignin monomers were
released at stage 1 as compared to stage 2. Such an
observation suggests that bast fiber maturation is asso-
ciated with the formation of a more condensed lignin.

Discussion

Flax fibers contain lignin

The results of our microscopic and chemical analyses of
flax stems provide evidence that the ‘phenolic com-
pounds’ associated with bast fibers correspond to lignin.
While a phloroglucinol–HCl-positive response in flax
bast fibers has consistently been reported in other
studies, the intensity and the localization of the red
coloration may differ according to the study. For
example, Gorshkova et al. (2000) observed a discrete
staining in the middle lamella of some bast fibers,
whereas Akin et al. (1996) detected an intense, but
sporadic red coloration in the middle lamella and cell
corners. However, the Weisner reaction is not specific to
lignin and other cell wall- associated phenolic monomers
such as cinnamyl alcohols, and/or cinnamaldehydes also
give a positive reaction with this reagent (Clifford 1974).
KMnO4-staining and concomitant immunolocalization
of lignin epitopes in our study indicated that the cell wall
regions that stained red with the Wiesner reaction also
gave a positive labeling with both KMnO4-staining and
anti-lignin immunsera. The use of such high-resolution
techniques enabled us to detect lignin in both the com-
pound middle lamella and (to a lesser degree) the sec-
ondary cell wall, notably in the S1 layer.

Consistent with these microscopic studies, chemical
analyses of flax outer stem tissues (principally composed
of bast fibers) confirmed the presence of low quantities
of lignin, which ranged between 1.5% and 4.2% dry cell
wall. Such a value is higher than other published values

(Gorshkova et al. 2000; Morrison and Akin 2001;
Morrison et al. 2003) and only one FTIR study
(Kotelnikova et al. 2000) indicated a higher value (7%).
Microscopic control of the outer tissue samples used for
chemical analyses indicated that (1) such samples were
not contaminated by xylem tissue and (2) other poten-
tially contaminating tissues such as the cuticle did not
give a positive reaction with phloroglucinol–HCl. While
the acetyl bromide method is an appropriate and sensi-
tive technique for lignin determination (Yokoyama et al.
2002), one drawback is that potential artifacts due to
UV absorption by other non lignin wall components
such as aromatic amino-acids, phenolic acids, and/or
hemicelluloses must be taken into account. Our results
indicate that the low levels of p-coumaric, ferulic, and
sinapic acids present in outer tissues do not significantly
contribute to the overall acetyl bromide estimation of
lignin. While cell wall proteins can constitute up to 6%
of the cell wall in flax stems (data not shown), they are
generally composed of AGP- and GRP-types that are
poor in aromatic amino acids (Girault et al. 2000). In
addition, UV absorption of aromatic amino-acids and
phenolic acids are strongly reduced after cell wall solu-
bilization by acetyl bromide (Iiyama and Wallis 1990),
thereby limiting their potential contribution to an
overestimation of lignin content. With regard to non-
cellulose polymers, the use of perchloric acid, which
facilitates cell wall solubilization, can also partially de-
grade hemicelluloses, thereby giving rise to UV-absorb-
ing furfural derivatives (Hatfield et al. 1999).
Nevertheless, in the case of both annual and woody
plants, the contamination by such furfural derivatives is
slight (Iiyama and Wallis 1990) and the addition of
perchloric acid generally results in a better estimation of
lignin content. Our results (data not shown) indicated
that furfural derivatives did not contribute significantly
to the overall estimation of lignin in flax fibers. In con-
clusion, the results of our chemical analyses strongly
suggest that the lignin content in bast fibers is not due to
contamination.

The acetyl bromide analyses indicated that the lignin
content of outer tissues increased between the flowering

Table 4 Monomeric composition of lignin determined by alkaline nitrobenzene oxidation of inner- and outer flax stem tissues

Inner tissues Outer tissues

Stage 1 Stage 2 Stage 1 Stage 2

Basal Apical Basal Apical Basal Apical Basal Apical

H 3.33 (0.49) 3.42 (0.27) 2.48 (0.31) 2.82 (0.22) 2.80 (0.25) 5.92 (0.57) 1.80 (0.07) 1.95 (0.36)
V 296.49 (2.52) 297.64 (7.27) 226.36 (3.72) 247.08 (1.73) 8.16 (0.15) 14.08 (0.66) 4.36 (0.58) 8.76 (1.00)
S 56.83 (1.61) 61.36 (3.37) 31.16 (1.26) 48.05 (0.45) 1.79 (0.06) 3.43 (0.09) 1.31 (0.17) 3.76 (0.38)
S/V 0.19 (<0.01) 0.21 (<0.01) 0.14 (<0.01) 0.19 (<0.01) 0.22 (<0.01) 0.24 (0.02) 0.30 (0.02) 0.43 (0.02)
H+V+S 356.7 (2.3) 362.4 (9.8) 260.0 (4.7) 298.0 (1.9) 12.8 (0.4) 23.4 (0.8) 7.5 (0.7) 14.5 (1.6)
H+V+S/lignin 1504.9 (9.6) 1412.9 (37.9) 828.8 (15.0) 1226.6 (7.9) 856.1 (25.18) 730.2 (23.78) 272.8 (25.6) 344.4 (37.7)

H, V, S=yields of p-hydroxybenzaldehyde (H), vanillin (V), and syringaldehyde (S) units expressed as lmoles per gram of CWR; S/
V=ratio of V to S lignin units; H+V+S=total H plus V plus S;
H+V+S/lignin: yields of total (H+V+S) expressed as lmoles per gram of lignin. Each value is the mean ± SD (in brackets) of three
separate assays and the variation was estimated to be 6% in inner tissues and 4% in outer tissues
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and seed maturation stages, as previously reported
(Meijer et al. 1995). The observation that lignin can al-
ready be detected at the flowering stage could therefore
suggest that the lignification of flax bast fibers is actually
initiated prior to this stage. Such an interpretation is in
agreement with the detection of cell wall peroxidases in
immature flax bast fibers (McDougall 1992).

Spatial heterogeneity of lignin in flax stems

High-resolution TEM associated with immunolabeling
provided information on the spatial distribution of lig-
nin in bast and xylem fibers. Immunolabeling of flax
xylem fibers shows that the compound middle lamella
(cell corner, middle lamella, and primary cell wall) is rich
in condensed lignin (only antibodies directed against
condensed subunits reacted). The secondary cell wall
contains GS lignin, and the degree of lignin condensa-
tion decreases from the S1 towards the S3 layer. The
labeling pattern obtained in flax xylem fiber cell walls is
thus typical of that observed in dicotyledon wood
(Grünwald et al. 2002).

In bast fibers, according to the labeling pattern,
condensed G-type lignins are deposited in cell wall cor-
ners and GS lignins are present in the secondary walls.
However, the intense KMnO4-staining and relatively
dense anti-Gzl labeling pattern observed in the S1 layer
of the secondary cell wall also suggest the presence of
relatively important quantities of condensed G lignin.

In conclusion, our results indicate that bast fiber
lignins consist mainly of G-condensed epitopes, located
in the compound middle lamella, together with the reg-
ularly distributed GS lignin epitopes present in the entire
secondary cell wall. Such an observation is in disagree-
ment with the negative reaction of the secondary cell
wall with classical histochemical reagents; however, the
low amounts of lignin in the secondary cell wall (de-
tected by the immunocytochemical approach) might be
responsible for the failure of the histochemical tests. The
combination of different microscopy approaches utilized
in this paper provides, for the first time to our knowl-
edge, a detailed picture of lignin deposition in the cell
walls of flax bast fibers.

Flax fiber lignin is G-rich and condensed

Chemical analyses (thioacidolysis and nitrobenzene
oxidation) indicated the presence of a G-rich lignin (S/G
and S/V ratios £ 0.5) in both outer- and inner stem
tissues. Based on the amount of lignin monomers re-
leased by these two techniques, only 2.3–17.2% of outer
tissue lignin would be non-condensed. Since nitroben-
zene oxidation and thioacidolysis are highly sensitive
and efficient techniques as compared to other reactions
(Monties 1989; Lapierre 1993), these low values likely
make bast fiber lignins particularly condensed. However,
preliminary analyses did not reveal the presence of any

unusual features in the dimeric structures as compared
to other dicotyledon lignin (C. Lapierre, Institut Na-
tional Agronomique Paris-Grignon France, personal
communication).

Nitrobenzene oxidation analyses of outer stem tis-
sues revealed a major difference between bast fiber- and
xylem lignin. The relative proportions of H subunits
were much higher ( £ 25%) in outer tissues as com-
pared to inner tissues ( £ 1%). In contrast, no H units
were detected by thioacidolysis. In order to exclude the
possibility that the H units were derived from non-
lignin molecules, we quantified potentially contami-
nating molecules such as phenolic acids (Monties 1989)
and aromatic amino-acids (Lam et al. 1990). Our re-
sults indicated that such compounds did not contribute
significantly to the overall determination of lignin
content.

One interpretation of these results would be that H
units are preferentially implicated in condensed struc-
tures such as diarylpropane and/or resinol bonds that
are sensitive to nitrobenzene oxidation (Chang and Al-
lan 1971). Such an interpretation is also supported by
our immunocytochemical data indicating that bast fibers
contain condensed lignins since the presence of H units
is often related to the deposition of highly condensed
lignins (Monties 1989).

Lignin condensation is related to bast fiber maturation

In contrast to xylem lignin, the S/G ratio of the outer
tissues increased slightly (but significantly) between the
flowering and the seed maturation stages. Such an evo-
lution is similar to the typical lignification process in
maturing dicotyledon wood, where intense S subunit
polymerization occurs in the secondary walls during the
late stages of lignification (Terashima et al. 1993).
However, this classic scheme cannot fully account for
the lignification pattern observed in flax bast fibers. Our
chemical data suggested an increase in the proportion of
the condensed structures between the two developmental
stages analyzed, which is consistent with the previous
data using cupric oxidation and alkaline hydrolysis
(Akin et al. 1996; Gorshkova et al. 2000). This increase
in condensation could be mediated via the differential
supply of monolignols. Alternatively, the presence of
high amounts of crystalline cellulose may affect the
polymerization process. In vitro and computer-modeling
studies (Jurasek 1996; Touzel et al. 2003) have previ-
ously shown that preformed cellulose and non-cellulose
templates affect lignin polymerization. In addition, the
presence of a thick cellulose secondary cell wall could
hinder monolignol transport, thereby leading to an
atypically high peroxidase/monolignol ratio—conditions
that are known to favor in vitro polymerization of a
highly condensed lignin (Cathala et al. 2001). Histo-
chemical evidence has shown that peroxidase activity
can be detected at the cell corners of relatively mature
bast fibers (data not shown).
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Flax bast fiber lignin—a special case?

On the whole, flax xylem lignin is similar to that observed
in the other annual plants with an S/G value (0.2) com-
parable to that observed inArabidopsis (0.3, Goujon et al.
2003), lucerne (0.2–0.6, Vallet et al. 1996), hemp (0.7, data
not shown) and tobacco (1.0, Atanassova et al. 1995).

In contrast, the flax bast fiber lignin presents a
number of differences, not only with regard to ‘xylem
lignin’ in general, but also with regard to ‘bast fiber
lignin’ from other annual plants.

As compared to xylem lignin, flax bast fiber lignin is (1)
present inmuch lower amounts (2)more highly condensed
(273 lmol/g lignin degradation products) as compared to
the value of 2,400 lmol/g lignin in poplar xylem lignin
(Lapierre 1993) and (3) contains a greater proportion ofH
units ( £ 25%) as compared to the negligible amounts
typically detected in dicotyledon xylem lignin (Terashima
et al. 1998).

With regard to other annual plants, flax bast fiber
lignin also presents a number of important differences.
Firstly, with regard to lignin content, only ramie fibers
contain less lignin (1.5%) than flax fibers. In other spe-
cies, the fiber lignin content is higher [hemp 4% (Vignon
et al. 1995); lucerne 8% (Vallet et al. 1998); kenaf 8%
(Neto et al. 1996) and jute 12% (Islam and Sarkanen
1993)]. However, some care should be taken in com-
paring these values, since, as our results show, the lignin
content varies as a function of the stem region analyzed,
the developmental stage, and the environmental condi-
tions. Secondly, flax bast fiber lignin also appears to
have the lowest S/G ratio (0.2–0.4) as compared to lu-
cerne (0.4, Vallet et al. 1998), hemp (0.9, data not
shown), jute (2.1, Islam and Sarkanen 1993) and kenaf
(3.9, Morrison et al. 1999). Thirdly, flax bast fiber lignin
also appears to be the richest in condensed lignins with
the lowest degradation product yields (flax: 273 lmol/g
lignin, this study; kenaf: 450 lmol/g lignin, Morrison
et al. 1999; lucerne: 645 lmol/g lignin, Vallet et al. 1998;
hemp: 750 lmol/g lignin, data not shown; jute:
1,350 lmol/g lignin, Islam and Sarkanen 1993). Finally,
degradation of flax bast fiber lignin also gives rise to the
highest proportion ( £ 25%) of liberated H units as
compared to values of 6% in lucerne (Jung et al. 1992)
and 10% in kenaf (Neto et al. 1996).

From an evolutionary point of view (Faix 1991),
S-rich lignins are considered to be less primitive than
G-rich lignins. An overall comparison of bast fiber lig-
nins from different annual species suggests the existence
of two groups, the first including flax, lucerne, and
hemp, and the second including kenaf and jute. The first
group corresponds to the Rosidae I super-order which is
considered to be more primitive than the second, cor-
responding to the Rosidae II super-order (Chase and
The Angiosperm Phylogeny Group 1998).

In conclusion, our results indicate that low quantities
of an ‘atypical lignin’ are present in flax bast fibers. Since
it is known that ‘phenolic compounds’ have a negative
impact on the flax fiber quality, evidence for the

deposition of lignin is important. In addition, our results
demonstrate the particular nature of flax fiber lignins, as
compared to xylem lignins of woody species and Ara-
bidopsis. This special lignin structure could be due to the
physical/chemical constraints imposed on the lignifica-
tion process by the presence of high amounts of structural
polysaccharides. As such, and in a more fundamental
context, the flax bast fiber may represent an interesting
system, not only for studying an atypical lignification
process, but also as amodel for weakly lignified, cellulose-
rich secondary cell walls. Our laboratory has already
initiated such studies with the characterization of a flax
CCoAOMT (Day et al. 2001) and, more recently,
expression analyses of flax ESTs in outer stem tissues
(Day et al. 2005). A better understanding of the flax bast
fiber lignification and secondary cell wall formation
should therefore be complementary to other programs
concerned with xylem in woody plants and Arabidopsis.
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