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ABSTRACT
Lignocellulosic biomass is a sustainable resource with abundant reserves.
Compared to petroleum‐based products, the biomass‐derived polymers and
chemicals give better environmental profiles. A lot of research interest is
focused on understanding the lignocellulose structures.
Lignin, among the three major wood components, represents most
difficulty for microbial degradation because of its complex structure and
because cross‐linking to hemicellulose makes wood such a compact
structure. Nevertheless, wood is naturally degraded by wood‐degrading
micro‐organisms and modified and partly degraded residual of lignin goes
into soil. Therefore soil serves as a good environment in which to search for
special lignin‐degraders. In this thesis, different types of lignin have been
used as sole carbon sources to screen for lignin‐degrading soil micro‐
organisms. Eleven aerobic and three anaerobic microbe strains have been
isolated and identified as able to grow on lignin. The lignin degradation
patterns of selected strains have been studied and these partly include an
endwise cleavage of β‐O‐4 bonds in lignin and is more complex than simple
hydrolytic degradation.
As lignin exists in wood covalently bonded to hemicellulose, one isolated
microbe strain, Phoma herbarum, has also been studied with regards to its
ability to degrade covalent lignin polysaccharide networks (LCC). The results
show that its culture filtrate can attack lignin‐ polysaccharide networks in a
manner different from that of the commercial enzyme product, Gammanase,
possibly by selective cleavage of phenyl glucoside bonds. The effects on
LCC of Phoma herbarum also enhance polymer extractability. Hot‐water
extraction of a culture filtrate of Phoma herbarum‐treated fiberized spruce
wood material gave an amount of extracted galactoglucomannan more than
that given by the Gammanase‐treated material and non‐enzyme‐treated
material.
Over millions of years of natural evolution, micro‐organisms on the one
hand develop so that they can degrade all wood components to get energy

for growth, while plants on the other hand also continuously develop to
defend from microbial attack. Compared with lignin and cellulose,
hemicelluloses as major components of plant cell walls, are much more easily
degraded, but hemicelluloses differ from cellulose in that they are acetylated
to different extents. The biological functions of acetylation are not completely
understood, but it is suggested is that one function is to decrease the
microbial degradability of cell walls. By cultivation of soil micro‐organisms
using mannans acetylated to deffernent degrees as sole carbon source on agar
plates, we were able to see significant trends where the resistance towards
microbial degradation of glucomannan and galactomannan increased with
increasing degree of acetylation. Possible mechanisms and the technological
significance of this are discussed. Tailoring the degree of acetylation of
polysaccharide materials might slow down the biodegradation, making it
possible to design a material with a degradation rate suited to its application.

SAMMANFATTNING
Biomassa i form av lignocellulosa är en hållbar råvara med stor
förekomst. Jämfört med petroleumbaserade produkter, kan biomassa
producera polymerer och kemikalier med bättre miljömässig profil. Mycket
forskning är därför idag fokuserad på att öka förståelse av lignocellulosans
struktur.
Lignin är en av vedens tre huvudkomponenter, och av dessa den mest
motståndskraftiga mot mikrobiologisk nedbrytning, beroende på sin
komplexa struktur och tvärbindningar till hemicellulosa, vilket ger veden en
mycket kompakt struktur. Trotts detta bryts ved ner av specialiserade
mikroorganismer, som dock lämnar efter sig ett delvis nedbrutet och kemiskt
modifierat lignin, som hamnar i jorden. Jord är därför en intressant miljö för
att söka efter specifika ligninnedbrytande mikroorganismer. I denna
doktorsavhandling, användes olika typer av lignin som ensam kolkälla för
att isolera ligninnedbrytande mikroorganismer. Elva aerobiska och tre
anaerobiska mikrobstammar isolerades och visades kunna växa på lignin.
Nedbrytningsmönstret hos lignin studerades hos några av stammarna och
detta indikerade att β‐O‐4 bindningar i lignin bröts ner från fria ändar, samt
att mekanismen förefaller mer komplex än en enkel hydrolys.
Eftersom lignin i ved är kovalent bundet till hemicellulosa studerades en
av de isolerade stammarna, Phoma herbarum, för förmågan att attackera
kovalenta nätverk av lignin och hemicellulosa (LCC). Resultaten visade att
denna svamps kulturfiltrat attackerade nätverken på annat sätt än den
kommersiella enzymprodukten Gammanas, möjligen genom att selektivt
klyva fenylglukosidbindningar mellan lignin och hemicellulosa. Effekterna
på LCC orsakade av Phoma herbarum ökade extraherbarheten för polymerer
från ved. Hetvattenextraktion av defibrierad ved som behandlas med
kulturfiltrat av Phoma herbarum gav mer än dubbelt så högt utbyte av
galaktroglukomannan, som material behandlat med gammanas, och icke
enzymbehandlat material.
Genom miljontals år av naturlig evolution har mikroorganismer utvecklat

metoder att bryta ner alla vedkomponenter för att få energi. Växter, å sin
sida, har också utvecklats, men för att skydda sig mot mikrobiell attack.
Hemicellulosa är en huvudkomponent i veden som är betydligt lättare att
bryta ner mikrobiologiskt än lignin och cellulosa, men skiljer sig från
cellulosa genom att den ofta är acetylerad till olika grad. Den biologiska
funktionen hos denna acetylering är inte fullständigt förstådd, men ett
förslag är att den minskar den biologiska nedbrytbarheten hos cellväggen.
Genom att odla mikroorganismer från jord på agarplattor med glukomannan
med olika grad av acetylering, kunde vi se en klar tendens att högre grad av
acetylering ledde till att färre stammar kunde växa. Möjliga mekanismer för
detta och dess tekniska betydelse diskuteras i avhandlingen. Genom
kontrollerad grad av acetylering av ett material baserat på polysackarider
kan dess nedbrytningshastighet möjligen kontrolleras.

List of appended papers
This thesis is a summary of the following six appended papers, referred by
their roman numerals.

I.

Isolation and identification of microorganisms from soil able to
utilize lignin as single carbon source
Ran Bi, Oliver Spadiut, Martin Lawoko, Harry Brumer and Gunnar
Henriksson
Cellulose Chemistry and Technology 46, 227‐242, 2012

II.

Isolation of exceedingly low oxygen consuming fungal strains able to
utilize lignin as carbon source
Ran Bi, Shan Huang and Gunnar Henriksson
Cellulose Chemistry and Technology, accepted for publication, 2015

III. Phoma herbarum, a soil fungus able to grow on natural lignin and
synthetic lignin (DHP) as sole carbon source and cause lignin
degradation.
Ran Bi, Martin Lawoko and Gunnar Henriksson
Manuscript

IV. A Method for Studying Effects on Lignin‐Polysaccharide Networks
during Biological Degradation and Technical Processes of Wood
Ran Bi, Petri Oinonen, Yan Wang, and Gunnar Henriksson
BioResources 11, 1307‐1318, 2016

V.

Culture filtrates from a soil organism enhance extractability of
polymers from fiberized spruce wood.
Ran Bi, Shoaib Azhar, Lauren Sara McKee and Gunnar Henriksson
Manuscript

VI. The degree of acetylation affects the microbial degradability of
hemicelluloses. In manuscript
Ran Bi, Jennie Berglund, Francisco Vilaplana, Lauren S McKee and
Gunnar Henriksson
Manuscript

The author’s contributions to these papers are as follows:
I.

Principal author. Designed the experiments together with supervisors
and performed all the experimental work and most of the preparation of
the manuscript.

II.

Principal author. Designed the experiments together with supervisor
and performed most of the experimental work and played a major role
in the preparation of the manuscript.

III. Principal author. Designed the experiments together with supervisors
and performed all of the experimental work and played a major role in
the preparation of the manuscript.
IV. Principal author. Performed most of the experimental work, analysed
the data and played a major role in preparation of the manuscript.
V.

Principal author. Performed most of the experimental work and
perticipated in the preparation of the manuscript.

VI. Principal author. Designed most of the experiments, performed most of
the experimental work and played a major role in the preparation of the
manuscript.

Results relating to this work were also presented at the following conferences
by the author:


16thInternational Symposium on Wood, Fiber and Pulping Chemistry
(ISWFPC), Tianjin, China, June 8‐10, 2011
Isolation and identification of microorganisms from soil able to utilize
lignin as single carbon source
Ran Bi, Oliver Spadiut, Martin Lawoko, Harry Brumer and Gunnar
Henriksson



243rd ACS National Meeting, San Diego, CA, USA, March 25‐29, 2012
Isolation and identification of soil microorganisms under anaerobic
conditions which are able to live on lignin as carbon source
Ran Bi, Shan Huang and Gunnar Henriksson



17thInternational Symposium on Wood, Fiber and Pulping Chemistry
(ISWFPC), Vancouver (BC), Canada, June 12‐14, 2013
Microorganisms from soil able to utilize synthetic lignin (DHP) as single
carbon source and causing lignin degradation
Ran Bi, Martin Lawoko and Gunnar Henriksson

LIST OF ABBREVIATIONS
LSDP_401

Lignosulphonate DP_401

DHP

Dehydrogenation polymer (synthetic lignin)

BMW

Ball‐milled wood

β‐O‐4

Arylglycerol‐ β ‐aryl

LCC

Lignin carbohydrate complex

KGM

Konjac glucomannan

LBG

Locust bean gum galactomannan

GGM

Galactoglucomannan

TMP

Thermomechanical pulp

HWE

Hot‐water extraction

THF

Tetrahydrofuran

SEC

Size exclusion chromatography

Mw

Weight average molecular weight

Mn

Number average molecular weight

UV

Ultraviolet

RI

Refractive index

GC

Gas chromatography

GC‐MS

Gas Chromatography Mass Spectrometry

DFRC

Derivatization followed by reductive cleavage

NMR

Nuclear magnetic resonance

CONTENTS
1. INTRODUCTION ............................................................................................... 1
1.1 Background ..................................................................................................... 1
1.2 Wood components and lignin structure ..................................................... 2



Role of hemicellulose acetylation ............................................................... 3

1.3 Lignin‐carbohydrate complexes .................................................................. 6
1.4 Wood degradation by microorganisms ...................................................... 7



Wood degrading microorganisms ............................................................. 7



Lignin degradation enzymes from microorganisms ............................... 8

1.5 Aim of the thesis .......................................................................................... 10
2. EXPERIMENTAL .............................................................................................. 11
2.1 Materials........................................................................................................ 11



Chemicals and instruments....................................................................... 11



Lignin samples ............................................................................................ 12



Soil sample .................................................................................................. 13

2.2 Methods......................................................................................................... 14



Natural lignin and DHP preparation....................................................... 14



Media for micro‐organism isolation, cultivation and identification.... 14





Cultural filtrate collection and incubation with different lignin
samples and other substrates .................................................................... 14
Treatment of fiberized wood material by Phoma herbarum culture
filtrate ........................................................................................................... 16
Investigation of how the degree of acetylation affects hemicellulose
microbial degradability ............................................................................. 16

2.3 Analysis ......................................................................................................... 16



Carbohydrate composition ....................................................................... 16



Molecular weight determination .............................................................. 16



GC‐MS .......................................................................................................... 17



NMR techniques.......................................................................................... 17

3. RESULTS AND DISCUSSION ......................................................................... 19
3.1 Lignin as carbon source and lignin biodegradation (papers I‐III) ......... 19




Strain isolation, identification and cultivation ........................................ 19
Cultivation of the microbe on 5h BMW lignin, 12h BMW lignin and
DHP respectively as the only carbon source ........................................... 24



In vivo degradation to lignins .................................................................... 25



Lignin degradation by cell‐free culture filtrates ..................................... 30

3.2 Degradation of LCC (papers IV, V) ............................................................ 39





Model compound study of synthesized water‐soluble lignin –
polysaccharide network degradation by the soil microbe Phoma
herbarum (paper IV)..................................................................................... 39
Extractability of Polymers from Fiberized Spruce Wood by pre‐
treatment of culture filtrate (paper V) ...................................................... 41

3.3 The role of acetylation of hemicellulose on microbial degradability
(paper VI) .............................................................................................................. 44




Colony formation on agar plates with differently acetylated mannans
....................................................................................................................... 45
Single strain growth rate ............................................................................ 46

4. CONCLUSIONS ................................................................................................ 49



Future perspectives ..................................................................................... 50

5. ACKNOWLEDGEMENTS ............................................................................... 51
6. BIBLIOGRAPHY ................................................................................................ 53

1

INTRODUCTION

1

INTRODUCTION

1.1 Background
Most of the land is covered by forest, and the forest industry plays one of
the most important roles in Sweden. Today’s increasing sustainability
problems have stimulated pulp and paper industry to focus on investigating
new processes and high‐value by‐products from the industry’s side streams.
In recent years, within the biorefinery concept, the new pulp and paper
industry has realized that wood can be used for a variety of other products
than only paper and fuel, such as chemicals, materials and energy (van
Heiningen, 2006).
Plastics, a traditional petroleum‐based product, are not susceptible to
biodegradability and they have therefore accumulated in the natural
environment and in landfills. About 10 per cent by weight of the municipal
waste stream is plastic (Richard et al., 2009), and discarded plastics also
contaminate a huge amount of natural terrestrial, freshwater and marine
habitats.
Lignocellulosic biomass is a sustainable resource with abundant reserves,
and the biomass‐derived polymers and chemicals have better environmental
profiles than their petrochemical counterparts (Shen and Patel, 2008).
Renewable and easily degradable materials and chemical precursors derived
from lignocellulose biomass as downstream products from the pulp, paper
and packaging industries could significantly reduce the carbon emission and
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also improve the profitability (Shen and Patel, 2008; Farrell et al., 2006).
In biofuel production, first generation biofuels use storage sugars in
plants, such as starches, as a feedstock. However, to extend this would
conflict with food and feedstock shortage worldwide and should thus be
avoided. For energy and material applications, it is preferable to use biomass
sources that are outside the food production scheme (FAO, 2011).
Second generation biofuel production uses structural polymers in plants
(such as cellulose) as a sugar sources. These are intractable mainly due to
cellulose crystallinity and the lignin matrix, so that pre‐treatment of the
biomass material is needed and is often the most costly part of the process
(Himmel et al., 2007; da Costa Souza et al., 2009).
A lot of research interest is being focused on understanding the
lignocellulose structures in order to improve and make the processes more
cost‐effective.

1.2 Wood components and lignin structure
Wood

consisting

mainly

of

three

major

components:

cellulose,

hemicelluloses and lignin. Some functional proteins and other small
molecular compounds constitute remaining component (Sjöström, 1993). The
plant cell wall is consist of primary wall, secondary wall and middle lamella.
The secondary wall is further divided into S1, S2 and S3 layers. (Fengel and
Wegener, 1989; Dix and Webster, 1995). Cellulose, hemicellulose and lignin
are not evenly distributed in the plant cell wall. The S2 has most parts of
cellulose, whereas lignin contributes the highest content in middle lamella
(Sjöström, 1993).
Cellulose, the most abundant polymer, is a linear unbranched
polysaccharide consisting of a glucan chain formed by repeating β‐D‐
glucopyranse units joined by β‐(1‐4)‐glucosidic linkages (OʹSullivan, 1997).
The glucan chains are in contact with each other and form fibrils by
hydrogen bonds (Eaton and Hale, 1993; Kuhad et al., 1997). Fibrils form fibril
aggregates and these finally form cellulose fibers, which give wood its
strength (Sjöström, 1993; Kuhad et al., 1997). Due to its very high degree of
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polymerization, crystallinity and large abundance, cellulose is used in
various types of materials (Nacheva et al., 2007; Heinze and Petzold, 2008).
Hemicelluloses are a group of both linear and branched polysaccharides
consisting mainly of glucose, mannose, arabinose, xylose and galactose
residues (Fengel and Wegener, 1989; Kuhad et al., 1997). They often contain a
backbone of saccharides with β‐(1‐4)‐linkages and some of them are linked to
side chains (Meier, 1958). Hemicelluloses are often covalently bonded with
lignin, which also provides additional strength for wood (Sjöström, 1993;
Kuhad et al., 1997). Hemicelluloses are often used to form film and barrier
materials (Spiridon and Popa, 2008).

Role of hemicellulose acetylation
Mannans and xylans are the most abundant hemicelluloses in the
secondary cell walls of wood. One way in which hemicellulose differs from
cellulose is that some of the monosaccharides are acetylated (Teleman et al.,
2000). The reason for the hemicellulose acetylation is unclear, but studies
indicate that the plant modifies the degree of acetylation of cell wall
polymers (Liners et al., 1994; Obel et al., 2009), which suggests that
acetylation is of great importance for the plant.
A study of xylan, a common hemicellulose in hardwood, shows that
acetylation can partly hinder enzymatic hydrolysis and that combining
esterases and xylanases results in synergetic effects when breaking down
xylan polymers (Biely et al., 1986). Suggested explanations of why acetylation
hinders enzymatic breakdown are that acetyl groups cause conformational
changes and also act as steric hindrances (Gille and Pauly, 2012). These
authors also propose that the degradation of wall polymers by invading
pathogens might be prohibited through fine‐tuning of the degree of
acetylation, because the non‐covalent interactions between the polymers
might be affected, and the acetyl side‐groups would give a more complex
structure where less carbon is deposited in the cell wall than with larger side‐
groups like arabinose.

Acetylation has also been shown to increase the

resistance of wood towards fungal attacks. One of the mechanisms is
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believed to be that increased acetylation leads to a decrease in moisture
sorption, and that the sorption level drops below the level necessary for
biological attack. Another suggested explanation, similar to that mentioned
above, is that acetylation leads to changes in the wood polymer conformation
and configuration, which blocks specific enzyme reactions (Rowell, 2006).

Lignin is a complex cross‐linked polymer with amorphous, aromatic and
heterogeneous structures (Figure 1, Fengel and Wegener, 1989; Sjöström,
1993),

which

contributes

to

wood

hardness,

strength,

and

water

impermeability properties, and therefore renders plants resistant to
biodegradation

and

environmental

stresses

(Eriksson

et

al.,

1990;

Argyropoulos and Menachem, 1997).
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Figure 1 Proposed structure of softwood lignin with covalent bound
carbohydrates.

Lignin has a complex heterogenic structure, and is composed mainly of
three p‐hydroxycinnamyl alcohols: p‐coumaryl (H), coniferyl (G) and sinapyl
(S) (Figure 2, Fengel and Wegener, 1989; Brunow, 2001). Other monolignol
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structures also exist, but they are in low concentrations or in special plants.
Softwood lignin consists mostly of coniferyl alcohol (G) whereas hardwood
lignin contains both coniferyl alcohol (G) and sinapyl alcohol (S). Lignin in
gramineous plants is mostly of G‐S‐H type (Brown, 1985; Besle et al., 1989;
Sjöström, 1993; Brunow 2001). The monolignols are linked together by
several different types of ether and carbon‐carbon linkages (Figure 3, Brown,
1985; Sjöström, 1993; Brunow, 2001). The most common type of linkage in
lignin is β‐O‐4 ether, which is the most chemically reactive bond
(Henriksson, 2009). Of the three main components in wood, lignin represents
a challenge for enzymatic degradation. One reason is that its partially
random structure and various types of bonds make more difficult its
degradation by specific enzymes (Henriksson, 2009; Ralph et al., 1999; 2004).
A second reason is that the very compact covalent crosslinks between lignin
and different polysaccharides hinders the penetration of enzymes into the
cell wall (Blanchette, 1997; Lawoko et al., 2006).

HO

HO

HO

OCH3
OH
p-Coumaryl alcohol
(p-Hydroxyphenol)

OH
Coniferyl alcohol
(Guaiacyl)

Figure 2 The three ordinary monolignols.

OCH3

H3CO
OH
Sinapyl alcohol
(Syringyl)
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Figure 3 Common phenylpropane linkages in lignin.

1.3 Lignin‐carbohydrate complexes
Lignin exists in wood as a network structure binding covalently to
polysaccharides such as xylan and glucomannan with different linkages
(Buchanan et al., 2000). Several studies have shown evidence of covalent
bonds between carbohydrates and lignin (Koshijima and Watanabe, 2003;
Lawoko et al., 2005; 2006; 2013). The covalent bonds make wood a complex
cross‐linked network, and also link together the functional proteins and other
wood components (Figure 4, Henriksson, 2009).

Arabinoxylan
Lignin
Glucomannan
Cellulose
Figure 4 The covalent network made by lignin in wood.
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Three types of lignin carbohydrate bonds have been suggested to exist in
wood: benzyl ether, ester and phenyl glycosidic linkages (Figure 5, Fengel
and Wegener, 1984). Recent advances in analytical NMR spectroscopy
technology have helped studies on LC‐linkages and have provided even
more clear proof (Balakshin et al., 2011; Nicholson et al., 2012)

Figure 5 LC‐linkages types in wood.

1.4 Wood degradation by microorganisms
Wood degrading microorganisms
Wood in nature is probably degraded by a collection of different micro‐
organisms, the most efficient ones being Basidiomycetes, which include white
rot and brown rot fungi. Wood rotting Ascomycotina and Deuteromycotina are
considered to be soft rot fungi (Daniel and Nilsson, 1998; Hatakka, 2001) and
there are also wood degrading bacteria (Daniel and Nilsson, 1987).
Wood degradation by white rot fungi has been intensively studied
(Akhtar et al., 1997; Scott and Akhtar, 2001). This class of fungi degrade
lignin more rapidly and more extensively than other microorganisms (Kirk
and Farrell, 1987; Hatakka, 2001). There are two growing modes of white rot
fungi. Simultaneous white‐rot fungus degrades lignin simultaneously with
cellulose and hemicellulose, whereas selective white‐rot fungi degrade lignin
to a relatively greater extent than cellulose and hemicellulose (Eriksson et al.,
1990). There are also fungi that can grow in both ways.
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Brown rot fungi degrade cellulose and hemicellulose in wood very
efficiently, but by an oxidative process involving the production of hydrogen
peroxide during the breakdown of hemicelluloses, and the depolymerization
of cellulose so that finally all of the cellulose is removed (Eriksson et al., 1990;
Blanchette, 1995). Lignin is also attacked and left as a complex, aromatic ring‐
containing polymer derived from the original lignin (Kirk and Farrell, 1987;
Blanchette, 1995; Hatakka, 2001).
Lignin is only partially removed by soft rot fungi and demethylation
occurs. Cellulose and hemicellulose are efficiently degraded, but the middle
lamella is not degraded (Rayner and Boddy, 1988; Eaton and Hale, 1993).
Wood‐degrading bacteria have a more specific mechanism for lignin
degradation than fungi (Vicuna et al., 1993). Bacteria often degrade lignin in
mixed cultures or together with fungi (Vicuna et al., 1993; Daniel and
Nilsson, 1998). The majority of strains so far identified are Actinomyces, with
two other clusters of strains focused around Bacillales and α‐Proteobacteria
(Bugg et al., 2011). However, these degrading agents have yet to be
confirmed.
In nature, after wood has been degraded by brown rot and soft rot fungi,
the residual lignin goes into soil, where it is one of the main sources of
humus, the organic part of soil. Microorganisms in soil might degrade such
lignin (humus) in a way completely different from that of wood‐degrading
microbes, because the compact structure of wood does not exits in soil, so the
enzymes can more easily come into direct contact with lignin polymer. Soil
can therefore be a very interesting source to find specific lignin‐degrading
enzymes. Research has shown that soil fungus Chaetomium sp. 2BW‐1 can
break lignin β‐O‐4 bonds by esterase (Yuichiro, 2003).
Lignin degradation enzymes from microorganisms
Lignin‐degrading enzymes are understood to be extracellular enzymes
and using a low‐molecule weight redox‐mediator (Henriksson et. al, 2001).
The redox‐mediator is small enough to pass through the narrow pores in the
wood cell wall and come into direct contact with lignin (Henriksson et al.,
2001; Martinez et al., 2004). By oxidation with H2O2 or O2, the redox‐mediator
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can be activated by ligninase and it is then able to depolymerize lignin. The
wood structure is then loosened and it is possible for enzymes to penetrate
into wood and perform further degradation (Teeri and Henriksson, 2009).
There are two types of lignin‐degrading enzymes, one from wood‐
degrading micro‐organisms, and the other from soil micro‐organisms
(Henriksson, 2009). There are several types of lignolytic enzymes that have
been studied but that are still not fully understood (Table 1). Laccase has a
very wide substrate‐specificity but can only oxidize phenolic structures by
transferring four electrons from Cu2+/Cu+ to H2O. Lignin peroxidase, which
has a high redox ability, can directly oxidize non‐phenolic substrates.
Manganese peroxidase, which uses reactive manganese (III) as a redox‐
mediator, is believed to be a key factor in lignin degradation (ten Have and
Teunissen, 2001). Cellobiose dehydrogenase, produced by many types of
fungi, is the most complex of all extracellular redox enzymes. It can degrade
cellulose and hemicellulose, and depolymerize non‐phenolic lignin (ten Have
and Teunissen, 2001).
In contrast to lignin that is always resistant to degradation by micro‐
organisms, hemicellulose is sometimes a problem because it is easily
biodegraded. For example, it will not be suitable for food packaging
materials if moulds can easily grow on the packaging itself. So methods to
adjust the biodegradability of biomaterial are needed.
Table 1 Lignolytic enzymes from wood‐degrading organisms
Enzyme

Role in lignin
degradation

Co‐factor

Organisms

Laccase

Oxidizes phenolic units
and non‐phenolic units

O2, mediators
(3‐HBT)

White rot fungi

Lignin
peroxidase

Degrades non‐phenolic
units

H2O2

White rot fungi

Manganese
peroxidase

Degrades phenolic units
and non‐phenolic units

Mn3+, H2O2

White rot fungi

Cellobiose
dehydrogenase

Degrades non‐phenolic
units

H2O2, Fe2+

White rot fungi, Soft
rot fungi, Brown rot
fungi

10

INTRODUCTION

1.5 Aim of the thesis
Reactions in lignocellulose are extremely important for many technical
processes involving wood. Thus, it has been of interest to find specific
enzymes that can degrade lignin. Most focus has been on wood‐degrading
fungi and especially on white rot fungi that are able to efficient by mineralize
lignin. Several lignin‐degrading enzymes have been isolated from this type of
organism, including copper oxidase laccase, the peroxidases lignin
peroxidase and manganese peroxidase and cellobiose dehydrogenase. These
enzymes have in common that they generate reactive species as radicals that
attack the lignin, rather than that they attack the lignin directly. The reactions
are also rather non‐specific, and the goal with this degradation is believed to
be to remove the lignin so that polysaccharides can be degraded. There are
also wood‐degrading fungi, such as brown rot fungi, that leave a modified
lignin after degradation, and such material may be the most important
contributor to humus in soil. In general, in all research, soil microorganisms
are cultivated in the same media as wood‐degrading organisms, and there is
seldom research where microbes are cultivated using lignin as the sole
carbon source. The present work includes the following:
1. Are there soil microorganisms, both aerobic and anaerobic, that can
grow on lignin as the sole carbon source? Are there enzymes produced
by the microorganisms that are able to utilize lignin as carbon source to
degrade lignin?
2. By performing model compound and well‐defined lignin studies, we
seek to reveal the mechanism of lignin degradation by these
microorganisms.
3. Are the selected lignin‐degraders able to attack a lignin/carbohydrate
complex? Do they work differently with commercial hemicellulases?
4. A study of the role of acetylation of hemicellulose in promoting
resistance of microbiological degradation.

EXPERIMENTAL

2.1 Materials
Chemicals and instruments
For the work reported in papers I and II, agar was purchased from
MERCK Company, whitehouse station, New Jersey, USA, in a quality for
microbiological use. Guaiacylglycerol β‐O‐ guaiacyl was from TCI Europe nv.
All other chemicals were of analytical grade.
In

paper

III,

dioxaphospholane,

and

D‐chloroform,

2‐chloro‐4,4,5,5‐tetrametyl‐1,3,2‐

97% endo N‐hydroxy‐5‐norbene‐2,3‐dicarboxylic

acid imide (e‐HNDI) were purchased from Aldrich, St Louis, Mo,
USA. Conifer aldehyde and Horseradish Peroxidase (HRP) were purchased
from SIGMA Aldrich, St Louis, Mo, USA.
In paper IV, process water from the thermomechanical pulping (TMP) of
Norway spruce (Picea abies) was taken from the process stream of a Swedish
TMP mill. Beech wood xylan was obtained from Apollo Scientific limited,
Manchester, UK. Locus bean gum mannan, cellulose type 50 and Phenyl‐α‐
D‐Mannopyranoside were obtained from Sigma, St Louis, Mo, USA. The
commercial enzyme Gammanase was a kind gift from Novozymes,
Bagsværd, Denmark.
In paper V, chips of Norway spruce (P. abies) were obtained directly after
the impressafiner from the Braviken paper mill, Holmen Paper AB,
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Norrköping, Sweden. Impressafined chips were steamed for 5 min at
atmospheric pressure and fiberized using a pilot scale 12″ disc refiner
(Sprout‐Waldron) at Chalmers University of Technology, Sweden. The net
energy input of the refiner was adjusted to 300 kWh/odt wood by adjusting
the speed of the conveyer belt delivering wood to the refiner in a single pass
mode. Fiberized wood was stored in the dark at −24 °C and thawed
overnight at room temperature prior to further use.
In papesr V and VI, Locust bean gum galactomannan from Ceratonia
siliqua seeds (LBG) was purchased from Sigma Aldrich, and glucomannan
from konjac roots (KGM) was obtained from Konson Konjac Gum Co., Ltd,
Wuhan, China.
Micro‐organism cultivation was performed in an incubator shaker of type
ZHCENG, model ZHCY 200D, from China.
Lignin samples
Different lignin samples were used as carbon sources for micro‐organism
cultivation, isolation and purification. Some of them were further used for
studying the degradation mechanism (table 2).
Lignosulphonate (LSDP_401) is a water‐soluble by‐product of the sulphite
pulping process for the manufacture of specialty dissolving pulps and paper.
Flax lignin is a by‐product of the soda pulping process using flax as material.
LignoBoost is a unique technology for extracting high quality lignin from a
kraft pulp mill. Due to the structural changes in all these lignin samples
compared with native lignin in wood, natural lignins were extracted in the
laboratory. DHP (synthetic lignin) was also synthesized in the laboratory.
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Table 2 Different types of lignin used in thesis
Lignin samples

Source

Carbohydrate
content (%)

Purpose

a

Lignosulfonate
(LSDP_401)

Boregaard, Sarpsborg,
Norway

0.7

Carbon source, lignin
depolymerisation assay

Flax lignin

Granit, Graz, Austria

0.4

Carbon source

Lignoboost
lignin

Chalmers,
Gothenburg, Sweden

1

Carbon source

Natural lignin
(5h)

Extracted in lab b

1.4

Carbon source, lignin
depolymerisation assay

Natural lignin
(12h)

Extracted in lab b

1.2

Carbon source, lignin
depolymerisation assay

DHP

Synthesized in lab c

0

Carbon source, lignin
depolymerisation assay

a

Purity assessed by carbohydrate analysis

b

Extracted in lab, details in paper III

c

Synthesised in lab, details in paper III

Soil sample
Soil samples were collected from 5 different locations in the forest
“Lilljanskogen” (59°20ʹ60ʺE, 18°4ʹ38ʺN) close to Central Stockholm, Sweden:
“waterside” from the sediment of a small water flow; “grassland” from the
soil of a meadow; “brown rotten stump” from the stump of a Norway spruce
(Picea abies) heavily degraded by brown rot; “hardwood forest” from an area
in the forest dominated by aspen (Populus tremula) and other hardwoods; and
“spruce forest” from an area dominated by Norway spruce (Picea abies). Soil
samples were taken from a depth of approximately 1 dm.
For the close to anaerobic study (paper II), a soil sample was collected from a
depth of approximately 1 dm beneath the sediment of a small water stream.
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2.2 Methods
Natural lignin and DHP preparation
Technical lignin is a good choice when performing large‐scale
experiments due to its easy access and controlled quality. Nevertheless, it is
usually modified to various extents compared to native lignin in wood.
Therefore 5h/12h ball‐milled softwood lignin (natural lignin) was prepared in
the laboratory. Furthermore, since all technical lignins are more or less
contaminated with carbohydrates, DHP (synthetic lignin) was also
synthesized in laboratory and used in carbohydrate‐free experiments. The
lignin preparation methods are described in paper III.
Media for micro‐organism isolation, cultivation and identification
Basic element medium and modified Vogel’s medium were used to
isolate the micro‐organisms able to grow on lignin (papers I, II), whereas M9
salt medium was mostly used for micro‐organism cultivation (paper III‐VI).
Strain identification was performed by ribosome sequencing using
Finnzymes’ Phire® Plant Direct PCR Kit. The PCR products were separated
by agarose gel electrophoresis, purified using the QIAquick gel extraction kit
(QIAGEN; Stockholm, Sweden) and sent for sequencing. The sequencing
results were blasted in Genbank and the highest hits were chosen for
identification.
Details can be found in the respective papers.
Cultural filtrate collection and incubation with different lignin samples
and other substrates
Different lignins were used as carbon sources for strain cultivation for
different purposes. After 7 to 10 days cultivation of selected microbe strains,
culture filtrates were collected by centrifugation at 12000 rpm for 20 min to
obtain the supernatant. Supernatents were incubated with different
substrates to study the enzymatic effect on lignin (Table 3).
The reactions were performed with 500 μL cell‐free culture filtrates
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incubated with 400 μL 50 mM sodium acetate buffer, pH 5 and 5 mg of lignin
overnight.
Table 3 Studies of culture filtrate’s effect on lignin
Microbe strains

Penicillium thomii
(Paper I)
Anaerobic strains
(Paper II)
Phoma
herbarum
(Paper III)

Cultivation
carbon
source

Incubation
substrate

Activity on lignin

Analysis
methods

LSDP_401

LSDP_401

Lignosulphonate
depolymerisation

GPC

Flax lignin

β‐O‐4 model
compound

β‐O‐4 bond break

GC‐MS

LSDP_401

LSDP_401

Lignosulphonate
depolymerisation

GPC

Natural
lignins (5h,
12h)

Natural
lignin

Lignin
degradation

DHP

DHP

DHP degradation

Dry weight loss,
GPC, 31P‐NMR,
DFRC+31P‐NMR
GPC, 31P‐NMR,
GC‐MS

In addition to the lignin degradation study, the culture filtrate from
Phoma herbarum was also cultivated on cellulose and different hemicelluloses
as carbon sources in order to study its ability to degrade lignin‐carbohydrate
complexes and enhance the extraction of hemicellulose from wood by
pretreatment (table 4, paper IV).
Table 4 Phoma herbarum’s abilities to degrade LCC
Cultivation carbon source
Cellulose
Xylan
Galactomannan
Lignoboost lignin
a

Incubation substrate
Lignin‐polysaccharide
networks a
Lignin‐polysaccharide
networks

Study purpose
LCC degradation
LCC degradation

Lignin‐polysaccharide

LCC degradation,

networks, fiberized wood

hot‐ water extraction

Lignin‐polysaccharide
networks

LCC degradation

Lignin‐polysaccharide networks was synthesized in the laboratory according to the

methods described in paper IV.
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Treatment of fiberized wood material by Phoma herbarum culture filtrate
Samples of 5 g dry weight of fiberized wood was incubated with 80 ml
Phoma herbarum galactomannan culture filtrate and 70 ml 50 mM NaAc buffer
(pH 5) at room temperature with shaking for incubation times of 1h, 2h and
4h. A parallel experiment treating fiberized wood with the same amount of
commercial Gammanase (Novo Nordisk) under the same conditions was
carried out as a control (paper V).

Investigation of how the degree of acetylation affects hemicellulose
microbial degradability
Soil solutions were plated on agar plates containing mannans with
different degrees of acetylation as the sole carbon source. Firstly, microbial
colony numbers were noted during cultivation, and secondly, the growth
rate of one particular isolated organism was compared on mannans with
different degrees of acetylation as the sole carbon source (paper VI).

2.3 Analysis
Carbohydrate composition
The carbohydrate contamination in the lignin samples (papers I, II, III),
and the carbohydrate composition of hot water extractions (paper V) were
determined by acid hydrolysis according to SCAN‐CM 71:09. The resulting
monosaccharide was analyzed by an ion exchange chromatography (Dionex,
Sunnyvale, CA, USA).
Molecular weight determination
Size‐exclusion chromatography was performed to determine the
molecular weight distribution of the samples and especially to follow how
the microbe culture filtrates affect the molecular weight of the lignin (papers
I, II, III). It was also used to show indirectly how the carbohydrates (that give
mostly RI‐signal) and aromatic molecules (that absorb UV) are connected and
how the signal profiles change according to different enzymatic treatments
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(paper IV). The analyses were performed with an HPLC‐system equipped
with ultraviolet (UV) at 280 nm and refractive index (RI) detectors. Pollulan
standards ranging from Mp = 342 to 708,000 or 250,000 Da (PSS, Germany)
were used for calibration. THF was used as mobile phase for natural lignins
and DHP, and 10 mM NaOH was used as eluent for lignosulphonate.
GC‐MS
Degradation products from ether β‐O‐4 model compound or DHP were
premethylated, depolymerised and acetylated: and the resultant partially
methylated alditol acetates (PMAAs) were analysed by gas chromatography‐
mass spectrometry (GC‐MS) as described by York et al (1985). Scanning
electron microscopy (SEM)
NMR techniques
P‐NMR after phosphite derivatization was used to determine the
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difference in phenolic and aliphatic hydroxyls between culture‐filtrate‐
treated and untreated lignin samples and DHP. For natural lignin samples,
DFRC (derivatization followed by reductive cleavage) was performed prior
to quantitative 31P‐NMR analysis to determine the β‐O‐4 consumption (paper
III). The

31

P‐NMR analysis was carried out according to Granata and

Argyropoulos (1995). DFRC was performed according to Fachuang Lu and
John Ralph (1997).

RESULTS AND DISCUSSION

Since lignin presents the greatest challenge for wood microbiological
degradation, experiments were first performed screening microorganisms
that could utilize lignin as carbon source, and which could have potential
enzyme systems to degrade lignin (3.1 papers I – III).

3.1 Lignin as carbon source and lignin biodegradation (papers I‐
III)
Strain isolation, identification and cultivation
In order to isolate organisms that had the ability to grow on lignin, 10‐2
and 10‐3 dilutions of soil suspensions collected from five different locations in
the forest “Lilljanskogen” (59°20ʹ60ʺE, 18°4ʹ38ʺN) close to Stockholm,
Sweden, were incubated on agar plates, where the only carbon source was
lignin of different types. Within four days, the growth of several strains of
microbes, both filamentous and bacteria like was visible on all five soil
samples and on all types of lignin. Microorganisms were purified by three
subsequent reinoculations (paper I, figure 6).
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(a)

(b)

(c)

Figure 6 Pictures of example purified microbe strains growing on selective agar
plates with LSDP_401 as carbon source.

Technical lignins are preferred to DHP as they are available in large
quantities, which makes them suitable for subsequent industrial and
technical objectives of enzyme production. However, to exclude possible
artefacts, for example, contamination by carbohydrate of the lignin materials,
some control experiments were performed. The purity of lignin is a critical
factor and carbohydrate analysis of the materials was therefore performed.
The results indicated that the sugar content was 0.71% in the LSDP_401 material.
To investigate whether the microbes utilize lignin or sugar contaminants in
the material or agar, agar plates were prepared with no added carbon source,
and with a sugar content similar to the trace contaminants found in LSDP_401 (a
total amount of 0.071% xylose in the cultivation medium). Some of the
isolated strains were able to grow on these media, but significantly more
slowly than on the lignin agar plates (e.g. Figure 7). For example, the strain
(Cylindrocarpon didymum) grown on LSDP_401 plates had a visible colony colour
and a rhizoid form, whereas the colony grown on the control plates only a
transparent mycelium appeared. The strain grown on the LSDP_401 plate was
much larger. After four days cultivation, the diameter of the colony grown on
the LSDP_401 plate was of 2.2 cm, whereas the colony grown on the plate with
0.071% xylose but no lignin had a diameter of 1.5 cm, and the colony grown
on a blank agar plate had a diameter of only 1.3 cm. The significantly faster
growth of the strains on the lignin plates than on the control plates supports
the ihupothesis that the isolated micro‐organisms can grow on lignin as
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carbon source.

LSDP_401 agar plate

Same sugar concentration

Blank agar plate

plate as LSDP_401

Figure 7 Comparison between lignin agar plate and control agar plates.
Cylindrocarpon didymium after four days cultivation at room temperature on
LSDP_401 and on control plates.

A subsequent shaking flask cultivation experiment excluded the
possibility that the microbes were using agar as a carbon source. Five strains
that showed the fastest growth on lignin agar plates were cultivated in 50 ml
shaking flask cultures using the same medium with LSDP_401 as sole carbon
source as that used on the agar plates (except for agar). Over a cultivation
time of 12 days, the creation of mycelia was observed (figure 8). The biomass
of one the five strains after 12 days cultivation had a dry weight of 0.7 g.
Since the approximate cell composition is CH1.8O0.5N0.2, which means that
approximately half the dry weight of cell consists of carbon, the growth of
these micro‐organisms indicates that they are not living on the contaminated
carbohydrate in the lignosulphonate or on agar, but that they are using lignin
as carbon source. The results indicated that the growth of these
microorganisms depends neither on contaminated carbohydrate nor on the
agar but that they could live on lignin as sole carbon source.
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(a)

(d)

(b)

(c)

(e)

Figure 8 Hyphae generated by the five fastest growing strains; (a) Cryptococcus
podzolicus; (b) Sphaerulina polyspora; (c) Phoma herbarum; (d) Penicillium thomii; (e)
Davidiella tassiana) cultivated on LSDP_401 as shaking flask medium at 24°C for 12
days.

For close to anaerobic microbe strains, three isolated and purified fungi
were presented after re‐inoculation and incubation under anaerobic
condition for 5 days in the selection medium plates, where LSDP_401 was the
sole carbon source, and fungal growth was visible (paper II, Figure 9). The
micro‐organisms also grew well on the shaking flask medium with LSDP_401 as
sole carbon source. The biomass of the strains after 10 days cultivation was
filtered off, and their dry weight amounted to 0.7 g, 0.9 g and 0.5 g. A blank
control of cultivation medium without lignin showed no growth with any of
the three strains.
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(a)

(b)
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(c)

Figure 9 Strains on agar plates with LSDP_401 as sole carbon source after five days
cultivation. (a) Strain Penicillium spinulosum obtained from stream bottom, in the
mud area, described as white‐root‐like. (b) Strain Pseudeurotium bakeri obtained
from a root area, described as brown‐root‐like. (c) Strain Galactomyces geotrichum
obtained from a stream bank in mud area, described as transparent‐film‐like.

A total of 11 aerobic strains and 3 close‐to‐anaerobic strains were
identified (Table 5).
Table 5 Data on purified micro‐organisms
Name

Isolated from

Description

Classification NCBI
Taxonomy
ID

Phoma herbarum

Hardwood
forest

White filamentous.
No sporulation.

Ascomycota

73001

Penicillium
canescens

Hardwood
forest

White filamentous.
White Spore.

Ascomycota

5083

Penicillium daleae

Hardwood
forest

Heavy white
Ascomycota
filamentous. Spore.

63821

Hypocrea
pachybasioides

Spruce forest

Long White
Ascomycota
filamentous. Spore.

40695

Ascomycota

36647

Penicillium thomii Spruce forest

Transparent
filamentous. Grey
spore.
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Name

Isolated from

Description

Classification NCBI
Taxonomy
ID

Trichoderma
asperellum

Spruce forest

Long White
filamentous. Green
spore.

Ascomycota

101201

Cylindrocarpon
didymum

Small stream
bottom

Heavy white
filamentous.

Ascomycota

109805

Davidiella tassiana Small stream
bottom

Green filamentous.
Green Spore.

Ascomycota

29918

Phoma macrostoma Small stream
bottom

Transparent
filamentous.

Ascomycota

73002

Sphaerulina
polyspora

Brown rotted
spruce wood

Green filamentous.
Green Spore.

Ascomycota

237180

Cryptococcus
podzolicus

Brown rotted
spruce wood

Brown bacterial.

Basidiomycota 89927

Penicillium
spinulosum

Segment of a
small steam

White‐root‐like,
white spore

Ascomycota

63822

Pseudeurotium
bakeri

Root area

Brown‐root‐like,
white spore.

Ascomycota

205925

Galactomyces
geotrichum

Segment of a
small steam

White‐film‐like,
green spore.

Ascomycota

27317

Cultivation of the microbe on 5h BMW lignin, 12h BMW lignin and DHP
respectively as the only carbon source
To investigate whether the organism could grow on absolutely
carbohydrate‐free lignin, DHP (synthetic lignin) was synthesized and used as
the sole carbon source. Three fast growing stains: Penicillium thomii, Phoma
herbarum and Cryptococcus podzolicus were inoculated into the cultivation
medium with DHP as the only carbon source. All the three strains showed
well growth after 12 days cultivation (Figure 10). In parallel, control
cultivations were performed without DHP or other additional carbon source
in the cultivation medium. No growth was detected in the control.
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The result of the cultivation on DHP excluded both the possibility that the
microbes were co‐metabolizing the contamination and the lignin and the
possibility that they were living only on the carbohydrate residuals in lignin
and they convincingly demonstrated that these isolated microbe strains could
indeed metabolize lignin as their carbon source. This is the first
demonstration that this strain can live on absolutely pure lignin. Although it
has been controversial that microorganisms can live on lignin, the result is
rational. Since humus contains modified and partly depolymerized lignin,
there would be microorganisms that have enzymes which, although not
perhaps able to completely degrade lignin, would release phenols from the
residual lignin while using this as energy and carbon source. Phenols are in
many cases toxic for organisms, but there are examples of micro‐organism
that are able to consume them (Ehrhardt and Rehm, 1985).

Phoma herbarum

Cryptococcus podzolicus

Penicillium thomii

Figure 10 Strain growth after 12 days cultivation in shaking flasks with DHP as
the sole carbon source.

In vivo degradation to lignins
Lignosulohonate consumption by Penicilium thomii and Anaerobic strains
Phoma herbarum, Cryptococcus podzolicus, Sphaerulina polyspora, Penicillium
thomii and Davidiella tassiana were cultivated in 50 ml shaking flask cultures
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using LSDP_401 as sole carbon source. After 12 days of cultivation, samples with
the same volume of shake flask medium before cultivation and of cell‐free
filtrate, were analysed by SEC in an alkaline medium. Vanillin was applied in
both samples as internal standard. The five strains showed similar results,
indicating that the amount of lignosulphonate was reduced after 12 days
(Figure 11). The lignosulphonate lost could either be adsorbed onto the
micro‐organisms’ biomass or be consumed during cultivation. Later cell‐free
experiments were performed to study these possibilities.

Figure 11 SEC chromatogram of the culture filtrates after 12 days cultivation and
control shaking flask medium before strain inoculation. The solid line shows the
control medium before inoculation and the dashed line shows the culture filtrate
after 12 days cultivation. The perfectly overlapping final peaks of both the solid
and dashed lines indicate exactly the same amount of Vanillin as in the internal
standard. The earlier peaks are due to lignosulphonate. The earlier solid peak
has been slightly reduced. All the five strain culture filtrates showed more or less
similar results.

Anaerobic strains Penicillium spinulosum, Pseudeurotium bakeri and
Galactomyces geotrichum bakeri were cultivated in 100 ml shake flasks in a
medium with LSDP_401 as the sole carbon source. The decrease in lignin
content during cultivation was determined. Samples with the same volume
of medium before cultivation and of cell‐free filtrate were analysed after 10
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days cultivation by SEC in an alkaline medium. Vanillin was added to both
samples as internal standard. The decrease in LSDP_401 was assessed by
comparing the SECs of the samples and of the control (Figure 12). Clearly,
the area of the region with high molecular weight LSDP_401 is lowered with
these strains after cultivation in comparison with the control.

Figure 12 SEC chromatograms of the three strain culture filtrates after 10 days
cultivation and of a control medium. The red curves show the control, and the
black curves show the strain culture filtrates after 10 days cultivation. The peaks
to the left relate to lignosulfonate and the later peaks overlapping each other
relate to the internal standard vanillin. a) Penicillium spinulosum b) Pseudeurotium
bakeri’s and c) Galactomyces geotrichum bakeri

Dry weight lose of BMW lignins and DHP
Phoma herbarum showed a good growth after 7 days cultivation on 5h
BMW lignin, 12h BMW lignin and DHP.
The recovery of the lignin after growth of the micro‐organism,
determined gravimetrically, was 84 % for the DHP, 69 % for the 5h BMW
lignin and 77 % for the 12h BMW lignin, indicating that about 15 % of the
DHP, 30 % of the 5 h BMW lignin and 23 % of the 12 h BMW lignin had been
consumed by Phoma herbarum. These losses are much higher than the
carbohydrate content in the lignin and indicate that the lignin is indeed
utilized by the micro‐organism.
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Degradation of 5h and 12h BMW lignin
The experimental scheme for 5h and 12h BMW lignin is presented in
figure 13.
5h, 12h BMW lignin
400mg lignin+ cultivation medium, pH 5, Sterilize at 120°C,
20min

Inoculate Phoma herbarum into the medium and cultivate for 7
days , 24 °C， 150 rpm

Centrifuge at 10000 rpm for 20 min, dissolve sediment in 9:1
acetone/ H2O, dry with N2, as recycled lignin

Acetylate and
THF SEC

DFRC followed
31

by P‐NMR

Compare with original
5h 12h BMW lignin

Figure 13 Experimental scheme to study the degradation of 5h and 12h BMW
lignin

a)

Molar mass distribution

Size exclusion chromatography showed that both 5h BMW lignin and 12h
BMW lignin had been degraded to a lower molecular weight by Phoma
herbarum after 7 days cultivation (figure 14 a, b). The difference was greater in
the case of the 12h BMW. The changes appear to be small, but it is important
to note that these represent the solid fraction (residue after the treatment), so
the results are in some cases significant. The molar masses and polydispersity
are recorded in Table 6.
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5h BMW lignin
5h Recycled lignin

Ret. Time,
mins
PS standards,
Log M

4.6

3.8

4.2

3.6

3.1

2.8

2.6

2.4

(a)

(b)

Figure 14 (a, b) SEC of 5h 12h BMW lignin compared with recycled lignin
after 7 days cultivation by Phoma herbarum
Table 6 Average Molar Mass Data for the solid fractions of BMW lignins and
lignin after treatment for 7 days with Phoma herbarum.
Sample name
5h BWM lignin
5h Recycled lignin
12h BMW lignin
12h Recycled lignin
1

Mw (Da) 1
7982
7751
18319
4484

Mn (Da) 1
3124
2784
2880
2050

PDI 1
2.53
2.78
6.36
2.18

Number average (Mn) and weight average (Mw) molecular weights and polydispersity

(Mw/Mn) based on the results of the RI‐detector response. The molar masses are measured
relative to pullulan standards.
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b)

Structural changes analyzed by DFRC followed by quantitative 31P‐
NMR

Since the β‐O‐4 linkage is the most frequent and the most chemically
reactive bond in lignin, the degradation of lignin is probably associated with
the cleavage of the β‐O‐4 linkage, and it was decided to quantify such
changes. The DFRC method was thus applied to the samples. In principle,
DFRC cleaves the β‐O‐4 linkages in lignin and creates new phenolic‐
hydroxyls, so the original phenolic hydroxyls are acetylated before the
reductive cleavage and the decrease in the guaiacyl‐OH content should
correspond to the β‐O‐4 linkages consumed during cultivation. The
experiment was run in duplicate and the deviation noted in Table 7, it is
evident that 29.5% of the β‐O‐4 linkages in 5h BMW lignin and 8.3% of the β‐
O‐4 linkages in the 12h BMW lignin had been cleaved by Phoma herbarum
after 7 days treatment. The smaller effect on the 12h BMW lignin may be due
to fewer β‐O‐4 linkages present in the original sample.
Table 7. Analytical data for phenolic units in lignin studied by DFRC‐31P NMR.
G‐OH, guaiacyl phenolics
Sample ID

G‐OH, mmol/g lignin

5h BMW lignin

0.44 ±0.03

5h recycled lignin

0.31 ±0.03

12h BMW lignin

0.36 ±0.03

12h recycled lignin

0.33 ±0.03

Lignin degradation by cell‐free culture filtrates
Lignosulohonate degradation
Cell‐free culture filtrates of isolated strains of Phoma herbarum,
Cryptococcus podzolicus, Sphaerulina polyspora, Penicillium thomii and Davidiella
tassiana were incubated with lignosulphonate solutions. As a control, the
same amount of lignosulphonate was incubated with 500 μL soda‐pulp flax
lignin cultivation medium. SEC characterization of the products (Figure 15)
indicated that some depolymerisation of the lignosulphonate had occurred,
which agrees with the hypothesis that extracellular enzymes capable of
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depolymerizing lignin were produced. All five of the strains culture filtrates
showed similar lignosulphonate depolymerizing activities.

Control

Reaction

Figure 15 GPC data indicating that the Cryptococcus podzolicus cell‐free culture
filtrate was able to degrade lignin. The first peak on the dashed line shifted to a
longer retention time and the two later dashed peaks accumulated into the higher
area showing that the Cryptococcus podzolicus cell‐free culture filtrate could reduce
the molecular weight of the lignosulphonate.

Lignosulohonate degradation by anaerobic strain culture filtrate
A filtrated cell‐free culture was incubated together with fresh LSDP401 and a
phosphate buffer overnight and injected into SEC. A cultivation medium
without inoculation incubated with fresh LSDP_401 served as a negative control
sample (Figure 16). In the SEC chromatograms of all three strains, the high
molecular weight LSDP_401 peak was slightly shifted to a lower molecular
weight region. Especially for the Penicillium spinulosum strain (Figure 16a),
the amount of lower molecular weight LSDP401 increased after incubation and
a new low molecular weight LSDP_401 peak (around 26 min retention time)
appeared showing the degradation of high Mw LSDP_401 and the accumulation
of low Mw LSDP_401. Although the changes are small, they are significant and
reproducible.
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Control

a)
Penicillium
spinolosum

Control

b)

Control

Pseudeurotium
bakeri

c)
Galactomycetes
geotrichum

Retention time (min)
Figure 16 GPC data indicating that a cell‐free culture filtrate was able to
depolymerize of lignin. The solid line shows the control. The dashed line shows
the result of incubating 5 mg lignosulphonate with the cell‐free culture filtrate
overnight. a) Penicillium spinulosum b) Pseudeurotium c) Galactomyces geotrichum

β ‐O‐4 model compound degradation
The Penicillium thomii culture filtrate was incubated with a model
compound, guaiacylglycerol β‐O‐guaiacyl, and the reaction products were
investigated with GC‐MS. Figure 17 shows two new peaks in the resulting
spectrum. Only solvent peaks appeared for the substrate control, and only
solvent and substrate peaks appeared for the enzyme blank control, showing
that the two new peaks were due neither to contamination of the model
compound nor to metabolism products of the strain culture, but were rather
similar to the degradation products. The silylated derivatives of the newly
formed products and their secondary fragmentation products are present on
their respective mass spectra (Fig. 17). Thus, it can be concluded that both the
β‐O‐4 ether and the methanol ether were cleaved. Also, the aromatic rings in
the paraposition seem to have been hydroxylated (Fig. 17).
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(a) GC spectrum of lignin β‐O‐4 linkage model compound, guaiacylglycerol β‐O‐ guaiacyl
after incubation overnight with cell‐free culture filtrates of Penicillium thomii
TMSO
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HO
OH

OCH3

OH
OH

OH
OH

HO

OH
(e) Guaiacylglycerol β‐O‐ guaiacyl cleavage by Penicillium thomii cell‐free culture
filtrate

Figure 17 GC‐MS analysis of TMS‐derivatives of products from guaiacylglycerol
β‐O‐guaiacyl degraded by Penicillium thomii cell‐free culture filtrates. (a) GC
chromatogram of the reaction products of guaiacylglycerol β‐O‐ guaiacyl after
incubation overnight with cell‐free culture filtrates of Penicillium thomii. (b), (c)
and (d) The mass spectra of peaks a, b and c in (a) respectively. (e) Proposed
cleavage of guaiacylglycerol β‐O‐ guaiacyl by Penicillium thomii cell‐free culture
filtrate.

DHP degradation
The experimental scheme for DHP is presented in figure 18.
50 mg DHP + 7 days 12h BMW lignin culture
filtrate 24°C over weekend (heat up culture filtrate
as control)

95°C 10 min, centrifuge

Liquid part as culture filtrate

Dry, acetylated and run GCMS, THF-SEC

Sediment as treated DHP

Acetylated and run
THF-SEC

Figure 18 Experimental schedule for DHP degradation
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Analysis of solid fraction
DHP Molar mass distribution
Cell‐free culture filtrates of Phoma herbarum were incubated with fresh

DHP and the solid residue was analysed by THF SEC. A control experiment
was performed in the same way but with a culture filtrate heated to destroy
its enzyme activity. As shown in figure 19, the area of the high molar mass
DHP peak decreased after incubation, while the area of the lower molar mass
peak of the metabolized product of the strain increased. This indicates that
DHP degradation is probably caused by extra‐cellular enzyme action, since
the experiment was performed in a cell‐free condition and the control was a
heated culture filtrate in which enzyme activity had been destroyed. The
small molecular weight was found to be consistent with the molar mass of a
monolignol (about 183 g/mol) (based on a calibration relative to polystyrene
standards), indicating that some of the otherwise soluble monolignols were
adsorbed by the polymer after the enzymatic hydrolysis.

Norm.
UV Abs.

control
reaction
Ret.
Time
mins.

Figure 19 SEC of solid residue fraction of DHP treated with Phoma herbarum cell‐
free culture filtrate. The solid residue was collected by centrifugation and then
acetylated and analysed by THF‐ Gel Permeation Chromatography.

In addition, the polydispersity index (PDI) of the DHP peak increased by
72.5% after incubation (table 8). This PDI increment was attributed to the
evolution of lower molar mass species, supporting the hypothesis that the
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DHP had been partly depolymerized during incubation with the culture
filtrate of Phoma herbarum. This is supported by the reduction in Mn of about
46%.
Table 8. Average Molar Mass Data of solid fractions of DHP after treatment by
Phoma herbarum. Number average (Mn) and weight average (Mw) molecular
weight as well as polydispersity (Mw/Mn) are based on the RI‐detector response.
The molar masses are relative to pullulan standards.
Sample name

Mw (Da)

Mn (Da)

PDI

DHP control

4230

2766

1.53

DHP treated

3971

1505

2.63

Change in phenolic content
Quantitative 31P‐NMR was carried out on the residue and showed only a
slight increase in total phenolic content of the treated DHP compared to that
of the control (table 9). This suggests that cleavage occurs at the end groups
and that the resulting monolignols are dissolved.
Table 9. Analytical data for phenolic units in DHP studied by 31P NMR. G‐OH,
guaiacyl phenolics
Sample ID

mmol/g Fraction,
Aliphatic‐OH

mmol/g lignin, G‐OH

Control DHP

2,26

0,70

Treated DHP

2,47

0,73

b) Analysis of the liquid (dissolved) fraction
In addition to the solid residual products from the enzymatic hydrolysis,
the products present in the liquid phase were extracted with ethyl acetate
and analysed by THF‐SEC and GC MS.
The THF SEC data showed the evolution of lower molar mass fractions
upon treatment with cell‐free culture, according to the RI detector, which is a
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concentration detector. (Figure 20)
Norm.
RI Abs.

DHP control liquid extraction
DHP reaction liquid
extraction

Ret.

,

Time
mins

PS
standards,

2.6

2.4

2.2

2.0

Figure 20 SEC of DHP reaction liquid extraction shown by the RI detector signal.
After treatment of fresh DHP sample with a Phoma herbarum cell free culture
filtrate, centrifugation was performed and the supernatant was collected. This
supernatant liquid was extracted, acetylated and analysed by THF‐ Gel
Permeation Chromatography

Further support for fragmentation was obtained from the GC‐MS analysis
of the acetylated low molar mass products. Of significance was the ten‐fold
increase in the amount of a reduced side chain monolignol acetates found in
the extracted reaction liquid compared to the control (calculated from the
relative peaks areas compared to that of the internal standard) (figure 21 (a,
b, c)). The monolignols in the control might originate from the culture filtrate.
The molecular ion m/z 208 (figure 21, c) is the acetylated form of
dehydroconiferyl alcohol (figure 22).

These data suggest that the

degradation mechanism is at least partly different from that of a simple
hydrolytic degradation, and that it may include redox reactions.
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(a)

(b)

Chromatogram of the control extraction

Chromatogram of DHP reaction liquid extraction

(c)

Spectrum of the monolignol acetates

Figure 21 GC‐MS analysis of DHP reaction liquid extract (a) Chromatogram of
DHP reaction liquid control (b) Chromatogram of DHP reaction liquid extract (c)
Spectrum of the monolignol acetates
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Figure 22 Dihydroconiferylacetate

3.2 Degradation of LCC (papers IV, V)
Since the soil microorganisms isolated in the early stages of the project
were shown to be able to live on different types of lignins, it would be wise
for them in natural soil to be able to cleave off carbohydrates from the lignin
residue in order to gain easier access to the energy sources. The second part
of the project has therefore been to investigate whether the isolated strains
could degrade a carbohydrate‐lignin complex and whether this is different
from the action of a commercial hemicellulase (paper IV). An experiment was
also performed to study whether the effects on LCC by a isolated soil
microbe strain could enhance the extractability of polymers from wood
material (paper V).
Model

compound

study

of

synthesized

water‐soluble

lignin

–

polysaccharide network degradation by the soil microbe Phoma herbarum
(paper IV)
Cell‐free culture filtrates of four different cultures of P. herbarum
cultivated on different carbon sources, lignin, xylan, glucomannan and
cellulose, gave a degradation pattern similar to that of synthetic LCC
networks (data not shown), whereas the galactomannan culture gave a
stronger effect. The results revealed that thiswork showed LCC network
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degradation has occurred by the shift of the peak around 21.5 minutes for
both UV and RI detectors (figure 23). The increase in area of both peaks at 25
minutes and 27 minutes might be due to degradation products.

(a)

(b)

Figure 23 Results of the treatment of synthetic lignin polysaccharide networks
with a culture filtrate of Phoma herbarum Galactomannan. (a) Chromatogram of
degradation of synthetic lignin polysaccharide networks shown by UV 280nm
detector. (B) Chromatogram of degradation of synthetic lignin polysaccharide
networks shown by RI detector.

The experiment with an LCC bond model compound showed that Phoma
herbarum’s galactomannan culture filtrate has enzyme(s) with a potential to
break LCC bonds (figure 24), because the UV 280 nm detector showed a

RESULTS & DISCUSSION

41

phenyl‐α‐D‐mannopyranoside peak consuming and a large aromatic peak
after the treatment. Phenyl glucoside bonds are believed to be common in
lignin polysaccharide networks in wood.

Figure 24 Degradation of an LC bond model compound by a culture filtrate of
Phoma herbarum Galactomannan detected by a UV 280nm detector.

A method had been developed in this paper to study the effects on lignin
polysaccharide networks of biological degradation and technical processes
involved in pulping and biorefining. The lignin content can be measured by
chromatography using the ratio of UV absorbance to refraction index, and
the data can be used to examine structural changes in lignin polysaccharide
networks during different treatments, since material containing more lignin
would have a higher UV/RI ratio.

Extractability of Polymers from Fiberized Spruce Wood by pre‐treatment
of culture filtrate (paper V)
Phoma herbarum, was cultivated on galactomannan in 125 ml liquid in
shaking flasks. Culture filtrates were collected after 7 days. Sugar
composition analysis (see below for method) was performed on the culture
filtrates and the results were used as the baseline to determine carbohydrates
dissolved from fiberized wood during enzymatic treatment.
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Samples of 5 g dry weight of fiberized wood were incubated with 80 ml
Phoma herbarum galactomannan culture filtrate (GM) and 70 ml 50 mM NaAc
buffer (pH 5) at room temperature with shaking for incubation times of 1h,
2h and 4h. A parallel experiment where fiberized wood was treated with
same amount of commercial Gammanase under the same conditions was
carried out as a control. This control sample is referred to as Gammanase‐
treated whereas GM‐treated is used to refer to the wood material treated
with the new culture. The enzyme‐treated fiberized wood samples were
filtered and the filtrate was collected as “wash liquids” and subjected to
carbohydrate composition analysis.
The residue of enzyme‐treated fiberized wood was subjected to hot‐water
extraction.

The

culture

filtrate

of

Phoma

herbarum

cultivated

on

galactomannan had a stronger effect than commercial Gammanase on
enhancing the extractability of polymers from fiberized spruce wood. (Figure
25)

Figure 25 Fiberized wood was incubated with two enzymes, Gammanase and
GM, for 1, 2 and 4 hrs. The charts show the amounts of different sugars dissolved
in wash liquids during incubation and in collected extracts after the extraction
stage.

The amount of galactoglucomannan (GGM) dissolved from fiberized
wood after treatment with the GM‐induced culture filtrate was much greater
than the amount dissolved from Gammanase‐treated fiberized wood (Figure
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26). Soaking with the GM‐culture filtrate increased the amount of dissolved
GGM more than twice, as only 5.9 mg/g‐wood of GGM can be extracted from
enzymatically untreated fiberized wood under similar extraction conditions
(Azhar et al., 2015). This suggests that Phoma herbarum may be interesting for
producing enzymes suitable for enzymatic mining concepts in biorefineries.

Figure 26 Total amount of galactoglucomannan dissolved from fiberized wood
incubated with Gammanase and GM for different times. GGM = (Gal+(1+1/3.5) x
Man) x 0.9

Furthermore, the molecular weight of the saccharides extracted from GM‐
treated fiberized wood was found to be much smaller than that from
Gammanase treated material (Figure 27). Longer polysaccharides may have
been leached out into the wash liquids during the enzymatic incubation step,
diffusing out through the cracks in the cell walls created by the mild
mechanical treatment. The remaining unbound saccharides were probably
entrapped in the polymeric structure and later released during the extraction,
either because of the relatively severe extraction conditions or by agitation
caused by the mechanical stirrer. In contrast, the molar mass of the materials
extracted from Gammanase‐treated fiberized wood was relatively higher
(Figure 27).
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Figure 27 SEC chromatograms of the materials extracted from fiberised wood
treated with Gammanase and with the new GM culture filtrate for 1, 2 or 4 hours.

To extract better yields of higher molar mass GGM from fiberized wood
using this GM‐induced culture filtrate, the enzymatic treatment step must be
optimised and is being further studied.

3.3 The role of acetylation of hemicellulose on microbial
degradability (paper VI)
Whereas lignin is always resistant to degradation by microorganisms,
hemicellulose is degraded much more easily and faster in nature. Through
millions of years of evolution, plants must have developed some strategies to
prevent microbiological attack. A property that differentiates hemicellulose
from cellulose is that some of the component monosaccharides in many
hemicelluloses are O‐acetylated. The reason for hemicellulose acetylation is
unclear, but it has been shown that acetylated wood has a greater resistance
to fungal attack. We have therefore investigated how the degree of
acetylation affects the microbial degradability of hemicelluloses.
Mannans LBG and KGM with different degrees of acetylation were used
as carbon source on agar plates for the cultivation of soil microbes: KGM,
LBG, fully acetylated KGM, fully acetylated LBG, partly acetylated KGM and
partly acetylated LBG.
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Soil samples were collected from within the forest “Lilljanskogen”
(59°20ʹ60ʺE, 18°4ʹ38ʺN) close to central Stockholm, Sweden, at a depth of
approximately 10 cm.
Two experiments were performed. The soil samples were first shaken in
sterile saline solution and equal volumes were spread on agar plates with the
mannans with different degrees of acetylation as sole carbon source. In a
second experiment, the growth rate of one particular isolated organism was
studied.

Colony formation on agar plates with differently acetylated mannans
One mL of a dilute soil suspension was dispensed onto agar plates with
KGM, LBG, fully acetylated KGM, fully acetylated LBG, partly acetylated
KGM or partly acetylated LBG as carbon source and cultivated at 30 °C for 7
days, after which the number of colonies growing on the different plates was
recorded. Figure 28 clearly shows that the degree of acetylation affected
microbial growth, suggesting that acetylation prevents that mannans from
being degraded by the organisms.
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(A) Colony numbers as a function of time on differently acetylated KGM
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(B) Colony numbers as a function of time on differently acetylated LBG

Figure 28 Numbers of colonies after 3, 5 and 7 days cultivation with differently
acetylated mannans as carbon sources.

Single strain growth rate
A selected strain was isolated and later identified by DNA extraction and
PCR analysis as a Penicillium sp., with the highest sequence similar to
Penicillium oxalicum (previously classified as Pencillium decumbens) (Liu et al,
2013). The isolated Penicillium sp. was inoculated on new agar plates with
KGM, LBG, fully acetylated KGM, fully acetylated LBG, partly acetylated
KGM or partly acetylated LBG as carbon source and cultivated at 30 °C for 7
days. The growth rates on the different plates were assessed by measuring
the colonies’ diameter. The results clearly indicated that this organism grows
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more slowly and produces less biomass on acetylated mannans than on non‐
acetylated mannans (Figure 29).
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(A) Colony diameter as a function of time on differently acetylated KGM
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(B) Colony diameter as a function of time on differently acetylated LBG

Figure 29 Single strain growth diameter after 3, 5 and 7 days cultivation with
differently acetylated mannans as carbon sources.

Furthermore, visual observation of this isolated Penicillium sp. on the 7th
day of cultivation showed a significantly different appearance on the highly
acetylated mannan plate compared to that on the non‐acetylated mannan
plate (Figure 30). On the highly acetylated mannan, the colony was much
thinner and comprised less total biomass than the colony on non‐acetylated
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mannans, although the colony diameters were similar.

Non Acetylated KGM

Highly Acetylated KGM

Figure 30 Pictures of one strain on KGM and KGM (H)

CONCLUSIONS

Reactions in lignocellulose are extremely important in many technical
processes involving wood. Of the three major components in wood, lignin is
the most resistant to microbial degradation. All existing well‐studied lignin
degradation enzymes need co‐factors and the degradation depends on
radicals. Soil microorganisms may however perform lignin degradation
differently and soil could therefore be a good source in which to look for new
lignocellulose‐degrading microbes and enzymes.
Using lignin as sole carbon source for screening and cultivation, 11
aerobic and 3 anaerobic microorganism strains have been isolated, identified
and shown for the first time to be able to live on lignin. It has further been
shown using absolute carbohydrate‐free synthetic lignin (DHP) as sole
carbon source, that three aerobic strains of Penicillium thomii, Phoma herbarum
and Cryptococcus podzolicus can grow well.
The fast growing strains showed an ability to reduce the lignin content
during cultivation. Furthermore, the cell‐free culture filtrate of some strains
showed an ability to degrade lignin by lowering the molecular weight of
lignosulphonate, BMW lignins and DHP.
Results from a model compound study using BMW lignin and DHP
revealed that lignin degradation by these isolated microbes could be related
to β‐O‐4 bond cleavage and may partly involve an endwise mechanism that
is probably more complex than a hydrolytic degradation.
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It would be wise for the microbes present in nature soil to be able to
cleave off the carbohydrate from lignin residues in order to gain more easily
accessible energy sources, and Phoma herbarum can indeed produce enzymes
able to attack lignin‐ polysaccharide networks in a manner different from
that of the commercial enzyme product Gammanase, possibly by selective
breaking of phenyl glucoside bonds. Gammanase in other studies was able to
enhance the extractability of hemicellulose polymers from wood materials,
but a culture filtrate of Phoma herbarum also enhanced the extractability of
polymers from fiberized spruce wood and the amount of GGM dissolved was
more than double. However, the molecular weight of the extracted GGM was
less than that extracted from non‐enzyme‐treated fiberized wood.
Over millions of years of natural evolution, microorganisms on the one
hand develop to degrade all wood components to obtain energy for growth,
while plants on the other hand continuously develop a defence against
microbial attack. We have shown that the resistance of glucomannan and
galactomannan towards microbial degradation increased with increasing
degree of acetylation. This may be of importance for the low biodegradability
of wood. One explanation could be a decrease in dispersibility of the highly
acetylated mannans in water, although our results indicate that this is not the
only reason. Steric hindrance is another suggested explanation of why
acetylation

makes

these

polymers

more

difficult

to

degrade

by

microorganisms.
Future perspectives
In order to increase the understanding of the enzymatic strategy of these
micro‐organisms, it is very important to produce large amount of culture
filtrate. Therefore an optimization of micro‐organism cultivation need to be
performed. Potential enzymes responsible for the lignin‐degrading activity
need to be purified so that their activity mechanisms can be studied. If there
are enzymes existing in the culture filtrate could break β‐O‐4 bonds in lignin
without co‐factors, they should be purified, cloned and produced since they
could be extremely technically useful in different biorefinery and pulping
processes.
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