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Abstract This study focused on the distribution of wood components along a
cross section of a spruce stem. Thin samples of earlywood and latewood were
analysed by special micro-scale analytical techniques. Heartwood contained
significantly more lignin and less cellulose than sapwood. The total content of
hemicelluloses was the same along the radial direction, but the distribution of
sugar units differed. The amounts of arabinoglucuronoxylan and pectins were
larger in the heartwood. The transition zone between heartwood and sapwood
had a specific composition, with less lignin and lipophilic extractives than
heartwood and sapwood. For earlywood and latewood, significant differences
were found in the distribution of sugar units in hemicelluloses. Latewood
contained clearly more galactogluicomannan than earlywood, and conversely
less pectins. The lipophilic extractives were also less concentrated in the late-
wood.

Abbreviations EW or E earlywood - LW or L latewood - HW heartwood - SW
sapwood - TZ transition zone wood - A.R. annual ring - AcBr Acetyl bro-
mide - Ara arabinose - Xyl xylose - Gal galactose - Glc glucose - Man man-
nose - Rha rhamnose - GlcA glucuronic acid - MGIcA 4-O-methyl-glucuronic
acid - GalA galacturonic acid - o.d. oven dry

Introduction

Norway spruce (Picea abies L.) is a predominant softwood species in the
European forest and is abundantly used in the pulp and paper industry,
especially for mechanical pulp production. As any wood material, spruce
wood is chemically complex and its morphological, physical and chemical
characteristics are not uniform. Understanding the morphological and
chemical heterogeneity of wood is important in the utilisation of wood for
solid wood products as well as pulp and paper. Trees develop wide, thin-wall
earlywood (EW) fibres in the beginning of the growth season and, later on,
narrow and thick-wall latewood (LW) fibres. According to their cell wall
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ultrastructure, EW results in flexible band-shaped fibres in pulp, whereas LW
gives stiff pulp fibres (Sjostrom 1993; Rudie et al. 1994; Wennerblom et al.
1996; Tyrvdinen 1997; Nyakuengama et al. 1998). Considering this different
behaviour, the EW/LW ratio must be considered with respect to the pulp and
paper quality (Wilson and Wellwood 1965; Paavilainen 1992; Wang and
Braaten 1997). Not only physical but also chemical characteristics of fibres are
important for the paper quality. Due to the fibre morphology, EW contains
more lignin and inversely less cellulose than LW (Fengel and Wegener 1989;
Wilson and Wellwood 1965; Timell 1986; Chen 1991). The hemicellulosic
polymers are not uniformly distributed in the cell wall fibres, and conse-
quently not in wood either. It has been reported that glucomannan occurs in
higher concentrations in thick-wall LW fibres than in EW fibres, whereas
arabinoglucuronoxylan has an inverse distribution (Timell 1965, 1986; Wilson
and Wellwood 1965; Meier 1985; Sjostrom 1993).

In the cross section of the stem, heartwood (HW) and sapwood (SW) is
usually clearly distinguished. At the border of HW and SW, a transition zone
(TZ) can be observed by a paler color than HW and SW (Kramer and Koz-
lowski 1979; Hillis 1985). The physical and chemical changes associated with
the transition of SW to HW have been reviewed by several authors. Generally,
HW contains less cellulose and holocellulose than SW, and therefore often has a
lower density than SW (Timell 1986; Fengel and Wegener 1989; Chen 1991;
Shupe et al.1997). Concerning hemicelluloses, only small differences have been
observed between HW and SW (Rogers and Perkins 1968; Holmbom et al.
2000). The transformation of SW to HW is also accompanied, in many species,
by accumulation of extractives, which can be detrimental in pulping and
papermaking and cause so-called “pitch problems” (Timell 1986; Fengel and
Wegener 1989).

The objective of the present study was to analyse spruce wood at the micro-
scale level. The chemical composition of EW and LW was investigated in a
Norway spruce tree along the radial direction (HW, TZ and SW). Micro-scale
techniques were implemented on a large number of samples.

Experimental
Materials

A 49 year old healthy Norway spruce tree (Picea abies L.) grown in southern
Finland was felled in December 1998. A 20-mm thick disk of the trunk was
sawn out at the height of 1.5 m. The disk was symmetrical and visibly free of
reaction wood, and did not contain knotwood. The HW zone was localised by
visual inspection of the frozen disk. A 10-mm broad zone between HW and SW
was considered as the transition zone. One stem section (section A, Fig. 1) was
used for composite HW, TZ and SW samples. After freeze drying, the samples
were ground in a Cyclo-Tec mill (Tecator Inc.) equipped with a screen of
0.5 mm. From another stem section (section B, Fig. 1), T-shaped pieces in each
zone of the stem (HW, TZ and SW) were cut out as illustrated in Fig. 1. From
these, EW and LW shavings were cut using a microtome (Leitz, Wetzlar)
equipped with a stainless steel blade (Treichert, Austria). Three T-shaped pieces
were microtomed to obtain enough sample for analysis (5-10 mg). The thin
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section A

section B

T-shaped piece

Fig. 1 Transversal section of the spruce tree disk (Picea abies L., 49 years old). Section A was
used to prepare HW, TZ and SW samples containing five annual rings. In section B, three
T-shaped pieces were cut from each zone for microtoming of EW and LW samples

shavings of EW and LW (10 mmx10 mm, 50-80 um thickness) were freeze
dried and stored at —24°C.

Analysis of wood components

The microtomed wood shavings were analysed by special micro-scale analytical
techniques. Both traditional and micro-scale analytical methods were used for
milled composite wood samples (HW, TZ and SW).

Hemicelluloses and pectins and their sugar composition were determined by
acid methanolysis and GC analysis (Sundberg et al. 1996; Bertaud et al. 2002).
2 mL of a 2-M solution of HCl in anhydrous methanol was added to the sample
(2 mg) and the sample was kept at 100°C (oven) for 5 h. A calibration solution
containing the neutral and acid sugar monomers (D(-)Ara, D(+)Man,
D(+)Xyl, D(+)Glec, D(+)Gal, L(+)Rha, D(+)GalA, D(+)GIcA in MeOH
at 0.1 mg/mL) was methanolysed at the same conditions as the samples to
obtain correction factors for losses of sugar residues during methanolysis. The
methanolysed samples were silylated before the GC analysis. GC/MS was used
for identification and verification of some sugar components.

Milled samples of HW, TZ and SW (300 mg) were extracted in a micro-
Soxhlet apparatus with 30 mL of acetone. After 2 h of extraction and cooling,
the volume of acetone was adjusted to 50 mL. A 4-mL aliquot was taken out
and 2 mL of a standard solution (heneicosanoic acid, betulinol, cholesteryl
heptadecanoate and 1,3-dipalmitoyl-2-oleylglycerol) in methyl tert.-butyl ether
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containing 0.02 mg/mL of each standard component was added. After drying,
the sample was silylated and 0.4 uL of the silylated sample was analysed by GC
as described by Orsa and Holmbom (1994) and Holmbom (1999).

Small samples (EW and LW shavings) and HW, TZ and SW milled wood (2—
5 mg) were submitted to ultrasonic treatment in 25 mL acetone for 2 min using
a titanium probe fit with a 13 mm tip (Sonic & Materials Vibra cell, 600 W,
20 kHz, amplitude 25%). After cooling, 1.6 mL of the above described stan-
dard solution diluted to 0.005 mg/mL was added. The solution was evaporated
(evaporation temperature water bath~40°C) to a final volume of 2-5 mL for
further drying. After silylation, 2 uL of the sample was analysed by GC as
above.

The wood residue after the ultrasonic extraction was transferred into a screw-
capped test tube and subjected to lignin determination by the acetyl bromide
(AcBr) procedure according to Johnson et al. (1961), and later modified by
liyama and Wallis (1988). 5 mL of 20% (v/v) AcBr in acetic acid and 0.1 mL of
perchloric acid (70%) were added to the wood residue. The sample was kept in
an oven at 50°C for 3 h with regular shaking to promote dissolution of the
sample. After treatment, the mixture was cooled down and transferred to a 50-
mL volumetric flask containing 10 mL of 2-M sodium hydroxide and 12 mL of
acetic acid. The solution was diluted to 50 mL with acetic acid. Its UV
absorption was measured against a blank which was prepared in parallel with
the sample. The lignin content of the sample was calculated from the absor-
bance at 280 nm and compared with a calibration curve obtained from an acetic
acid lignin isolated from the pre-extracted spruce sample (Nikandrov et al.
1998).

The AcBr technique, applicable to very small samples, was compared to the
classical Klason procedure on pre-extracted milled HW, TZ and SW samples.
Lignin determination was performed according to the standard procedure
(Tappi 222 om-98). The acid-soluble lignin in the liquor was estimated by the
UV absorbance at 280 nm (absorption coefficient equal to 110 L g!' cm™)
(Dence 1992; Brunow et al. 1999).

Results and discussion

Heartwood, sapwood and transition zone wood

Main component groups

HW, TZ and SW samples from section A (Fig. 1) were analysed by both
classical and micro-scale analytical techniques to determine the main compo-
nents (Table 1).

The cellulose content increased along the cross section from HW to SW,
corresponding to the decrease in lignin, as previously noticed (Timell 1986;
Fengel and Wegener 1989; Chen 1991; Shupe et al. 1997). The total amount of
hemicelluloses was almost the same along the cross section of the tree, as also
noted by Sundberg et al. (1996) and Holmbom et al. (2000). In TZ, the lignin
content was significantly lower than in the other parts. The AcBr procedure,
applicable to very small samples, gave slightly higher lignin content than the
Klason method, and had a lower accuracy (% 5%). The sampling and the
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analytical procedure could explain these observations (liayama and Wallis
1988). The calibration curve at 280 nm, and consequently the absorption
coefficient obtained, is dependent upon the used lignin reference (Rodrigues
et al. 1999). The acetic acid lignin reference, isolated from the spruce wood, had
an absorption coefficient of 19.5+0.2 L g' cm™, well in the range of literature
values (Johnson et al. 1961; Marton 1967; liayama and Wallis 1988; Fengel and
Wegener 1989; Dence 1992; Sjostrom and Westermark, 1999). The absorptivity
based on Klason lignin was higher than for the isolated lignin, as also reported
by Rodrigues et al. (1999). The amounts of lipophilic extractives were below 1%
(w/w 0.d. wood) in all three wood zones. Both methods used, micro-soxhlet and
ultra-sonic extraction, gave similar results. SW contained more lipophilic ex-
tractives than HW, in agreement with previous results (Ekman 1979a). TZ had
the lowest amount of lipophilic compounds, as also noted by Higuchi et al.
(1969), Ekman (1979b) and Hillis (1985). This can be due to the special cellular
activities during growth within the transition zone of a tree (Bamber 1976;
Kramer and Kozlowski 1979).

Carbohydrate composition of hemicelluloses and pectins
in the different wood zones

The sugar composition of hemicelluloses and pectins in the HW, TZ and SW
samples are presented in Fig. 2. The predominant hemicellulose type in spruce
is galactoglucomannan (15-20% in softwood) (Sjostréom and Westermark
1999), here noticed by the large amounts of mannose (Man) and glucose (Glc).
The glucose and mannose contents were rather similar in the different wood
zones (53 +2 and 100+ 2 mg/g respectively for Glc and Man). Galactose (Gal),
also occurring in galactans, was slightly larger in HW. Another major hemi-
cellulose in spruce is arabinoglucuronoxylan (5-10%) (Sjostrom and Wester-
mark 1999), here represented by xylose (Xyl), arabinose (Ara) and 4-O-methyl-
glucuronic acid (MGIcA). HW contained clearly more glucuronoxylan than SW
with 25-30% more Xyl, Ara and MGIcA. These differences were also noted by
Sjostrom et al. (1965) and Luukko et al. (1999). The amount of pectins, rep-
resented by galacturonic acid (GalA) and rhamnose (Rha) was also highest in
HW. The distribution of pectins between HW, SW and TZ has not been

Table 1 Main component groups in the different wood zones, in % (w/w) of o.d. wood

Component (Technique) Heartwood HW Transition zone wood TZ Sapwood SW

Lignin

(Acetyl bromide, UV) 324+1.6' 29.5£0.5 30.9+0.8
(Klason)? 28.3+0.3 27.3+0.2 27.7+0.1
Hemicelluloses

(Methanolysis, GC) 257+14 253+14 243+14
Lipophilic extractives

(Micro-Soxhlet, GC) 0.51+0.03 0.444+0.05 0.88+0.05
(Ultrasonic, GC) 0.57+0.8 0.45+0.6 0.91+0.7
Cellulose®

(By difference) 45.5+1.7 46.9+1.4 47.1+1.6

! standard deviation for three determinations;
2 including the acid-soluble part, only 0.7% of wood;
3 (100 - Klason lignin—hemicelluloses—lipophilics)
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determined previously. The composition of hemicelluloses in TZ was between
HW and SW. However, the glucuronic acid content (GlcA) was lower in TZ
than in HW and SW.

Lipophilic extractives

SW contained more lipophilic extractives than HW and TZ (Table 2), as noted
previously by Ekman (1979a). This was due mainly to the larger amount of
triglycerides. Triglycerides, as well as steryl esters, occur in living parenchyma
cells. When HW is formed and the parenchyma cells die, the triglycerides are
hydrolysed by lipase enzymes. The amount of free fatty acids was slightly higher
in the HW, as previously reported (Ekman1979b; Fengel and Wegener 1989),
but most of the fatty acids had obviously been metabolised. Also, the amount of
steryl esters was slightly smaller in HW. The amount of free sterols was larger,
thus indicating some hydrolysis of steryl esters during HW formation. TZ
contained more triglycerides than HW, but contained less of all the other
groups. Lignans were detected in small amounts in HW but not in SW and TZ.

Both extraction methods gave similar results. However, it seems that trigly-
cerides were hydrolysed to some extent during ultrasonic extraction. There is a
risk for oxidation of extractives during ultrasonic treatment, especially if water
is present, since hydroxyl radicals can be formed.

Earlywood and latewood
Main components

Samples of EW and LW from five successive annual rings were analysed for
each wood part using the micro-scale techniques: AcBr method for lignin,
methanolysis and GC for hemicelluloses and pectins, and ultrasonic extraction
and GC for lipophilic extractives. The amounts of the main component groups
of EW and LW in HW, SW and TZ are presented in Tables 3, 4 and 5,
respectively.

All EW samples contained significantly more lignin than LW in the same
annual ring, already noticed by many researchers. The amounts of hemicellu-
loses and pectins followed the opposite trend, with higher levels in LW. The

Major sugars (mg/g o.d. wood) Minor sugars (mg/g o.d. wood)
150 30
125 A 25 1
100 - th [ 201
75 | HW TZ Sw 15 ]
50 4 \‘ J 10
1l :
NI == JiN il NEN ..
Ara Xyl Gal Gle Man Rha GlcA MGIcA GalA

Fig. 2 Sugar composition of hemicelluloses and pectins in heartwood (HW), transition zone
wood (TZ) and sapwood (SW). The standard deviation for the three determinations are
pointed out
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Table 2 Lipophilic extractives in the different wood zones determined by extraction and GC
analysis, in mg/g of o.d. wood

Sample Technique Free fatty  Sterols Steryl  Triglycerides Resin  Total
acids esters acids

Heartwood Micro-Soxhlet 1.1+0.1 0.167+0.001 1.10£0.04 0.68+0.03 1.9+0.1 5.1+0.3
Ultrasonic 1.3£0.2 0.17+£0.02 1.0£0.1 0.688+0.001 2.4+0.4 5.7+£0.8
Transition Micro-Soxhlet 0.4+0.1 0.10+£0.01 08+0.1 1.74+0.016 1.1+£0.14.4+0.5
Zone
wood
Ultrasonic 0.8+0.1 0.10£0.01 0.7+£0.1 1.58+0.03 1.1£0.44.5+0.6
Sapwood Micro-Soxhlet 0.6+0.1 0.062+0.003 1.4+0.1 4.48+0.12 2.2+0.1 8.8+0.5
Ultrasonic 0.7+0.2 0.062+0.006 1.3£0.1 4.13+£0.03 2.5+£0.39.1+£0.7

amount of cellulose, calculated as the rest, was slightly larger in most LW
samples. No clear differences could be observed between the five annual rings.
A predominant incorporation of lipophilic extractives in EW was also men-
tioned by Lloyd (1978). Resin canals, usually more numerous in EW, would
influence the amounts of extractives.

The standard deviation of the EW values were larger than the LW values,
expressing the larger heterogeneity of EW, because the spring wood of annual
rings was much thicker than the summer wood (Fig. 1). The contents of the
main components in EW and LW samples should not be compared with the
values of each wood part previously presented (Table 1). Indeed, the chemical
composition of each annual ring depends on the growth conditions. Never-
theless, a special feature of TZ (Table 5) was a low lignin content in both EW
and LW (Tables 3 and 4). This was in line with our previous observation
(Table 1) indicating special metabolic activities in TZ (Higuchi et al. 1969).

Carbohydrate composition of hemicelluloses and pectins
in earlywood and latewood

The carbohydrate composition of hemicelluloses and pectins differed notably
between EW and LW. LW contained more galactoglucomannan for all three

Table 3 Main component groups in earlywood (E) and latewood (L) samples of successive
annual rings of spruce heartwood (HW), in % (w/w) of o.d. wood

E or L samples Lignin Hemicelluloses Extractives Cellulose
Annual ring and Pectins

Ell 33.6+£0.9 243+1.5 0.3+0.1 41.8+2.5
L1l 30.0£0.9 258+1.1 0.3+0.1 44.0+2.0
E12 33.6+1.6 23.8+0.7 0.3+0.1 423+23
L12 31.0£1.0 247+1.5 0.2+0.0 44.1+£2.5
E13 30.4+0.7 24.9+0.8 0.1+0.0 44.6+1.6
L13 29.1£0.5 25.1+1.7 0.2+0.1 45.6+2.3
El4 31.4+09 22.6+1.0 0.3+0.1 457+1.9
L14 29.9+1.0 26.7£1.6 0.2+0.0 433+2.6
El5 31.8+0.2 20.7+2.0 0.3+0.1 472422
L15 29.4+0.2 242+1.3 0.2+0.1 46.3£1.5
E average 322+1.4 23.2+1.7 0.3+0.1 443+23

L average 29.8+0.7 253£1.0 0.2£0.0 447+1.2
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Table 4 Main component groups in earlywood (E) and latewood (L) samples of successive
annual rings of spruce sapwood (SW), in % (w/w) of o.d. wood

E or L samples Lignin Hemicelluloses Extractives Cellulose
Annual ring and Pectins

E37 28.8+1.6 2.1+£1.1 0.6+£0.0 48.5+2.6
L37 27.6+0.9 23.7+14 0.4+0.1 482+24
E38 29.7+1.0 223+23 0.6+0.1 473+£33
L38 26.7+1.6 240+1.4 0.3+£0.0 49.0+3.0
E39 33.24+0.6 212425 0.54+0.1 45.1+3.1
L39 26.9+0.2 22.8+1.7 0.44+0.1 498+1.9
E40 31.4+3.3 21.2+2.1 0.8+0.1 46.6+£5.5
L40 272+1.2 23.1+1.5 0.24+0.1 49.5+£2.7
E41 29.8+0.3 20.2+£2.0 0.7+0.1 494423
L41 29.34+6.0 23.1+14 0.5+0.1 472+74
E average 30.6+1.7 21.4+0.9 0.6+0.1 474+1.7
L average 27.5+1.0 23.3+0.5 0.4+0.1 48.7+1.1

Table 5 Main component groups in earlywood (E) and latewood (L) samples of successive
annual rings of spruce transition zone wood (TZ), in % (w/w) of o.d. wood

E or L samples Lignin Hemicelluloses Extractives Cellulose
Annual ring and Pectins

E28 29.7+0.5 20.7+0.0 0.2+0.0 49.5+0.6
L28 26.7+0.5 22.1+0.8 0.1+0.0 51.0+1.4
E29 31.3+0.4 21.4+0.6 0.24+0.0 47.1+1.0
L29 274+1.8 24.1+1.0 0.3+0.1 482+29
E30 28.9+0.9 22.6+1.1 0.24+0.0 48.3+2.0
L30 264+19 21.6+0.9 0.2+0.0 51.8+2.8
E31 27.8+0.2 226+1.3 0.1+0.0 49.5+1.5
L31 26.5+0.5 242+1.2 0.3+0.0 49.0+1.6
E32 29.1+£0.6 20.9+0.7 0.2+0.0 497+1.3
L32 29.6+1.3 23.2+1.0 0.2+0.2 47.0+24
E average 294+1.3 21.6+0.9 0.2+0.1 48.8+1.1
L average 273+13 23.1+£1.2 0.2+0.1 49.4+2.0

studied wood parts, as also mentioned by Sjostrom and Westermark (1999).
For xylose (Xyl) and arabinose (Ara), only small differences were found,
indicating similar amounts of arabinoxylan in LW and EW (Figs. 3, 4, and
5). Considering the thicker secondary wall in LW fibres, a higher mannan
content in LW can be expected since this component is preferentially
incorporated in the S, layer as mentioned by Timell (1965, 1986) and
Sjostrom (1993). Pectins, mainly represented by GalA and Rha, were more
predominant in EW. This can be explained by their specific location in the
compound middle lamella (Sjostrom et al. 1965; Timell 1965; Meier 1985;
Hafrén 1999).

In the transition zone, the GlcA amounts were very low in both EW and LW,
confirming the previous TZ analysis (Fig. 2). The LW samples of TZ contained
clearly less of all hemicellulosic components than LW samples of HW and SW.
Even the mannose and glucose amounts were smaller in LW than EW for TZ,
contrary to results for HW and SW (Fig. 5).
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Summary of results

The chemical composition of HW, TZ and SW in a Norway spruce stem section
showed specific differences. The cellulose content decreased along the cross
section from SW to HW, with a corresponding increase in lignin, whereas the
amounts of hemicelluloses and pectins were about the same. However, HW
contained more glucuronoxylan and pectins than SW. The amount of lipophilic
extractives (below 1% w/w o.d. wood) was higher in SW, due mainly to a larger
amount of triglycerides. In TZ, the amounts of lignin and lipophilic extractives

Major sugars (mg/g o.d. wood) Minor sugars (mg/g o.d. wood)
150 30
HEARTWOOD HEARTWOOD

125 4 25 1
100 4 i[ 20 A
75 4 EW 1w 15 4 %
50 A 10 4
25 | \ m 5 4 Ik

Ara Xyl Gal Glc Man Rha GlcA MGIcA GalA

Fig. 3 Sugar composition of hemicelluloses and pectins in earlywood (EW) and latewood
(LW) of spruce heartwood (HW); average of five successive annual rings

Major sugars (mg/g o.d. wood) Minor sugars (mg/g o.d. wood)
150 30
SAPWOOD SAPWOOD
125 4 251
100 A J-E 20 1
75 4 it 15 A il}
EwW LW
50 1 \ 10
N m i ’{—ﬁ
NI N EES olrm | H T
Ara Xyl Gal Glc Man Rha GlcA MGIcA  GalA

Fig. 4 Sugar composition of hemicelluloses and pectins in earlywood (EW) and latewood
(LW) of spruce sapwood (SW); average of five successive annual rings
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Major sugars (mg/g o.d. wood) Minor sugars (mg/g o.d. wood)
150 30
TRANSITION ZONE TRANSITION ZONE
125 A 25 1
100 A 20 1
E=
==
75 4 15 4
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\ LW
50 A / 10 1
N m |
NIl | . _ JCm —E ‘
Ara Xyl Gal Glc Man Rha GlcA MGIcA GalA

Fig. 5 Sugar composition of hemicelluloses in earlywood (EW) and latewood (LW) of spruce
transition zone wood (TZ); average of five successive annual rings

were very small, probably attributed to the specific metabolic activities in this
region of the wood stem.

According to the different morphology of EW and LW fibres, the thick-wall
fibres of LW contained more holocelluloses (celluloses + hemicelluloses) and
conversely less lignin than EW fibres. A clearly higher content of galactoglu-
comannan was found in LW, as mannose is preferentially incorporated in the
S,-layer of fibre walls. A larger amount of pectins (GalA, Rha) in EW may be
explained by their preferential location in the middle lamella. The amount of
lipophilic extractives was also larger in EW than in LW. In TZ, the differences
between EW and LW were not so clear.
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