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Abbreviations

A. niger Aspergillus niger 
DNS Dinitrosalicylic acid reagent 
EDTA Ethylenediamine-tetra-acetic acid 
Galp Galactose (Galactopyranosyl) 
GalAp Galacturonic acid   
HGA Homogalacturonan 
PG Polygalacturonase 
PGL Polygalacturonate lyase 
pI Isoelectric point 
PMG Polymethylgalacturonase 
PMGL Polymethylgalacturonate lyase 
RG-I Rhamnogalacturonans 
RG-II Rhamnogalacturonans I
Rhap Rhamnose (Rhamnopyranosyl) 
R. oryzae Rhizopus oryzae
S1 Outer layer of secondary cell wall 
S2 Middle layer of secondary cell wall 
S3 Inner layer of secondary cell wall 
XGA Xylogalacturonan 
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Introduction

The Plant cell wall 
The cell wall surrounding plant cells serves many functions. Like the ex-
tracellular matrix in animal cells, the plant cell wall connects cells into tis-
sues, and controls the shape of plant organs. Under certain stages in the life 
cycle of a plant cell, the cell wall needs to be expandable. Such a dynamic 
structure plays important roles in controlling the differentiation of plant cells 
during embryogenesis and growth. 

There are many types of plant cells, which serve many specialized func-
tions. Likewise, the cell walls of these cells are as diverse as are the special-
ized types. There are also differences in the cell walls of the higher plants 
and lower plants, each having different compositions and organizations, but 
all the plant cell walls share similar structures. 

Plant cell walls consist of three types of layers; middle lamella, primary 
cell wall and secondary cell wall. The middle lamella is the first layer 
formed during cell division, and can also be seen as the space between the 
cell walls, and as the connecting region between adjacent cells, binding cells 
together. It is composed mainly of pectic compounds and protein. In later 
stages of wood cell growth, the middle lamella becomes highly lignified. 
This lignin works as an efficient and resistant glue to keep different cells 
together, while in many herbs and in the non-woody tissues, pectin performs 
this function. The primary cell wall, a thin layer, is formed after the middle 
lamella and consists of a rigid skeleton of cellulose microfibrils embedded in 
a gel-like matrix composed of pectic compounds, hemicelluloses and glyco-
proteins. In some cell types, e.g. tracheids in wood, the secondary cell wall is 
formed after cell enlargement is completed and is extremely rigid, providing 
compression strength. It also has three different layers called S1, S2 and S3 
with different orientation of the cellulose chains to provide more strength. 
Besides cellulose and hemicellulose, the wood primary and secondary cell 
walls contain large amounts of lignin thus giving the cell wall its “woody” 
properties, i.e., stiffness and relative hydrophobicity. 

Water conduction between adjacent wood cells (in trees, the main part of 
water transport is carried out in the living part of the wood – the sapwood) is 
made possible by pits. A pit is an opening between two cells provided with a 
permeable membrane. In softwoods, this membrane consists of two parts 
known as the torus and margo. The torus is an elliptical-shaped body in the 
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centre of the membrane made up mostly of pectin. The margo, the permeable 
part of the membrane, is a thin circular structure that holds the torus in place 
(Figure 1). Tannin, a phenolic compound that precipitates proteins, is present 
in most plant tissues including bark, wood, fruit, leaves, roots, and plant 
galls. It is composed of a very diverse group of oligomers and polymers and 
can form complexes with proteins, starch, cellulose, and minerals (Horvath, 
et al. 1981). 

Figure 1. Diagram showing a bordered pit of spruce. M, middle lamella; P, primary; 
S, secondary wall.  

Plant cell wall polysaccharides 
Plant cell walls consist of a matrix of cellulose microfibrils, in most cases 
cross-linked by hemicellulose, pectin and extensin (Carpita and Gibeaut, 
1993). (Figure 2) Wood cells also contain lignin, a non-polysaccharide 
polymer. The amount of lignin present in different plants is quite variable 
ranging from 20-40% in wood species to 2-5% in aquatic and tuberous an-
giosperms. The composition of the non-cellulose polysaccharides varies 
highly between different plants, cell types and even cell wall layers.  

Polysaccharides in plant cell walls are the most abundant organic com-
pounds found in nature, and are the most important renewable natural re-
sources. They constitute up to 90% of the plant cell wall - or more, in ex-
treme cases such as the seed hairs of cotton - and can be divided into three 
groups: cellulose, hemicellulose and pectin (William et al. 2001). 
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Figure 2. The structure of the primary cell wall. (Modified from Carpita and 
Gibeaut, 1993 with permission from the publisher). 

Cellulose
Cellulose is the single most abundant polymer on Earth. It is a linear poly-
mer of glucose residues, which are joined by  (1-4) linkages, allowing the 
polysaccharides to form long straight chains. Several dozen such chains then 
associate in parallel with one another to form crystalline bundles called mi-
crofibrils. Numerous inter- and intrachain hydrogen bonds provide rigidity. 
Within the cell wall, cellulose microfibrils are then embedded in the matrix 
consisting of proteins, lignin, hemicellulose and pectin (Kadla and Gilbert, 
2000).

Hemicelluloses  
Hemicelluloses are highly branched polysaccharides that are hydrogen-
bonded to the surface of cellulose microfibrils. They are shorter than the 
cellulose chains and, unlike cellulose, generally do not form crystalline 
structures. The hemicellulose branches help bind the microfibrils to one an-
other and to other matrix components, particularly pectin. This cross-links 
the cellulose microfibrils into a network of tough, fibrous molecules and is 
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responsible for the mechanical strength of plant cell walls. In dicotyledonic 
plants as leaf-bearing trees, flax, cotton or hemp, xylose based hemicellu-
loses – xylans – are generally the most common (Heredia et al., 1994). 

Pectin
In addition to cellulose and hemicellulose, pectin is an important component 
of dicotyledonous plant cell walls (Carpita and Gibeaut, 1993). Pectins be-
long to a class of complex, heterogeneous and multifunctional polysaccha-
rides, forming a hydrated cross-linked three dimensional network in the ma-
trix of primary plant cell walls and plays diverse roles in cell physiology, 
growth, adhesion and separation (Jarvis et al.,, 2003). This interlinked net-
work of pectin and hemicellulose helps adjacent cells to bind each other and 
cushion them. The gel-like property of the cell wall is derived in part from 
pectin. The matrix polymer identified as an adhesion molecule was a pectic 
polysaccharide (Mollet et al., 2000). The pectin-rich region of the plant cell 
wall, the middle lamella, acts as a glue to hold adjacent cells together. Pectin 
consists mostly of three structurally well-characterized polysaccharide mo-
tifs: homogalacturonans (HGA) and highly branched rhamnogalacturonans 
and  (RG-  and RG- ) (O´Neill et al.,1990; Albersheim et al.,1996; 
Mohnen, 1999). It is thought that these three polysaccharide domains can be 
covalently linked to form a pectic network throughout the primary cell wall 
matrix and middle lamellae, and they might also be part of a single polysac-
charide chain, so that segments with RG-I structure are interrupted with 
HGA segments. This network has considerable potential for modulation of 
its structure by the action of cell wall enzymes. The nomenclature of pectin 
used in this thesis is listed in Table 1. 

Homogalacturonan is a linear homopolymer of (1,4)- -linked D-
galacturonic acid and is thought to contain about 100-200 Gal residues. Gal 
A residues in HGA may be methyl-esterified, acetylated, and /or substituted 
with xylose or apiose. HGA appears to by synthesized in the Golgi apparatus 
and deposited in the cell wall in a form that has 70-80% of Gal residues 
methyl-esterified at the C6 carboxyl group.  

RG-I contains a backbone of the repeating disaccharide, 1,4- -D-
galacturonic acid-1,2- -L-rhamnose. The predominant side chain contains 
linear and branched -L-arabinan and/or ß-D-galactan linked to the C4 atom 
of some of the rhamnose residues. Some of the rhamnose residues may also 
be O-acetylated at C2 and or C3 (Brent et al., 2001).  
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Table 1. Nomenclature of pectin used in this thesis

Name Definition Synonyms 

Polygalacturonic acid Polymer of -1,4 linked galacturonic acid 
residues. 

Pectic acid, pectate, 
unmethylated pectin 

Esterified polygalactu-
ronic acid 

Polygalacturonic acid with a high degree 
of methanol esterified carboxylic groups. 
Can be acetylated and have short side 
chains. 

Pectin, pectinate 

Polyrhamnogalacturonic 
acid

Polymer with the repeated dimer 1,2- -
rhamnose-1,4 - -galacturonic acid. Often 
have long oligo-sacharides connected to 
C4 of the rhamnose residue. 

Protopectin A polymer with all the above structures 
represented in different regions. 

Native pectin 

Smooth region Part of a protopectin with polygalactu-
ronic acid residues and esterified polyga-
lacturonic acid residues. 

Hairy region Part of a protopectin with polyrhamnoga-
lacturonic acid with long side chains. 

Egg- box Salt complex between Ca2+ (or Mg2+ or 
other metal ions) and polygalacturonic 
acid crosslinking two pectin chains. 

Pectin All above structures Pectic substances 

RG-II is present in primary walls predominantly as a dimer that is cross-
linked by a borate-diol ester. RG-II is not structurally related to RG-I, as its 
backbone contains stretches of at least seven 1,4-linked -D-GalA residues 
rather than the repeating disaccharide, 1,4- -D-GalAp-1,2- -L Rhap-1.
(Brent et al., 2001) 

Four structurally different oligosaccharides (A-D) are linked to the RG-II 
backbone. A nonasaccharide (side chain B) and an octasaccharide (side 
chain A) are attached to C2 of some of the backbone GalA residues. Two 
structurally different disaccharides (side chains C and D) are attached to C3 
of the backbone.  

To summarize, the “smooth region” of pectin consists of homogalactu-
ronan, which is a linear chain structure. The branched polysaccharides of 
pectin, called “hairy region”, mainly consist of rhamnogalacturonan I, 
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rhamonogalacturonan II and another pectin structure, xylogalacturonan
(XGA) (Vincken et al., 2003; Joris et al., 2005), an -(1,4) linked D-
galacturonic acid chain highly substituted with -D-xylose at the C3 position 
(Aspinall et al., 1963). The structure of pectin is schematically illustrated in 
Figure 3. 

Figure 3. Schematic structure of pectin. (Modified from Professor Henrik Vibe 
Scheller´s homepage with permission ). 

Calcium ions 
The calcium ions mainly function as constituents of the cell wall, the middle 
lamella of which consists largely of calcium pectate. The interactions be-
tween calcium ions and cell walls play a key role in plant physiology (De-
marty et al., 1984). Calcium ions are involved in many mechanisms, for 
example, stabilization of cell wall structures by crosslinking pectin chains, 
ion exchange properties, and control of the activities of wall enzymes. In 
middle lamella, the calcium ions and possibly other cations hold together the 
cross-linking network of pectic polysaccharides, to function in cell adhesion 
(Willats et al., 2001).  

Grant and co-workers (Grant et al., 1973) proposed an “egg-box” type of 
model for calcium coordination in middle lamella, in which two helical po-
lyGalA fragments interact with each other via ionic interactions and coordi-
nation of calcium ions between chains (Figure 4). In the dimers, the calcium 
ions were sandwiched between the inner faces of both monomeric compo-
nents on the specific sites. calcium ion binding of pectic components was 



15

found to be a cooperative mechanism, as the initial binding of a few calcium  
ions was responsible for the chains falling into lines, thus facilitating further 
calcium ion fixation. Thus calcium ions connect two acidic polysaccharides, 
i.e., crosslinking. The calcium ions are fixed in the cell wall not only by 
electrostatic interactions with the carboxylic groups of the pectins, but also 
by coordination linkages with hydroxylic groups of diverse polysaccharides. 
The “egg-box” model requires the chains to be in exact register but a recent 
modeling study suggests that this may not be the case and that for effective 
coordination of calcium in the dimers, the chains must be staggered (Sca-
vetta et al.,, 1999). Calcium egg boxes, crosslinking smooth regions in pec-
tin chains probably play an important structural role for keeping the middle 
lamella together in many non-lignified plant tissues. 
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Figure 4. Schematic representation of the  “Egg-box” model. 

Plant cell wall degrading enzymes 
The degradation of plant cell walls requires a large number of enzymes with 
different specificity, and they are divided into groups depending on their 
substrate, i.e. cellulases, hemicelluases, pectinases, ligninases etc. They ei-
ther act specifically on different main chains of plant cell wall polysaccha-
rides or act on the substituents or the side chains of these structures. Lignin 
is a special case that is degraded oxidatively by various enzyme systems 
with low specificity. 
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Pectinase
Due to the complex structure of pectin, it is not surprising that many types of 
enzymes are involved. Thus, the pectin degrading enzymes, pectinases, are 
actually a diverse group of enzymes that can modify and degrade pectins. 
Pectinases are produced by bacteria, fungi, higher plants and animals. Pecti-
nases are classified according to their site of cleavage, endo or exo (if they 
cleave within or at the end of the substrate chain, respectively), preferred 
substrate (pectin or pectate) and the mode by which they cleave the glycosi-
dic bond (hydrolase or lyase). According to the cleavage site, pectinases can 
be further divided into two groups, those acting on the main chain (endo- 
and exopolygalacturonase, pectin and pectate lyases, rhamnogalacturonan 
hydrolases and lyases, pectin methyl and acetyl esterases, and rhamnogalac-
turonan acetyl esterase) and those acting on side chains of the pectin hairy 
regions (arabinofuranosidases, endoarabinanase, -galactosidase, endogalac-
tanases and feruloyl esterases). Still another division is found according to 
which part of the pectin chain are attacked, i.e. rhamnogalactouronase for the 
rhamnogalacturonic segment, or polygalacturonase for the smooth region 
(Figure 5). The latter enzyme might be specialized on methylated or non-
methylated regions (Sakai et al., 1993). It is probably the most studied pecti-
nase, produced by many organisms.  

Primarily, the functions of these enzymes are to degrade pectin that oc-
curs as structure polysaccharides in the middle lamella and the primary cell 
walls of young plant cells. Pectinases secreted by fungal or bacterial plant 
pathogens can play a dual role during the interaction between the fungus and 
the host plant, such as helping penetrating into the plant tissue.  

Figure 5. Schematic representation of cleavage of pectinase 
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Hemicellulases  
Hemicellulases are generally less complex than pectin, and consist of hetero-
or homopolysaccharide main chains, often with short side chains. On the 
other hand, there are several very diverse types of hemicelluloses, xylans, 
glucomannans, xyloglucans, etc. Therefore, it is also expected that hemicel-
lulases consist of debranching enzymes removing side chains and other 
modifications such as acetylations and endo acting enzymes attacking the 
main chain. Hemicellulases are generally hydrolytic enzymes, and the most 
studied is possibly endoxylanase, hydrolyzing -1,4 bonds in the main chain 
of xylan, the main hemicellulose in dicotyledons (Polizeli et al., 2005). 

Cellulase
Cellulase refers to a family of enzymes that act in concert to hydrolyse -1,4
glucosidic bonds in cellulose. They are found in all kingdoms (Lawrence, 
1997; Watanabe & Tokuda, 2001), but predominantly in the Fungi and Pro-
karyotae. Cellulases belong to the O- and S-glycosyl-hydrolases (GHs). Tra-
ditionally, cellulases have been divided into exoglucanases (1,4- -D-glucan 
cellobiohydrolase, EC 3.2.1.91) and endoglucanases (1,4-(1,3;1,4)- -D-
glucan glucanohydrolase, EC 3.2.1.4) (Webb, 1992). Most fungal cellulases 
share a common molecular organization with a catalytic domain and a small 
cellulose binding domain connected to the catalytic domain by a flexible 
region (Pettersson et al., 1989; van Tilbeurgh et al., 1986; Gilkes et al.,1988; 
Teeri et al., 1987). 

Application of pectinases
Pectinases were some of the first enzymes to be used domestically and in-
dustrially. Their commercial application dates back to 1930 for the prepara-
tion of wines and fruit juices. Today, among the increasingly popular en-
zymes of the fruit and textile industries, pectinases have many applications 
in industry and in research. Usually, two types of pectinases are used in in-
dustry. Acidic pectinases are mainly used in juice and wine making and uni-
cellular products for the food industry, while alkaline pectinases can be used 
in retting and degumming of fiber crops, treatment of pectic wastewater, 
paper making, oil extraction and coffee and tea fermentation (Kashyap et al.,
2001).  

In our study, we investigated the application of pectinases in retting and 
pulping of flax and hemp, and also in torus analysis of wood. 
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Retting of flax 
Flax
Flax remains one of the most important fiber plants in the world because of 
the long, strong fibers found in the outer layers of the stem, and is the oldest 
fiber crop in the world; the use of flax for the production of linen goes back 
5000 years. At that time, people used it for cloth, net and lines for catching 
wild animals or fishing. Flax fiber is soft, lustrous and flexible. It is stronger 
than cotton fiber, but less elastic. It is still used in the textile industry for 
tableware and clothes, sometimes in blends with cotton and other fibers. It is 
also a raw material for high quality papers, such as bibles, cigarette papers 
and currency. There is furthermore an interest to use flax fibers for compos-
ites in the automotive industry. Hemp (Cannabis sativa) has uses similar to 
flax.

The scientific name of flax is Linum usitatissimum. Usitatissimum means 
"most useful" in Latin, a suitable appellation for a plant used for both food 
and fiber. Flax has been transplanted from its native origin in Eurasia to all 
temperate zones of the world that provide a suitable habitat (a cool, damp 
climate) for its cultivation as a fiber plant; it is also grown in many tropical 
countries for its oil-bearing seeds. Flax plants grow to approx. 120 cm in 
height and bear blue or white flowers that mature into bolls, each containing 
10 seeds.

The valuable fibers in flax and hemp are located in the outer part of stem 
and are “glued” together in fiber bundles. Thus, there is a need for separating 
the fibers from the woody core, and in some cases also from the epidermis 
and each other. This is done by “retting”, generally a microbiological proc-
ess that degrades the pectin-rich middle lamella connecting adjacent fiber 
cells to release the bast fiber from the epidermis/cuticle and lignified core 
fractions of the flax stems, producing free fiber bundles and, ultimately, free 
elementary fibers (Van Sumere, 1992). The flax straw consists of a wood 
core surrounded by a stem (Figure 6). Within the stem there are a number of 
fiber bundles. In a cross-section there are usually about thirty bundles, each 
containing between 10 and 40 individual or ultimate flax fibers 2-3 cm in 
length and 15-20 micrometers in diameter. The fibers are made of cellulose 
and hemicellulose and are bonded together by a matrix, which consists 
mainly of pectin. The pectin surrounds the bundle and bonds it to the stem. 
The pectin is removed whole or partly during the retting process.

Enzymatic retting 
In the past, flax stems were submerged in rivers and lakes and retted by an-
aerobic bacteria, a process called water retting. However, this practice was 
discontinued in most western countries several decades ago because of the 
pollution from fermentation products and the high cost of drying. Currently, 
dew retting is accepted in European countries, which supply much of the 
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linen used in textiles. In dew retting, flax plants are pulled from the soil and 
laid out in fields for selective attack by indigenous fungi for several weeks. 
Nevertheless, this process has some serious drawbacks: firstly, it depends on 
particular geographical regions that have the appropriate moisture and tem-
perature ranges for retting; secondly, it produces coarser and lower quality 
fiber than water retting and lastly, it has less consistency in fiber characteris-
tics and occupies agricultural fields for several weeks. Therefore, more ra-
tional retting procedures are needed. During the 1980s, there were efforts in 
Europe to develop an enzymatic retting process to replace dew retting (Van 
Sumere, 1992). Flaxzyme, a commercial product from Novo Nordisk for 
enzymatic retting of flax, effectively separates fibers from other non-fiber 
materials (van Sumere, 1992; Akin et al., 1997). Other pectinase-containing 
enzymes mixtures were also tested, and some, e.g., Ultrazym (Novo), retted 
flax well and produced good quality fibers (Sharma and Van Sumere, 1992). 
Although enzymatic retting produces fiber of high quality, it requires large 
amounts of relatively costly enzymes, which so far has hampered commer-
cialization. The exact mechanism of retting has also been unclear, although it 
generally has been believed that pectinases play a key role. However, there 
are examples of pectinase-rich enzyme mixtures that are efficient in retting, 
and therefore it has been suggested that hemicellulases and cellulases are 
also needed. A number of microorganisms were isolated from flax retted in 
different locations in North America and Europe (Henriksson et al.,, 1997). 
They varied in their ability to perform retting in the laboratory, and of the 
most potent retting organisms, Fusarium lateritium sr and Rhizopus oryzae
sb, only the latter produced a culture filtrate suitable for retting when culti-
vated on orange peel, a cheap and pectin-rich material. Thus, the mecha-
nisms of retting have remained unclear. 

Figure 6. Schematic structure of flax by cross section. 
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Pulping  
Pulping is the process whereby wood or non-wood fibers are separated, 
made flexible and sometimes fragmented either by chemical, mechanical, 
chemi-mechanical, thermal mechanical or by solvent treatment, so that a 
fiber suspension suitable for pulping is converted into into a slurry for use in 
paper-making and other purposes.

Wood is the dominant raw material for pulping. Here, the fibers are me-
chanically separated (mechanical pulp), or the middle lamella lignin is de-
graded by various chemical techniques, kraft pulping, sulphite pulping, soda 
pulping etc (Rydholm, 1965). Biopulping, which involves the treatment of 
lignocellulosic materials with lignin-degrading fungi, has been shown to 
result in energy savings and strength improvements (Akthar et al., 2000). 
Enzymes are now also being incorporated into the pulping process, where 
they offer a number of advantages. Enzymes can improve the process in 
several ways, concerning bleaching, process time and quality of the pulp 
(Bajpaj, 2004; Call and Mücke, 1997). The structure and chemical composi-
tion of pulp fibers are of paramount importance for paper strength and other 
properties. Enzymes can be used to reduce fiber coarseness, increase paper 
density and smoothness and improve appearance. Cellulases and hemicellu-
lases have been shown to be able to partly break down cellulose and can 
improve drainage of water from the pulp and thus the speed of paper ma-
chine operation, which depends in part on the drainage rate (Viesturs et 
al.,1996). Pectinases are also a group of enzymes with promising applicable 
potential in the treatment of mechanical pulp (Hafren and Daniel, 2005). 
Attempts to directly apply enzymes in pulping of wood, however, are rare 
(Jacobs et al., 1998), and the effects limited since the lignin is an effective 
obstacle for enzymatic degradation (Blanchette et al., 1997). 

However, pulp is also made from non-wood plant materials. The reason 
for using such material might be lack sufficient amounts of suitable wood, as 
is the case in China and Cuba, but certain types of high quality papers, such 
as bible paper, currency paper, cigarette papers and tea bag papers are made 
using non-wood pulps. The raw material is then often cotton or bast fibers 
from plants such as flax, hemp or ramie. The soda process, treatment with 
hot alkali, is a common way to perform fiber separation, but the fibers gen-
erally need to be shortened in order to form well formatted papers. This is 
often done with beatings, which are energy consuming and associated with 
technical problems. Since the lignin content in bast fibers is low, the possi-
bilities for using enzymes in pulping are promising (Atchison, 1996). 

Pectinases in Wood Analysis 
Pectic substances are minor components of wood; in Norway spruce it is 
reportedly less than 1% (Jayme et al., 1960; Westermark et al., 1986). The 
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use of pectinase for wood analysis is uncommon. Pectinases have been 
mainly used to hydrolyse pectin, to damage bordered pit membranes, and 
increase wood permeability during colonization and incipient decay and 
damage. 

Hydrolysis of bordered and pinoid pits by pectinases may be a key event 
during colonization of wood by decay fungi (Cowling, 1961). Hydrolysis of 
wood pectin from ray parenchyma cells and the tori of pit membranes has 
been hypothesized as a necessary step in the colonization of wood by brown-
rot fungi (Daniel et al., 1994; Green and Highley, 1997). Militz (1990; 1993) 
showed that pre-treatment with pectinases could improve the permeability of 
spruce.

Enzymatic degradation of pit membranes has been observed for white-rot 
fungi (Tsuneda et al., 1987). Shanley et al. (1993) characterized a pectinase, 
endopolygalacturonase from a white-rot fungus.  

Most wood calcium is bound to pectin in egg boxes. Chelation of the cal-
cium ions by oxalic acid stimulates degradation of pectin with endopolyga-
lacuronase (Magro et al., 1984; Bailey and Reeve, 1994).  
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Aims of the study 

The overall aim of this work was to use pectinases for biotechnological ap-
plications. We carried out studies in the following areas: 

To identify the key components in enzymatic flax retting. 
To enhance the technical efficiency of pectinases by specific 
sample pretreatment. 
To purify and characterize a fungal pectinase that was shown to 
be efficient for retting. 
To apply pectinases in pulping of bast fibers from flax and hemp.  
To apply pectinases in a study of discoloring substances in stored 
wood.
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Methods

The methods used in this work for cultivation of microorganisms, purifica-
tion and characterization of proteins, enzyme activity measurement and 
characterization of pulp properties are generally standard procedures that are 
described in the individual articles. However, for quantifying the retting of 
flax, no generally accepted standard procedure exists, and various concepts 
have been used.

Measurement of retting efficiency 
The Fried test method was used to determine the retting degree. This method 
is empirical (Dujardin, 1942) and rather subjective in the hands of inexperi-
enced operators. In this thesis (Papers I, II, and III), a modified version of 
the Fried test (Rognes et al., 2000) was mainly used to monitor the fiber 
separation. This modified procedure partly diminishes the subjective nature 
of the Fried test by introducing a “blind test” with an “independent” exam-
iner, and a relatively “objective” measurement. Specifically, the flax straws 
were cut in approximately 10 cm sections. After treatment, the straws were 
placed in test tubes and 10 ml boiling water was added. The test tubes were 
then vigorously shaken by inversion. If well-retted, the fibers are completely 
released from the stem. (Dujardin, 1942) The samples were visually graded 
on a scale from 0 - 6 on the basis of the degree of fiber release and separa-
tion (Figure 7).  

"0" means that no fibers were released;  
"1" means that bast fibers were separated from 0 to 10 mm of the 10 cm 

long straw;
"2" means that fibers were released from 10 to 25 mm;  
"3" 25 to 50 mm; 
"4" 50 - 75 mm;
"5" more than 75 mm of the straw, but still connected via at least one 

point;
"6" means that all fibers were totally released. 
To avoid bias, all samples were given random numbers and the grading 

was done by an examiner without knowledge of the exact treatment of the 
individual sample. Samples were always done in at least triplicate and the 
average of these was regarded as the degree of fiber separation. 
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Figure 7. Grading system in the modified Fried test of retting of flax. 
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Present Investigation 

Paper I 
Identification the key components in enzymatic retting of flax 
The flax fibers valuable for high quality textiles (linen) and other applica-
tions such as paper and composites are located inside the “bark”, where they 
are glued together to form fiber bundles by middle lamella pectin, and possi-
bly other compounds. A major limitation to production of fiber from flax 
stems is the retting process. The traditional method, dew retting, consists of 
spreading the harvested straws on fields for fungal degradation of the middle 
lamella material, (Akin et al., 1998), whereby bast fibers are separated from 
the woody core and epidermis. This method has the drawbacks of both 
weather-dependence and risk of fiber damage by cellulolytic fungi (Henriks-
son et al., 1997; Akin et al., 1998).  

Enzymatic retting has been suggested as an alternative treatment and is 
based on specific degradation of the middle lamella (Sharma and Van 
Sumere, 1992; Van Sumere, 1992). However, it is not clear which enzymes 
are required for efficient retting of flax. Although all efficient enzyme prepa-
rations seem to contain pectinases, there are also mixtures rich in pectinase 
activity but inefficient in retting of flax (Sharma and Van Sumere, 1992), 
and it has been speculated that both hemicellulases (mainly xylanase) and 
cellulases play an important role. 

Therefore, to identify which components were important for the main 
function in enzymatic retting, we tested seven commercial pectinase prepara-
tions for their ability to degrade different “pectins”, i.e. pectin with mixed 
esterification (commercial pectin), highly esterified polygalacturonan, 
sparsely esterified polygalacturonan and a “native” highly branched pectin 
(represented by orange peel), xylan and regenerated cellulose. The enzyme 
preparations were commercial culture filtrates and could contain several 
different enzymes, active against different pectin structures, and also against 
other polymers. In some cases the culture filtrate was probably produced by 
genetically modified organisms producing one main product, monocompo-
nents. However, a single enzyme can also display activity towards different 
substrates and be active, for example, bot against both esterized and unester-
ized polygalacturonan.  Our results showed that the mixtures had a very di-
verse activity profile. We also tested the retting efficiency from these pecti-
nase preparations. The results showed that some enzyme preparations were 
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very efficient for retting, while others were not. Based on these results from 
enzyme activities and retting efficiency with different substrates, we per-
formed a correlation analysis using a Microsoft Excel program, according to: 

The correlation data support our immediate impression that the ability to 
degrade sparsely esterified pectin, i.e., polygalacturonase activity, is closely 
related to the retting efficiency (Figure 8). The correlation between retting 
and other activities is poor or virtually non-existent. Furthermore, the prepa-
ration, “PL”, that was most efficient in retting showed poor activity on all 
substrates except the sparsely esterified pectin. On the other hand, some 
preparations had high activity towards “mixed” pectin and esterified pectin, 
but performed virtually no retting. These results were further confirmed by 
experiments using a well-defined highly retting efficient polygalacturonase 
from A.niger, which, according to the supplier, was specific for non-
esterified pectin. 

It would therefore appear that polygalacturonase activity can be described 
as the “key component” in enzymatic retting. 
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Figure 8. Correlation between retting efficiency and polygalacturonase activity 
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Paper II 
Purification and characterization of a fungal pectinase efficient for  
retting
In an earlier study, several organisms were isolated from dew-retted flax at 
various locations and tested for retting ability (Henriksson et al., 1997;1999). 
The filamentious fungi Rhizopus oryzae sb (wrongly identified previously as 
Rhizomucor pusillus) and Fusarium lateritium sr were superior for retting. 
However, Fusarium lateritium sr failed to produce enzymes efficient for 
retting in the laboratory (Henriksson et al., 1997), while R. oryzae produced 
efficient extracellular enzymes when cultivated on citrus pectin (Henriksson 
et al., 1999). Furthermore, enzymes produced from R. oryzae sb appeared to 
remove middle lamella material and separate bast fiber at a relatively long 
distance from the mycelium (Akin et al., 1998), suggesting that R. oryzae sb
produced extracellular enzymes that could independently degrade the middle 
lamella.. Therefore, this zygomycete is an ideal model system for studying 
the mechanisms of dew retting and enzymatic retting of flax. Interestingly, 
no hemicellulase activity was detected in this culture filtrate, indicating that 
removal of hemicellulose is not important in the retting process.  

We therefore cultivated R. oryzae sb on a medium (Vogel´s medium) with 
citrus pectin as the sole carbon source. We purified one enzyme displaying 
pectinase activity by a four step chromatographic purification. The develop-
ment of the procedure was complicated because an interfering component 
made ion exchange chromatography impossible as a first step. Gel filtration 
on a 1 meter column was therefore applied as a first step, followed by cation 
exchange chromatography and a second gel filtration – an unusual solution 
(Figure 9).  The purified enzyme was the only component producing reduc-
ing sugar on orange peel in the culture filtrate, although other proteins were 
present; the main protein appeared to be an amylase. The purified pectinase 
could easily perform retting in the modified Fried test (Table 2). Addition of 
the “amylase” to the pectinase did not further increase the retting ability (not 
shown).

Table 2. Retting efficiency of purified pectinase. 

Retting agent Retting efficiency (modified Fried test) 

None (control) 0.25 (1, 0, 0, 0) 

Culture filtrate 1.25 (1, 1, 1, 2) 

Purified enzyme 4.75 (5, 5, 5, 4) 
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Cultivation on citrus pectin

Centrifugation (to remove solids as mycelium)

Gelfiltration on Biogel P100

Cation exchange chromatography on Highload SP

Gelfiltration on Biogel P150

Figure 9. Purification strategy. 

The pectin active enzyme gave a single band in isoelectric focusing (IEF) 
corresponding to pI of 8.4 and in SDS-PAGE to an apparent molecular mass 
of around 40 kDa. Mass spectrometric analysis of the purified enzyme gave 
a virtually single peak of 37436 Da. The purified enzyme showed the highest 
activity towards non-methyl esterified polygalacturonic acid, but could also 
degrade crude citrus pectin, esterified pectin and protopectin (orange peel 
powder). The sugars released from orange peel during treatment with the 
purified enzyme were identified, and the result suggested that galacturonic 
acid was the main product, although some galactose and arabinose might 
also be released. Some peptide sequences were obtained by mass spectro-
metric sequencing of tryptic digests (Figure 10) and one of the peptides cor-
responded to a conserved region in family 28 of glycosyl hydrolases (Hen-
rissat, 1991) - the family to which most of the known polygalacturonases 
belong - strongly indicating that the R. oryzae sb enzyme also belongs to this 
family. This is further supported by the homology of another peptide. Inter-
estingly, two peptide sequences suggest that this polygalacturonase carries 
an N-terminal sequence that is not present in other fungal family 28 pecti-
nases, but present in a bacterial polygalacturonase from Ralstonia solana-
cearum (former name Pseudomonas solanacearum), a parasite that causes 
severe damage (brown rot) to several plants including potato and ginger. The 
polygalacturonase is one of the components in the extracellular machinery of 
this pathogen, which loosens the structure of the plant cell wall during the 
infection (Huang et al., 1990). Whether or not this N-terminal sequence 
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plays an important role in the degradation of pectins may be a worthwhile 
subject for further investigations. 

Figure 10. Alignment of the tryptic peptide sequence tags obtained from MS/MS 
analysis with five pectinases found in the Swiss-prot database. Tryptic peptides 
(protonated masses 1653.57 and 2019.01 Da) were found in the consensus regions of 
all five selected pectinases (i and ii). Numbering is taken from the full length se-
quences of the pectinases. Bold letters indicate conserved residues. 

In spite of some activity toward esterified pectin, the enzyme can proba-
bly be described as a polygalacturonase, a result in agreement with those in 
paper I. When R. oryzae sb grows on flax bark, therefore, it gets most of its 
energy from the degradation of polygalacturonic acid segments in the middle 
lamella pectin, although some degradation of esterified regions and possibly 
also side chains can not be excluded. As degradation of the polygalacturonic 
acid part of middle lamella pectin might be the key reaction in fiber separa-
tion in retting, this may contribute to the somewhat surprising conclusion 
that the superior properties of R. oryzae sb for practical retting are a conse-
quence of a rather primitive pectinolytic system.  

Paper III 
Enhancement of the retting efficiency of pectinases by sample  
pretreatment 
Enzyme retting can produce fibers of high and consistent quality due to the 
well-controlled process and absence of unwanted activities on substances 
such as cellulose. The cost of purified enzyme(s) is, however, a major disad-
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vantage (Van Sumere, 1992). Methods to reduce the necessary enzyme load 
would thus enhance the chances of success of a commercialized process. 
Calcium ions have been reported to act as bridges linking pectin molecules 
in stem tissues of flax and stabilizing them against pectinase, and removal of 
these calcium ions is expected to make the pectin more susceptible to enzy-
matic attack. (Rihouey et al., 1995). Calcium chelators such as EDTA and 
oxalic acid have indeed been successfully used to decrease the enzyme dos-
age (Henriksson et al., 1997). The effect is moderate, however, and the che-
lator itself represents a considerable cost and can cause potential environ-
mental problems.  In spite of this, the method is in practical use today in the 
cotton industry. 

We investigated an alternative, economically and environmentally favor-
able method to facilitate enzyme-mediated retting, which involves pre-
incubation in dilute acid to release the calcium ions from pectin in the mid-
dle lamella of flax. 

Pre-incubation in acidic phosphate buffer, pH~2, lowered the amount of 
enzyme required to achieve virtually complete retting according to the Fried 
protocol by three orders of magnitude compared to the amount needed after 
pre-treatment with only water, whereas pre-treatment with acetic acid with 
an initial pH of 3.0 improved the efficiency by a factor of approximately 10. 
An efficiency at least on a par with the acidic phosphate buffer was also 
achieved using 40 mM phosphoric acid and 20 mM sulfuric acid. 

One series of experiments was also carried out in which the pH of the 
samples were measured during pre-incubation to study pH changes due to 
the buffering capacity of groups on the flax gradually exposed during the 
process. The pH of all the samples, with the exceptions of 20mM H2SO4 and 
40 mM H3PO4 increased during the pre-treatment, showing that these solu-
tions alone were strong enough to overcome the buffering capacity of the 
flax tissue. See Table 3, for examples of effects of acid pretreatment. 

Table 3. Effects of acid pretreatment. 

Applied enzyme Degree of retting (Modified Fried test) 

(ABS) Water pretreatment H2SO4 pretreatment H3PO4 pretreatment 

0 0.0 1.3 0.0 

0.001 0.7 5.7 4.0 

0.01 5.0 6.0 6.0 

In all cases, an acid wash without subsequent enzyme treatment gave neg-
ligible effects. As judged from the efficiency of sulfuric acid treatment, the 
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effect was mainly dependent on the pH, although it was theoretically possi-
ble that the chelating properties of phosphate played a role. Thus, pre-
treatment with a conventional and cheap acidic medium could lower the 
amount and thereby the cost of enzyme required for effective retting by sev-
eral orders of magnitude. 

The results are in line with the ideas presented in papers I and II, that the 
degradation of polygalacturonic acid segments in middle lamella pectin are 
the key reaction in retting, as calcium ions form cross-linking complexes, or 
egg boxes, with this structure. 

Paper IV 
Application of pectinases in pulping of bast fibers from flax and hemp 
Bast and cotton fibers are too long for paper production in the paper machine 
(they will flocculate forming irregularities in the paper), and these fibers 
must therefore be shortened. This shortening process is energy consuming. 
To facilitate this process, we present a new pulping method for flax and 
hemp bast fibers based on treatment with pectinases and cellulases, using the 
experiences from enzymatic retting discussed in papers I – III. Pectinases
separate the fibers by degradation of pectin in the middle lamella as in ret-
ting (papers I & II), while cellulases specifically attack certain regions in the 
bast-fibers, the fiber nodes, which represent weak points (Mooney et al.,
2001) and influence fiber strength in flax (Khalili et al., 2002). On the other 
hand, the main part of the fiber might be relatively undamaged. An acid 
wash step for removing mainly calcium ions but also Mg2+, Fe3+, Cu2+ etc.
was included to stimulate the effect of pectinases, as described in paper III.  

In the process developed (Figure 11) in this paper, the starting material 
was bast fiber bundles mechanically separated from the woody core, and the 
enzymes used were culture filtrates that contained mixtures of different en-
zymes. The key components, however, were cellulose and pectinase and this 
was reflected in activity. The properties of the pulp produced in this way 
compared favorably to common technical qualities of pulp in terms of 
strength properties. The main pulping effect was probably due to the cellu-
lases, since cellulose alone produced a rather good pulp. 
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Harvest of flax

Green scutching

Acidic washing step (pH 3)

Treatment with cellulolytic
  and pectinolytic enzymes

Bleaching with alkaline hydrogen peroxide

Beating

Dew retting

Harvest of hemp

Washing in warm water

Scutching

Washing in warm water 
        with detergent

Figure 11. Overview of the enzymatic mechanical pulping procedure. 

Enzymatic treatment may therefore be an interesting and energy efficient 
alternative for mills producing high quality papers from bast fiber plants.  

Paper V 
Application of pectinase in study of discoloring substance in wood  
sample
Discoloration of wood raw material during wet storage has a notably detri-
mental effect on the quality of the products. Wood is often sprinkled with 
water when it is stored to avoid drying out, or as a deterrent to insect attack 
or fungal degradation. During this process, the outermost annual rings of the 
logs are often discolored brown (Dahm, 1963).  This phenomenon is referred 
to as “tannin-stain” or “bark-stain”, and refers to the migration of bark sub-
stance into the wood (Figure 12). 



33

Figure 12. Fluorescent tori in water-sprinkled spruce (above) and tori in fresh spruce 
(below). Scale bar is 10 m. 

Our study aimed to reveal the nature of the discoloring substances in tori 
of pits and whether those substances can be removed by pectinases or not, as 
tori are rich in pectin (Thomas, 1975; Hafren & Westermark, 2001) and 
metal ions (Thomas, 1975; Saka & Goring, 1983). Based on the finding that 
acid pretreatment could increase the efficiency of pectinase, we first pre-
incubated the water-sprinkled wood sample with dilute acid and then incu-
bated with commercial pectinase from Aspergillus niger. No significant dif-
ference was found after the treatment. 

Bark is rich in phenolic substances, including tannic acid (Sjöström, 
1981). It is water soluble and seemed a good candidate substance for ex-
plaining discoloration of the fluorescent tori. We therefore investigated the 
interactions between tannic acid and pectin as well as metal ions. Our model 
experiments showed that whereas the presence of tannic acid on commercial 
pectin had no inhibitory effect on pectinase, it was effective on orange peel 
pectin (similar to protopectin). However, it was not possible to determine 
whether this was due to the higher content of calcium ions or to the higher 
content of proteins in orange peel pectin. Tannic acid is known to bind both 
to proteins and metal ions (Budavari, 1989; Taiz & Zeiger, 1991). Applica-
tion of pectinase or tannase did not remove discoloring substances from pit 
membranes. Manganese peroxidase had a minor but significant effect. The 
effect of manganese peroxidase as well as HCl/vanillin labeling, together 
with the negative results of pectinase/tannase incubation, indicated that the 
discoloring substance may be condensed tannins. 
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Overall conclusions 
In paper I, we showed that enzymatic retting, i.e. separation of bast fibers of 
flax due to degradation, or at least weakening of the middle lamella, was 
dependent of polygalacturonase, and that this enzyme alone could perform 
the reaction, an observation in contrast with earlier suggestions that other 
enzymes such as hemicellulases and cellulases were required for efficient 
retting. In paper II, the active, and probably only important component in the 
retting enzyme system of the superior retting zygomycete R. oryzae sb, was 
a pectinase, which although having a broad activity spectrum, had non-
esterified polygalacturonic acid as its preferred substrate.  This suggested 
that degradation of the egg box forming structures, the smooth stretches of 
polygalacturonic acid, is the critical reaction in retting. This appears to be a 
plausible hypothesis, because the egg boxes crosslink different pectin chains, 
and therefore might be a structurally significant factor in the middle lamella 
(Figure 13); degradation of these will possibly induce the middle lamella to 
“structurally collapse”. 

Figure 13. Hypothetical explanation for the efficiency of R. oryzae sb in retting:  

This idea is supported by the results published in paper III, which show 
that removal of calcium and other metal ions by diluted acid pretreatment 
highly increases the effects of enzymes in retting (Figure 14). The retting 
efficiency of the fungus, R. oryzae sb, may be due to the fact that its pecti-
nolytic system is primitive, and mainly attacks the egg box forming struc-
tures. A fungus with an enzyme system for complete degradation of pectin 
might actually be less efficient in retting, since it also degrades a part of the 
pectin that is “unnecessary” for the retting effect.  The active component of 
R. oryzae is a family 28 polygalacturonase, which may not be especially 
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extraordinary, although it carries a domain with unknown function that is 
unique among fungal pectinases. 
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The pectin chains in the middle lamella consist of hairy 
regions with side chains and smooth regions. In the latter 
ones, calcium ions (  ) form "egg box" complexes with 
carboxylic groups that crosslink pectin chains into a resistant 
structure.

When the flax is exposed to dilute acid, the carboxylic groups 
become protonated and lose their chelating ability. As a 
consequence, most calcium is released and the egg box 
crosslinking is reduced.

Ca2+

The collapse of the calcium egg box structures enhances 
the possibility for the polygalacturonase (       ) to attack 
and degrade the smooth regions of the pectin chains.

The polygalacturonase has partially degraded the smooth 
regions and the crosslinked pectin network has lost its 
structural integrity. The middle lamella can no longer hold the 
fibers together- retting takes place.

1 2

3 4

Ca2+

Figure 14. Hypothetical explanation for the efficiency of pretreatment with dilute 
acid in enzymatic retting. 

The only enzyme needed for retting of flax, therefore, is polygalacturo-
nase, and other enzymes may even reduce the efficiency of the process. In an 
unpublished work (Manuscript), we have shown that cellulase treatment 
weakens linen threads to a much higher degree than cotton threads.  Similar 
results have also been reported by (Pervin 2002). This effect is probably due 
to the presence of fiber nodes in bast fibers, that are specifically attacked by 
cellulases (Khalili et al,) and which are absent in seed hairs. Therefore, the 
presence of cellulases in retting mixtures is not only unnecessary, but also 
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harmful. On the other hand, cellulases have the place beside the polygalactu-
ronases in enzyme mixtures for pulping (IV), since in this case a shortening 
of fibers is wanted. Cellulases do attack fibernodes, a common fiber struc-
ture in bast fibers such as flax, selectively causing weakening or even a 
break, which is not normally favorable for textile or composite applications. 
Monocomponent preparations of polygalacturonase, therefore, are suitable 
for enzymatic retting. As shown in paper III, pretreatment with dilute acid, 
which is very cheap, reduces the amount of enzyme required by several or-
ders of magnitude. This method is probably much more economically favor-
able than treatment with chelators. 

Two other applications tested were pulping with cellulases and pecti-
nases, and use of pectinases in wood analysis. Based on the experiences of 
enzymatic retting of flax, an enzyme-based method for pulping flax and 
hemp fibers was developed, which efficiently produces pulp of good quality. 
To our knowledge, this is the first demonstration of enzyme-mechanical 
pulping, using an acidic pre-wash before a combined treatment with cellu-
lases and pectinases. In contrast to textile applications, cellulases are re-
quired for this process as flax and hemp bast fibers must be shortened for the 
production of high quality papers.  

In vitro model experiments showed that pectinase treatment could release 
pectin-adsorbed tannin after an acidic pre-wash. The same treatment of dis-
colored wood samples, however, did not release any tannin. Together with 
other experiments, this showed that adsorbed tannin is unlikely to cause dis-
coloration, leaving condensed tannin as a more probable alternative. Pecti-
nase, in this way, could thus serve as an analytical tool. 
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Summary in Swedish 

Min avhandling behandlar mekanismer och användning av pektinaser. Pektin 
är en komplex grupp av polysackarider som man finner både i den primära 
cellväggen och emellan cellerna hos växter såsom lin. Dessa kolhydrater, 
som har en stor förmåga att binda kalciumjoner och bildar en gelartad struk-
tur har betydelse för cellernas fysiologi, tillväxt, sammanhållning och av-
gränsning.   Pektin kan förändras och brytas ned av pektinaser, en grupp av 
enzymer som man finner hos både bakterier, svampar, växter och djur och 
som används i livsmedels-och fiberindustri. 

Pektinaser i linberedning 
Linne är kanske det äldsta  vävda textilmaterialet i mänsklighetens tjänst. 
Det tillverkas av bastfibrer från linplantan, Linum usitatissimum.  "Usitatis-
simum" kan översättas som "den allra användbaraste", ett lämpligt namn för 
en så mångsidig nyttoväxt med användning både som fiber, olja, livsmedel 
och foder. Fibrerna används som känt är för kläder, borddukar, handdukar, 
sängkläder mm men också i tyngre industriprodukter. Dessutom används 
linfiber i kvalitetspapper för sedeltillverkning och påkostade böcker. Det 
finns numera  intresse för att använda fibern i miljövänliga kompositmaterial 
inom bilindustrin. Användningen av lin för produktion av textilier går ca 
5000 år tillbaka i tiden. Det anses numera troligt att lin först odlades i Egyp-
ten. Växtens ursprung står dock snarare att finna i höglänta delar av Asien, 
varifrån den kan ha nått Egypten via Indien eller Kina. 

Lin växer naturligt i ett tempererat klimat och kan nå en höjd av ca 120 
cm. De välbekanta blå eller vita blommorna ger upphov till runda fröställ-
ningar med ca 10 frön i varje, som utnyttjas för oljeframställning. Linets 
stora betydelse för textilframställning beror på de långa starka fibrerna, bast-
fibrer, som man finner i de yttre lagren av stjälken. Bland andra växter som 
ger bastfibrer kan nämnas hampa, med fibrer lämpade för grövre produkter 
samt rami och även brännässla. De mjuka och glänsande linfibrerna är star-
kare än bomull, men mindre elastiska. Bastfibrerna i lin och liknande växter 
är  ”sammanklistrade” i fiberbuntar i ett skikt utanpå den hårdare, mer eller 
mindre vedartade kärnan i stjälken. Till skillnad från bomull kräver lin alltså 
en särskild process för att frigöra de värdefulla fibrerna från övriga vävna-
der. Detta har traditionellt utförts genom en mikrobiologisk process, rötning,
som har brutit ner de pektinrika skikten som håller samman fibrerna och 
därmed frigjort dem från både ytterhud och den grova kärnan, och däemed 
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frigjort först fiberbuntarna och slutligen också de enskilda fibrerna. En 
gammal metod för rötning bygger på att de skördade linstjälkarna nedsänks i 
sjöar eller vattendrag, där anaeroba (icke luftkrävande) bakterier bryter ned 
de sammanhållande vävnaderna och frisätter fibrerna. Denna metod är dock 
ur bruk numera, åtminstone i de flesta europeiska länder, på grund av att den 
kan förorena vattnet men också på grund av torkningskostnaderna. En alter-
nativ traditionell och lågteknologisk metod innebär att de skördade stjälkarna 
får ligga kvar på fälten, varvid naturlig fuktighet från dagg och nederbörd 
möjliggör för naturligt förekommande mögelsvampar att växa på dem i flera 
veckor och därmed bryta ned mjuka vävnader och frigöra fibrerna. Den se-
nare metoden är almänt använd i många europeiska länder och står för hu-
vuddelen av den linfiber som produceras här. Rötning i det fria är dock alltid 
förknippad med problem, vädrets inflytande är stort och vissa mikroorga-
nismer kan också attackera cellulosafibrerna, med en sämre slutprodukt som 
följd. Man kan, med en liten överdrift, säga att metoderna för linberedning 
fortfarande ligger kvar på papyrustidens nivå. Slutsatsen är att det finns stort 
utrymme för en moderniserad och rationell teknik för rötning av lin och lik-
nande fiberråvaror. Utveckling av sådana metoder, som då byggde på an-
vändning av enzympreparationer i stället för växande mikroorganismer, star-
tade redan på 1980-talet. Det finns också kommersiellt tillgängliga enzym-
produkter, t.ex. Flaxzyme från enzymtillverkaren Novo Nordisk, som är 
avsedda för linberedning. Enzymatisk rötning av lin är dock fortfarande föga 
utvecklad, och vårt syfte har varit att öka effektiviteten och sänka kostnader-
na.

De redan utvecklade teknikerna för enzymatisk rötning ger genomgående 
fibrer av god kvalitet, men kostnaden för de använda enzymerna är fortfa-
rande så hög att tekniken är oekonomisk. Ett viktigt steg i utvecklingen av 
bättre enzymatiska rötningsprocedurer är att öka kunskapen om de molekylä-
ra mekanismerna. Det har ansetts att nedbrytning av pektin spelar en viktig 
roll, men bilden har långt ifrån varit entydig, eftersom vissa ”pektinaser” har 
mycket låg effektivitet vid rötningsförsök. 

Mitt forskningsarbete 
Denna avhandling sammanfattar resultat av följande vetenskapliga artiklar:  

I: Polygalacturonase is the key component in enzymatic retting of flax. 
II: The active component in the flax-retting system of the zygomycete 

Rhizopus oryzae sb is a family 28 polygalacturonase. 
III: Effects of acidic media pre-incubation on flax enzyme retting effi-

ciency. 
IV: Enzymatic-mechanical pulping of bast fibers from flax and hemp. 
V: Distribution and characterisation of discolouring substances in Norway 

spruce (Picea abies L.Karst) pulp wood stored under water-sprinkling.
I den första studien (Artikel I) valde vi att klargöra vilken aktivitet som 

var avgörande för en god rötning. För att få svar på den frågan valde vi ut ett 
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antal kommersiella enzympreparationer och jämförde deras rötande förmåga 
med deras aktivitet mot olika väldefinierade substrat. Resultatet var att poly-
galakturonasaktivitet, förmågan att bryta ner de ”enklaste” strukturerna i 
pektin, sammanföll väl med god rötningsförmåga och då bedömdes vara 
nyckelaktiviteten. 

Som nämnts ovan så är det största problemet med moderniserad, enzymatisk 
linrötning den höga kostnaden för de nödvändiga enzymerna. Vi visste nu att 
effektiv nedbrytning av de enklaste strukturerna i pektin var av största bety-
delse. Det är känt sen tidigare att dessa strukturer hålls samman i ett nätverk 
av kalciumjoner. Nedbrytningen har underlättas om man kan få bort dessa. 
Metoder som bygger på att tillföra substanser som binder kalciumjoner och 
därmed hjälper till att lösgöra dessa har visat sig fungera, men dessa substan-
ser kan i sin tur vara både dyra och miljöovänliga. Vi prövade i stället (Arti-
kel III) att förbehandla linmaterialet med utspädda syralösningar som också 
förmådde tvätta ut kalcium. Resultatet blev uppseendeväckande: Förbehand-
ling med svavelsyra spädd 1000 gånger (!) minskade enzymåtgången för ett 
önskat rötningsresultat med 100-1000 gånger, vilket naturligtvis kan ha en 
motsvarande dramatisk effekt på kostnaderna. Kontrollexperiment visade 
också att den milda syrabehandlingen inte skadade de nyttiga fibrerna.  

En ytterligare fördjupning i studiet av mekanismerna bakom effektiv röt-
ning utfördes också. Inspektion av lin som utsatts för traditionell rötning 
avslöjade bland annat mögelsvampen Rhizopus oryzae som aktiv i samman-
hanget. Den aktuella stammen av svampen isolerades och odlades i laborato-
rium (Artikel II). Från den odlingen kunde jag sedan renframställa ett pek-
tinnedbrytande enzym, som kan betraktas som viktigt för svampens rötande 
förmåga. Enzymet hade som väntat de strukturegenskaper som kännetecknar 
den vanligaste "familjen" av polygalakturonaser  men visade dessutom vissa 
likheter med ett enzym från en bakterie, Ralstonia solanacearum, som an-
griper potatisknölar. 

De kunskaper om pektinnedbrytande enzymers funktion i linrötning som 
samlats i de tidigare arbetena kunde vi nu tillämpa i utvecklingen av en pro-
cess för pappersberedning från lin-eller hampfiber (Artikel IV), där kombi-
nationen av förbehandling med syra och enzymbehandling fungerade väl. 

I ett avslutande arbete i min avhandling (Artikel V) använde vi pektin-
nedbrytande enzymer som analysredskap i syfte att identifiera missfärgande 
substanser i lagrat virke. En hypotes var att missfärgningen berodde på tan-
niner (garvämnen) som adsorberats på pektin i veden. Modellexperiment 
hade visat att pektinasbehandling kunde frisätta en del adsorberat tannin när 
underlaget helt enkelt löstes upp. Motsvarande pektinasbehandling av prov 
från den missfärgade veden kunde inte frisätta någon färgad substans, varför 
en hypotes kunde avfärdas. Kompletterande experiment gjorde det mera 
troligt att missfärgningen berodde på kondenserade (sammansmälta) tanni-
ner.
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