Environmental Biotechnology
New Approaches
and Prospective Applications
Edited by Marian Petre

ENVIRONMENTAL
BIOTECHNOLOGY - NEW
APPROACHES AND
PROSPECTIVE
APPLICATIONS
Edited by Marian Petre

Environmental Biotechnology - New Approaches and Prospective Applications
http://dx.doi.org/10.5772/56068
Edited by Marian Petre
Contributors
Prihardi Kahar, Hitoshi Miyasaka, Olga Tsivileva, Valentina Nikitina, Ekaterina Loshchinina, Shouji Takahashi, Latifa
Chebil, Mohamed Ghoul, Nidal Madad, Céline Charbonnel, Hugues Canteri, Seteno Karabo Obed Ntwampe, Bruno
Alexandre Quistorp Santos, James Hamuel Doughari, Sonja Nybom, T.V. Ojumu, Olusola Solomon Amodu, Krasimira
Tasheva, Georgina Kosturkova, Katarzyna Joanna Nawrot-Chorabik, Christopher J. Easton, Amy Philbrook, Apostolos
Alissandratos, Marian Petre
© The Editor(s) and the Author(s) 2013
The moral rights of the and the author(s) have been asserted.
All rights to the book as a whole are reserved by INTECH. The book as a whole (compilation) cannot be reproduced,
distributed or used for commercial or non-commercial purposes without INTECH’s written permission.
Enquiries concerning the use of the book should be directed to INTECH rights and permissions department
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not
be included under the Creative Commons license. In such cases users will need to obtain permission from the license
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be
foundat http://www.intechopen.com/copyright-policy.html.
Notice
Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the
use of any materials, instructions, methods or ideas contained in the book.
First published in Croatia, 2013 by INTECH d.o.o.
eBook (PDF) Published by IN TECH d.o.o.
Place and year of publication of eBook (PDF): Rijeka, 2019.
IntechOpen is the global imprint of IN TECH d.o.o.
Printed in Croatia
Legal deposit, Croatia: National and University Library in Zagreb
Additional hard and PDF copies can be obtained from orders@intechopen.com
Environmental Biotechnology - New Approaches and Prospective Applications
Edited by Marian Petre
p. cm.
ISBN 978-953-51-0972-3
eBook (PDF) ISBN 978-953-51-5354-2

We are IntechOpen,
the world’s leading publisher of
Open Access books
Built by scientists, for scientists

3,650+ 114,000+ 118M+

Open access books available

151

Countries delivered to

Downloads

International authors and editors

Our authors are among the

Top 1%
most cited scientists

12.2%

Contributors from top 500 universities

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com
Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Meet the editor
Professor Marian Petre, BSc and Ph.D. in Biological
Sciences, graduated from the Faculty of Biology at the
Bucharest University in 1981. He has worked as principal investigator in the field of biotechnology at five
Romanian research institutes from 1981 up to 2000. He
became lecturer at the Ecological University of Bucharest (2000-2004) and from 2004 to 2007 he worked as
senior researcher at the National Institute of Research & Development for
Biotechnology in Horticulture Stefanesti-Arges. Since 2007, he has been
professor of biotechnology for environmental protection, microbiology
and bioremediation at the University of Pitesti, Faculty of Sciences. He
has published over 150 papers, 53 of them in international journals and
proceeding volumes all over the world. Also, he is the first author of 10
Romanian patents. So far, he has written and edited a book of applied
biotechnology at InTech Open Access Publisher and 15 books published in
Romania as well as 3 book chapters published by Marcel Dekker, Kluwer
Academic Publishers and InTech Open Access Publisher.

Contents

Preface XI

Section 1

Biotechnology for Conversion of Organic Wastes 1

Chapter 1

Environmental Biotechnology for Bioconversion of Agricultural
and Forestry Wastes into Nutritive Biomass 3
Marian Petre and Violeta Petre

Chapter 2

Comparison of the Performance of the Laccase Bioconversion
of Sodium Lignosulfonates in Batch, Continuous and Fed Batch
Reactors 25
Nidal Madad, Latifa Chebil, Hugues Canteri, Céline Charbonnel and
Mohamed Ghoul

Chapter 3

Biochemical Processes for Generating Fuels and Commodity
Chemicals from Lignocellulosic Biomass 39
Amy Philbrook, Apostolos Alissandratos and Christopher J. Easton

Chapter 4

Synergistic Effects of Pretreatment Process on Enzymatic
Digestion of Rice Straw for Efficient Ethanol
Fermentation 65
Prihardi Kahar

Section 2

Biodegradation of Hazardous Contaminants 89

Chapter 5

Microbial Degradation of Persistent Organophosphorus Flame
Retardants 91
Shouji Takahashi, Katsumasa Abe and Yoshio Kera

X

Contents

Chapter 6

Continuous Biotechnological Treatment of Cyanide
Contaminated Waters by Using a Cyanide Resistant Species of
Aspergillus awamori 123
Bruno Alexandre Quistorp Santos, Seteno Karabo Obed Ntwampe
and James Hamuel Doughari

Chapter 7

Biodegradation of Cyanobacterial Toxins 147
Sonja Nybom

Chapter 8

Bioavailability of High Molecular Weight Polycyclic Aromatic
Hydrocarbons Using Renewable Resources 171
Olusola Solomon Amodu, Tunde Victor Ojumu and Seteno Karabo
Obed Ntwampe

Section 3

Biotechnological Procedures for Environmental
Protection 195

Chapter 9

Polyhydroxyalkanoate (PHA) Production from Carbon Dioxide
by Recombinant Cyanobacteria 197
Hitoshi Miyasaka, Hiroshi Okuhata, Satoshi Tanaka, Takuo Onizuka
and Hideo Akiyama

Chapter 10

The Extracellular Indolic Compounds of Lentinus edodes 217
Olga M. Tsivileva, Ekaterina A. Loshchinina and Valentina E. Nikitina

Chapter 11

Role of Biotechnology for Protection of Endangered
Medicinal Plants 235
Krasimira Tasheva and Georgina Kosturkova

Chapter 12

The Use of Interactions in Dual Cultures in vitro to Evaluate the
Pathogenicity of Fungi and Susceptibility of Host Plant
Genotypes 287
Katarzyna Nawrot - Chorabik

Preface
For the whole humankind there is as an urgent need to sustain the efforts for changing the
current environmental crisis by improving the efficiency of using biotechnology to convert a
lot of organic wastes and hazardous contaminants into useful bioproducts or degrade them
as harmless metabolites through the enzymatic processes induced by specialized microbial
and plant species. Only through the understanding of main interactions between biological,
biophysical and biochemical phenomena and processes directly involved in biotechnological
applications, the actual endangered status of environmental health could be changed.
Taking into consideration the outstanding importance of studying and applying the biological
means to remove or at least mitigate the harmful effects of global pollution on the natural envi‐
ronment, as direct consequences of quantitative expansion and qualitative diversification of
persistent and hazardous contaminants, the present book provides useful information regard‐
ing New Approaches and Prospective Applications in Environmental Biotechnology.
This volume contains twelve chapters divided in the following three parts: biotechnology
for conversion of organic wastes, biodegradation of hazardous contaminants and, finally,
biotechnological procedures for environmental protection. Each chapter provides detailed
information regarding scientific experiments that were carried out in different parts of the
world to test different procedures and methods designed to remove or mitigate the impact
of hazardous pollutants on environment.
The first part of this book includes four chapters referring to biotechnology for conversion of
organic wastes, especially celluloses and lignocelluloses as well as lignosulfonates. Thus, the
main objectives of the research works presented in these book chapters were focused on the
biotechnology for bioconversion of agricultural and forestry wastes into nutritive biomass
by using edible and medicinal mushroom species, the enzymatic bioconversion of lignosul‐
fonates in batch, continuous and fed-batch reactors, the biochemical processes to convert
lignocelluloses into biofuels as well as the effect of advanced treatment on the enzymatic
conversion of rice straw for efficient ethanol fermentation.
The next four chapters are included in the second part of the book being focused on microbi‐
al degradation of different contaminants, such as persistent organophosphorous com‐
pounds, continuous biotechnological treatments of contaminated waters to degrade the
hazardous cyanides through the use of resistant fungal species, biodegradation of cyanobac‐
terial toxins by using probiotic bacteria and bioaugmentation of polycyclic aromatic hydro‐
carbons by certain fungal species.
The third part of this book includes the last four chapters regarding the biotechnological
procedures that are used for environmental protection. These proceedings refer to different
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approaches on the polyhydroxyalkanoate production from carbon dioxide by using geneti‐
cally modified cyanobacteria, the growth stimulation of mycelia under the action of indolic
compounds synthetized by the same cultivated mushroom, the protection of medicinal
plants through biotechnological methods and the use of interactions between pathogenic
fungi and trees in order to protect the endangered forest species.
This book is addressed to researchers and students with specialties in biotechnology, bio‐
engineering, ecotoxicology, environmental engineering and all those readers who are inter‐
ested to improve their knowledge in order to keep the Earth healthy.
Finally, I would like to thank the authors of all chapters for their sustained efforts to present
the most relevant achievements in Environmental Biotechnology and I really hope this vol‐
ume will be a useful tool for researchers and other specialists who are working in this im‐
portant field of science and technology.
Like in the similar circumstance of my previous book editing by InTech Open Access Publisher,
my sincere thanks are going to Mr Aleksandar Lazinica for his remarkable kindness to invite
me, once again, to bring my professional contribution, both as book editor and chapter author,
to the high quality publishing of this significant volume for the scientific community.
Last but not least, I really want to thank the whole staff of InTech for its tremendous work
that has been performed over ten months, especially Ms Marina Jozipovic, Ms Victoria Zge‐
la and Ms Iva Lipovic for their great professional assistance, technical support and kind cooperation during the whole book processing.
Prof. Marian Petre
University of Pitesti
Romania

Section 1

Biotechnology for Conversion of Organic
Wastes

Chapter 1

Environmental Biotechnology for Bioconversion of
Agricultural and Forestry Wastes into Nutritive Biomass
Marian Petre and Violeta Petre
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/55204

1. Introduction
The cellulose is the most widely distributed skeletal polysaccharide and represents about 50%
of the cell wall material of plants. Beside hemicellulose and lignin, cellulose is a major
component of agricultural wastes and municipal residues. The cellulose and hemicellulose
comprise the major part of all green plants and this is the main reason of using such terms as
“cellulosic wastes” or simply “cellulosics” for those materials which are produced especially
as agricultural crop residues, fruit and vegetable wastes from industrial processing, and other
solid wastes from canned food and drinks industries.
The cellulose biodegradation using fungal cells is essentially based on the complex interaction
between biotic factors, such as the morphogenesis and physiology of fungi, as the cellulose
composition and its complexness with hemicellulose and lignin (Andrews & Fonta, 1988;
Carlile & Watkinson, 1996).
An efficient method to convert cellulose materials, in order to produce unconventional highcalorie foods or feeds, is the direct conversion by cellulolytic microorganisms. Theoretically,
any microorganism that can grow as pure culture on cellulose substrata, used as carbon and
energy sources, should be considered a potential organism for “single-cell protein” (SCP) or
“protein rich feed” (PRF) producing.

2. Biotechnology of mycelia biomass producing through submerged
bioconversion of agricultural crop wastes
The submerged cultivation of mushroom mycelia is a promising method which can be used
in novel biotechnological processes for obtaining pharmaceutical substances of anticancer,
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antiviral, immuno-modulating, and anti-sclerotic action from fungal biomass and cultural
liquids and also for the production of liquid spawn (Breene, 1990).
The researches that were carried out to get nutritive supplements from the biomass of
Ganoderma lucidum species (Reishi) have shown that the nutritive value of its mycelia is owned
to the huge protein content, carbohydrates and mineral salts. Lentinula edodes species (Shiitake)
is a good source of proteins, carbohydrates (especially polysaccharides) and mineral elements
with beneficial effects on human nutrition (Wasser & Weis, 1994; Mizuno et al., 1995).
It is well known the anti-tumor activity of polysaccharide fractions extracted from mycelia of
Pleurotus ostreatus, known on its popular name as Oyster Mushroom (Mizuno et al., 1995;
Hobbs, 1996).
The main purpose of this research work consists in the application of biotechnology for
continuous cultivation of edible and medicinal mushrooms by submerged fermentation in
agro-food industry which has a couple of effects by solving the ecological problems generated
by the accumulation of plant wastes in agro-food industry through biological means to valorise
them without pollutant effects as well as getting fungal biomass with high nutritive value
which can be used to prepare functional food (Carlile & Watkinson, 1996; Moser, 1994).
The continuous cultivation of medicinal mushrooms was applied using the submerged
fermentation of natural wastes of agro-food industry, such as different sorts of grain byproducts as well as winery wastes that provided a fast growth as well as high biomass
productivity of the investigated strains (Petre & Teodorescu, 2012; Petre & Teodorescu, 2011).
2.1. Materials and methods
Ganoderma lucidum (Curt. Fr.) P. Karst, Lentinula edodes (Berkeley) Pegler and Pleurotus
ostreatus (Jacquin ex Fries) Kummer were used as pure strains. The stock cultures were
maintained on malt-extract agar (MEA) slants, incubated at 25°C for 5-7 d and then stored at
4°C. The seed cultures were grown in 250-ml flasks containing 100 ml of MEA medium (20%
malt extract, 2% yeast extract, 20% agar-agar) at 23°C on rotary shaker incubator at 100
rev.min-1 for 7 d (Petre & Petre, 2008; Petre et al., 2007).
The fungal cultures were grown by inoculating 100 ml of culture medium using 3-5% (v/v) of
the seed culture and then cultivated at 23-25°C in rotary shake flasks of 250 ml. The experiments
were conducted under the following conditions: temperature, 25°C; agitation speed, 120 rev.
min -1; initial pH, 4.5–5.5.
After 10–12 d of incubation the fungal cultures were ready to be inoculated aseptically into the
glass vessel of a laboratory-scale bioreactor (Fig. 1).
For fungal growing inside the culture vessel of this bioreactor, certain special culture media
were prepared by using liquid nutritive broth, having the following composition: 15% cellulose
powder, 5% wheat bran, 3% malt extract, 0.5% yeast extract, 0.5% peptone, 0.3% powder of
natural argillaceous materials. After the steam sterilization at 121oC, 1.1 atm., for 15 min. this
nutritive broth was transferred aseptically inside the culture vessel of the laboratory scale
bioreactor shown in figure 1.
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Figure 1. Laboratoy-scale bioreactor for submerged cultivation of edible and medicinal mushrooms

The culture medium was aseptically inoculated with activated spores belonging to G. luci‐
dum, L. edodes and P. ostreatus species. After inoculation into the bioreactor vessel, a slow
constant flow of nutritive liquid broth was maintained inside the nutritive culture medium by
recycling it and adding from time to time a fresh new one.
The submerged fermentation was set up at the following parameters: constant temperature,
23°C; agitation speed, 80-100 rev. min-1; pH level, 5.7–6.0 units; dissolved oxygen tension
within the range of 30-70%. After a period of submerged fermentation lasting up to 120 h, small
fungal pellets were developed inside the broth (Petre & Teodorescu, 2010; Petre & Teodorescu,
2009).
The experimental model of biotechnological installation, represented by the laboratory scale
bioreactor shown in figure 1, was designed to be used in submerged cultivation of the
mentioned mushroom species that were grown on substrata made of wastes resulted from the
industrial processing of cereals and grapes (Table 1).
Variants of culture substrata

Composition

S1

Mixture of winery wastes and wheat bran 2.5%

S2

Mixture of winery wastes and barley bran 2.5%

S3

Mixture of winery wastes and rye bran 2.5%

Control

Pure cellulose

Table 1. The composition of compost variants used in mushroom cultures
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2.2. Results and discussion
The whole process of mushroom mycelia growing lasts for a single cycle between 5-7 days in
case of L. edodes and between 3 to 5 days for G. lucidum and P. ostreatus. All experiments
regarding the fermentation process were carried out by inoculating the growing medium
volume (15 L) with secondary mycelium inside the culture vessel of the laboratory-scale
bioreactor (see Fig. 1).
The strains of these fungal species were characterized by morphological stability, manifested
by its ability to maintain the phenotypic and taxonomic identity. Observations on morpho‐
logical and physiological characters of these two tested species of fungi were made after each
culture cycle, highlighting the following aspects:
• sphere-shaped structure of fungal pellets, sometimes elongated, irregular, with various
sizes (from 7 to 12 mm in diameter), reddish-brown colour of G. lucidum specific culture
(Fig. 2a);
• globular structures of fungal pellets, irregular with diameters of 5 up to 10 mm or mycelia
congestion, which have developed specific hyphae of L. edodes (Fig. 2b);
• round-shaped pellets with diameter measuring between 5 and 15 mm, having a white-cream
colour and showing compact structures of P. ostreatus mycelia (Fig. 2c).
The experiments were carried out in three repetitions. Samples for analysis were collected at
the end of the fermentation process, when pellets formed specific shapes and characteristic
sizes. For this purpose, fungal biomass was washed repeatedly with double distilled water in
a sieve with 2 mm diameter eye, to remove the remained bran in each culture medium (Petre
at al., 2005a).
Biochemical analyses of fungal biomass samples obtained by submerged cultivation of edible
and medicinal mushrooms were carried out separately for the solid fraction and extract fluid
remaining after the separation of fungal biomass by pressing and filtering. Also, the most
obvious sensory characteristics (color, odor, consistency) were evaluated and presented at this
stage of biosynthesis taking into consideration that they are very important in the prospective
view of fungal biomass using as raw matarials for nutraceuticals producing. In each experi‐
mental variant the amount of fresh biomass mycelia was analyzed.
Percentage amount of dry biomass was determined by dehydration at 70° C, until constant
weight. The total protein content was investigated by using the biuret method, whose principle
is similar to the Lowry method, being recommended for the protein content ranging from 0.5
to 20 mg/100 mg sample (Bae et al., 2000; Lamar et al., 1992).
The principle method is based on the reaction that takes place between copper salts and
compounds with two or more peptides in the composition in alkali, which results in a redpurple complex, whose absorbance is read in a spectrophotometer in the visible domain (λ 550
nm). In addition, this method requires only one sample incubation period (20 min) eliminating
the interference with various chemical agents (ammonium salts, for example).
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(a)

(b)
)

(c)
Figure 2. Fungal pellets of G. lucidum, b. Fungal pellets of L. Edodes,. c. Fungal pellets of P. ostreatus

In table 2 are presented the amounts of fresh and dry biomass as well as the protein contents
for each fungal species and variants of culture media.
According to registered data, using a mixture of wheat bran 2.5% and winery wastes the
growth of G. lucidum biomass was stimulated, while the barley bran led to increased growth
of L. edodes mycelium and G. lucidum as well.
In contrast, the dry matter content was significantly higher when using barley bran 2.5% mixed
with winery wastes for both species used. Protein accumulation was more intense when using
barley bran compared with those of wheat bran and rye bran, at both mushroom species.
The sugar content of dried mushroom pellets collected after the biotechnological experiments
was determined by using Dubois method. The mushroom extracts were prepared by immer‐
sion of dried pellets inside a solution of NaOH pH 9, in the ratio 1:5. All dispersed solutions
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containing the dried pellets were maintained 24 h at the precise temperature of 25 oC, in full
darkness, with continuous homogenization to avoid the oxidation reactions.
Fresh biomass

Dry biomass

Total proteins

(g)

(%)

(g % d.w.)

I

25.94

9.03

0.67

G. lucidum

II

22.45

10.70

0.55

G. lucidum

III

23.47

9.95

0.73

Control

5.9

0.7

0.3

L. edodes

I

20.30

5.23

0.55

L. edodes

II

23.55

6.10

0.53

L. edodes

III

22.27

4.53

0.73

Control

4.5

0.5

0.2

P. ostreatus

I

21.50

5.73

0.63

P. ostreatus

II

23.95

7.45

0.55

P. ostreatus

III

23.25

4.79

0.75

Control

4.7

0.5

0.3

Mushroom species

Culture variants

G. lucidum

Table 2. Fresh and dry biomass and protein content of G. lucidum, L. edodes and P. ostreatus mycelia grown by
submerged fermentation

After the removal of solid residues by filtration the samples were analyzed by the previous
mention method (Wasser & Weis, 1994).
The nitrogen content of mushroom pellets was analyzed by Kjeldahl method. All the registered
results are related to the dry weight of mushroom pellets that were collected at the end of each
biotechnological culture cycle (Table 3).
Comparing all the registered data, it could be noticed that the correlation between the dry
weight of mushroom pellets and their sugar and nitrogen contents is kept at a balanced ratio
for each tested mushroom species.
From these mushroom species that were tested in biotechnological experiments G. lucidum
(variant III) showed the best values concerning the sugar and total nitrogen content. On the
very next places, L. edodes (variant I) and G. lucidum (variant II) could be mentioned from these
points of view.
The registered results concerning the sugar and total nitrogen contents have higher values
than those obtained by other researchers (Bae et al., 2000; Jones, 1995; Moo-Young, 1993). The
nitrogen content in fungal biomass is a key factor for assessing its nutraceutical potential, but
the assessing of differential protein nitrogen compounds requires additional investigations.
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Mushroom

Culture

Mushroom pellets

Sugar content of dried

Kjeldahl nitrogen of dried

species

variants

d. w. (%)

pellets (mg/ml)

pellets (%)

G. lucidum

I

17.64

4.93

5.15

G. lucidum

II

14.51

3.70

5.35

G. lucidum

III

20.16

5.23

6.28

Control

0.7

0.45

0.30

L. edodes

I

19.67

4.35

6.34

L. edodes

II

17,43

3.40

5.03

L. edodes

III

15.55

4.75

6.05

Control

0.5

0.45

0.35

P. ostreatus

I

19.70

5.15

6.43

P. ostreatus

II

14.93

4.93

6.25

P. ostreatus

III

15.63

5.10

5.83

Control

0.55

0.50

0.35

Table 3. The sugar and total nitrogen contents of dried mushroom pellets

3. Laboratory-scale biotechnology of edible mushroom producing on
growing composts of apple and winery wastes
The agricultural works as well as the industrial activities related to apple and grape processing
have generally been matched by a huge formation of wide range of cellulosic wastes that cause
environmental pollution effects if they are allowed to accumulate in the environment or much
worse they are burned on the soil (Petre, 2009; Verstrate & Top, 1992).
The solid substrate fermentation of plant wastes from agro-food industry is one of the
challenging and technically demanding biotechnology that is known so far (Petre & Petre,
2008; Carlile & Watkinson, 1996).
The major group of fungi which are able to degrade lignocellulose is represented by the edible
mushrooms of Basidiomycetes Class. Taking into consideration that most of the edible
mushrooms species requires a specific micro-environment including complex nutrients, the
influence of physical and chemical factors upon fungal biomass production and mushroom
fruit bodies formation were studied by testing new biotechnological procedures (Petre & Petre,
2008; Moser, 1994; Beguin & Aubert, 1994; Chahal & Hachey, 1990).
The main aim of research was to find out the best biotechnology of recycling the apple and
winery wastes by using them as a growing source for edible mushrooms and, last but not least,
to protect the environment (Petre et al., 2008; Smith, 1998; Raaska, 1990).
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3.1. Materials and methods
Two fungal species of Basidiomycetes group, namely Lentinula edodes (Berkeley) Pegler (folk
name: Shiitake) as well as Pleurotus ostreatus (Jacquin ex Fries) Kummer (folk name: Oyster
Mushroom) were used as pure mushroom cultures isolated from the natural environment and
now being preserved in the local collection of the University of Pitesti.
The stock cultures were maintained on malt-extract agar (MEA) slants (20% malt extract, 2%
yeast extract, 20% agar-agar). Slants were incubated at 25°C for 120-168 h and stored at 4°C.
The pure mushroom cultures were expanded by growing in 250-ml flasks containing 100 ml
of liquid malt-extract medium at 23°C on rotary shaker incubators at 110 rev. min-1 for 72-120
h. To prepare the inoculum for the spawn cultures of L. edodes and P. ostreatus the pure
mushroom cultures were inoculated into 100 ml of liquid malt-yeast extract culture medium
with 3-5% (v/v) and then maintained at 23-25°C in 250 ml rotary shake flasks.
After 10–12 d of incubation the fungal cultures were inoculated aseptically into glass vessels
containing sterilized liquid culture media in order to produce the spawn necessary for the
inoculation of 10 kg plastic bags filled with compost made of winery and apple wastes.
These compost variants were mixed with other needed natural ingredients in order to improve
the enzymatic activity of mushroom mycelia and convert the cellulose content of winery and
apple wastes into protein biomass. The best compositions of five compost variants are
presented in Table 4.
Compost variants

Compost composition

S1

Winery and apple wastes (1:1)

S2

Winery wastes + wheat bran (9:1)

S3

Winery wastes and rye bran (9:1)

S4

Apple wastes and wheat bran (9:1)

S5

Apple wastes + rye bran (9:1)

Control

Poplar, beech and birch sawdust (1:1:1)

Table 4. The composition of five compost variants used in mushroom culture cycles

In this way, the whole bags filled with compost were steam sterilized at 121oC, 1.1 atm., for 30
min. In the next stage, all the sterilized bags were inoculated with liquid mycelia, and then, all
inoculated bags were transferred into the growing chambers for incubation. After 10-15 d, on
the surface of sterilized plastic bags filled with compost, the first buttons of mushroom fruit
bodies emerged. For a period of 20-30 d there were harvested between 1.5–3.5 kg of mushroom
fruit bodies per 10 kg compost of one bag (Petre et al., 2012; Oei, 2003; Stamets, 1993; Wain‐
wright, 1992; Ropars et al., 1992).
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3.2. Results and discussion
To increase the specific processes of winery and apple wastes bioconversion into protein of
fungal biomass, there were performed experiments to grow the mushroom species of P.
ostreatus and L. edodes on the previous mentioned variants of culture substrata (see Table 1).
During the mushroom growing cycles the specific rates of cellulose biodegradation were
determined using the direct method of biomass weighing the results being expressed as
percentage of dry weight (d.w.) before and after their cultivation (Stamets, 1993; Wain‐
wright, 1992).
In order to determine the evolution of the total nitrogen content in the fungal biomass there
were collected samples at precise time intervals of 50 h and they were analyzed by using
Kjeldahl method. The registered results concerning the evolution of total nitrogen content in
P. ostreatus biomass are presented in figure 3 and the data regarding L. edodes biomass could
be seen in figure 4.

Total nitrogen content (g% s.u.)

16

S1

14
12

S2

10

S3

8

S4

6
4

S5

2

Control

0

50

100

150

200

250

300

Time (h)
Figure 3. The evolution of total nitrogen content in P. ostreatus biomass

During the whole period of fruit body formation, the culture parameters were set up and
maintained at the following levels, depending on each mushroom species:
• air temperature, 15–17oC;
• the air flow volume, 5–6m3/h;
• air flow speed, 0.2–0.3 m/s;
• the relative moisture content, 80–85%;
• light intensity, 500–1,000 luces for 8–10 h/d.
According to the registered results of the performed experiments the optimal laboratory-scale
biotechnology for edible mushroom cultivation on composts made of marc of grapes and
apples was established (Fig. 5).
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Figure 4. The evolution of total nitrogen content in L. edodes biomass

As it is shown in figure 5, two technological flows were carried out simultaneously until the
first common stages of the inoculation of composts with liquid mushroom spawn followed by
the mushroom fruit body formation.
The whole period of mushroom growing from the inoculation to the fruit body formation
lasted between 30–60 d, depending on each fungal species used in experiments.
The registered data revealed that by applying such biotechnology, the winery and apple wastes
can be recycled as useful raw materials for mushroom compost preparation in order to get
significant mushroom production.
In this respect, the final fruit body production of these two mushroom species was registered
as being between 20–28 kg relative to 100 kg of composts made of apple and winery wastes.

4. Biotechnology of forestry wastes recycling as growing composts for
edible and medicinal mushroom cultures
The most part of wastes produced all over the world arise from industrial, agricultural and
domestic activities. These wastes represent the final stage of the technical and economical life
of products (Verstraete & Top 1992).
As a matter of fact, the forestry works as well as the industrial activities related to forest
management and wood processing have generally been matched by a huge formation of wide
range of waste products (Beguin & Aubert 1994, Wainwright 1992).
Many of these lignocellulosic wastes cause serious environmental pollution effects, if they are
allowed to accumulate in the forests or much worse to be burned for uncontrolled domestic
purposes. So far, the basis of most studies on lignocellulose-degrading fungi has been eco‐
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Mushroom fruit body formation and growing

Mushroom fruit bodies cropping

Figure 5. Scheme of laboratory-scale biotechnology for edible mushroom producing on winery and apple wastes

nomic rather than ecological, with emphasize on the applied aspects of lignin and cellulose
decomposition, including biodegradation and bioconversion (Carlile & Watkinson 1996).
In this respect, the main aim of this work was focused on finding out the best way to convert
the wood wastes into useful food supplements, such as mushroom fruit bodies, by using them
as growing sources for the edible and medicinal mushrooms (Smith, 1998).
4.1. Materials and methods
4.1.1. Fungal species and culture media
According to the main purpose of this work, three fungal species from Basidiomycetes, namely
Ganoderma lucidum (Curt.:Fr.) P. Karst, Lentinus edodes (Berkeley) Pegler and Pleurotus ostrea‐
tus (Jacquin ex Fries) Kummer were used as pure mushroom cultures during all experiments.
The stock mushroom cultures were maintained by cultivating on malt-extract agar (MEA)
slants. After that, they were incubated at 25° C for 5-7 d and then stored at 4° C. These pure
mushroom cultures were grown in 250-ml flasks containing 100 ml of MEA medium (20% malt
extract, 2% yeast extract) at 23°C on rotary shaker incubators at 110 rev min -1 for 5-7 d.
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4.1.2. Methods used in experiments
4.1.2.1. Preparation of submerged mycelia inoculum
The pure mushroom cultures for experiments were prepared by inoculating 100 ml of culture
medium with 3-5% (v/v) of the seed culture and then cultivated at 23-25°C in rotary shake
flasks of 250 ml. The experiments were conducted under the following conditions:
• temperature, 25°C;
• agitation speed, 90-120 rev min-1;
• initial pH, 4.5–5.5.
The seed culture was transferred to the fungal culture medium and cultivated for 7–12 d (Petre
et al., 2005a; Glazebrook et al., 1992).
4.1.2.2. Incubation of mushroom cultures
The experiments were performed by growing all the previous mentioned fungal species in
special culture rooms, where all the culture parameters were kept at optimal levels in order to
get the highest production of fruit bodies. The effects of culture compost composition (carbon,
nitrogen and mineral sources) as well as other physical and chemical factors (such as: tem‐
perature, inoculum size and volume and incubation time) on mycelial net formation and
especially, on fruit body induction were investigated (Petre & Petre, 2008).
All the culture composts for mushroom growing were inoculated using liquid inoculum with
the age of 5–7 days and the volume size ranging between 3-7% (v/w). During the period of
time of 18–20 d after this inoculation, all the fungal cultures had developed a significant
biomass on the culture substrata made of wood wastes, such as: white poplar and beech wood
sawdusts. These woody wastes were used as main ingredients to prepare natural composts
for mushroom growing. The optimal temperatures for incubation and mycelia growth were
maintained between 23–25°C. The whole period of mushroom growing from the inoculation
to the fruit body formation lasted between 30–60 days, depending on each fungal species used
in experiments (Petre & Teodorescu, 2010).
4.1.2.3. Preparation of mushroom culture composts
The lignocellulosic materials were mechanical pre-treated to breakdown the lignin and
cellulose structures in order to induce their susceptibility to the enzyme actions during the
mushroom growing. All these pre-treated lignocellulosic wastes were disinfected by steam
sterilization at 120o C for 60 min (Petre et al., 2005b; Leahy & Colwell 1990).
The final composition of culture composts was improved by adding the following ingredients:
15-20% grain seeds (wheat, rye, rice) in the ratio 2:1:1, 0.7–0.9% CaCO3, 0.3–0.5% NH4H2PO4,
each kind of culture medium composition depending on the fungal species used to be grown.
As control samples for each variant of culture composts used for the experimental growing of
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all these fungal species were used wood logs of white poplar and beech that were kept in water
three days before the experiments and after that they were steam sterilized to be disinfected.
4.1.2.4. Preparation of mushroom spawn
3000 g of white poplar sawdust and 1500 g of beech sawdust were mixed with cleaned and
ground rye grain, 640 g of CaCO3, 50 g of NH4H2PO4 and 3550 ml of water, in order to obtain
the growth substratum for mushroom spawn. The ingredients of such smal compost were
mixed and then they were sterilized at 121° C, for 20 min. and allowed to cool until the mixture
temperature decreased below 35° C. The spawn mixture was inoculated with 100-200 ml of
liquid fungal inoculums and mixed for 10 min. to ensure complete homogeneity. Sterile
polyethylene bags, containing microporus filtration strips, were filled with the smal composts
and incubated at 25° C, until the spawn fully colonized the whole composts. At this point the
spawn may be used to inoculate the mushroom growing substrate or alternatively it may be
stored for up to 6 months at 4° C before use (Chahal & Hachey, 1990).
All the culture composts were inoculated using inoculum with the age of 5–7 d and the volume
size ranging between 3-7% (v/w). The optimal temperatures for incubation and mycelia growth
were maintained between 23–25°C. The whole period of mushroom growing from the
inoculation to the fruit body formation lasted between 30–50 days.
4.1.2.5. Mushroom cultivation
The experiments were carried out inside such in vitro growing rooms, where the main culture
parameters (temperature, humidity, aeration) were kept at optimal levels to get the highest
production of mushroom fruit bodies (Moser, 1994).
In order to find a suitable carbon source for the mycelia growth and consequently for fungal
biomass synthesis, the pure cultures of P. ostreatus (Oyster Mushroom), as well as L. edodes
(Shiitake) and G. lucidum (Reishi) were cultivated in different nutritive culture media contain‐
ing various carbon sources, and each carbon source was added to the basal medium at a
concentration level of 1.5% (w/v) for 7-12 d (Raaska, 1990).
To investigate the effect of nitrogen sources on mycelia growth and fungal biomass
production, the pure cultures of these two fungal species were cultivated in media
containing various nitrogen sources, where each nitrogen source was added to the basal
medium at a concentration level of 10 g/l. At the same time, malt extract was one of the
better nitrogen sources for a high mycelia growth. Peptone, tryptone and yeast extract are
also known as efficient nitrogen sources for fungal biomass production by using the pure
cultures of such fungal species (Chang & Hayes, 1978). In comparison with organic nitrogen
sources, inorganic nitrogen sources gave rise to relatively lower mycelia growth and fungal
biomass production (Bae et al., 2000).
The influence of mineral sources on fungal biomass production was examined at a standard
concentration level of 5 mg. In order to study the effects of initial pH correlated with the
incubation temperature upon fruit body formation, G. lucidum, P. ostreatus and L. edodes were
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cultivated on substrates made of wood wastes of white poplar and beech at different initial
pH values (4.5–6.0). The experiments were carried out for 6 days at 25°C with the initial pH
5.5. Similar observations were made by Stamets (1993), during the experiments. K2HPO4 could
improve the productivity through its buffering action, being favourable for mycelia growth.
The experiments were carried out between 30-60 days at 25°C.
4.2. Results and discussion
The effects of carbon, nitrogen and mineral sources as well as other physical and chemical
factors on mycelial net formation and especially, on fruit body induction were investigated by
adding them to the main composts made of white poplar and beech sawdusts in the ratio 2:1.
For the experimental growing of all these fungal species white poplar and beech logs were
used as control samples.
4.2.1. The effect of carbon sources upon mushroom mycelia growth
When the cells were grown in the maltose medium, the fungal biomass production was the
highest among the tested variants. Data presented in the following table are the means ± S.D.
of triple determinations (Table 5).
Carbon source

Fresh Fungal Biomass Weight

(g/l)

(g/l)

Final pH

G. lucidum

L. edodes

P. ostreatus

G. l

L. e

P. o

Glucose

27±0.10

41±0.05

43±0.03

5.5

5.3

5.1

Maltose

27±0.14

45±0.12

49±0.05

5.8

5.4

5.3

Sucrose

25±0.23

35±0.03

37±0.09

5.1

5.1

5.7

Xylose

26±0.07

38±0.07

35±0.07

5.3

5.5

5.9

Table 5. The effect of carbon sources upon the mycelia growth of pure mushroom cultures on white poplar and
beech composts

What is very important to be noticed is that the maltose has a significant effect upon the
increasing of mycelia growth and fungal biomass synthesis. The experiments were carried out
for 12 days at 25 °C with the initial pH 5.5 (Petre, 2002).
4.2.2. The effect of nitrogen sources upon mushroom mycelia growth
Among five nitrogen sources examined, rice bran was the most efficient for mycelia growth
and fungal biomass production. The experiments were carried out for 12 days at 25 °C with
the initial pH 5.5 (Table 6).

Environmental Biotechnology for Bioconversion of Agricultural and Forestry Wastes into Nutritive Biomass
http://dx.doi.org/10.5772/55204

Nitrogen
sources

Fresh Fungal Biomass Weight

Final pH

(g/l)

(1%, w/v)
G. lucidum

L. edodes

P. ostreatus

G. l

L. e

P. o

Rice bran

37±0.21

57±0.05

73±0.23

5.5

5.5

5.1

Malt extract

36±0.12

55±0.03

69±0.20

5.3

5.2

5.7

Peptone

35±0.03

41±0.12

57±0.15

4.6

4.9

5.3

Tryptone

36±0.15

38±0.07

55±0.17

5.1

5.3

5.9

Yeast extract

37±0.20

30±0.01

61±0.14

4.3.

5.1

5.1

Data presented in table 6 are the means ± S.D. of triple determinations.
Table 6. The effect of nitrogen sources upon the mycelia growth of pure mushroom cultures on white poplar and
beech composts

4.2.3. The effect of mineral sources upon mushroom mycelia growth
Among the various mineral sources examined, K2HPO4 yielded good mycelia growth as well
as fungal biomass production and for this reason it was recognized as a favourable mineral
source (Table 7). Data presented in table 7 are the means ± S.D. of triple determinations
Mineral
Sources

Fresh Fungal Biomass Weight

Final pH

(g/l)

(5 mg)
G. lucidum

L. edodes

P. ostreatus

G. l

L. e

P. o

KH2PO4

37±0.15

45±0.07

53±0.12

5.5

5.3

5.9

K2HPO4

45±0.07

57±0.05

59±0.07

5.1

5.1

5.7

MgSO4· 5H2O

35±0.25

55±0.09

63±0.28

5.6

5.4

6.1

Table 7. The effect of mineral source upon mycelia growth of pure mushroom cultures on white poplar and beech
composts

4.2.4 The influence of initial pH and temperature upon mushroom fruit body formation
The optimal pH and temperature levels for fungal fruit body production were 5.0–5.5 and 21–
23°C (Table 8).
To find the optimal incubation temperature for mycelia growth, these fungal species were
cultivated at different temperatures ranging from 20-25°C, and, finally, the optimum level of
temperature was found at 23°C, being correlated with the appropriate pH level 5.5, at it is
shown in Table 8. All data presented in the previous table are the means ± S.D. of triple
determinations
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Initial pH

Initial

(pH units)

temperature (t )

Final Weight of Fresh Mushroom Fruit Bodies
(g / kg substratum)

o

G. lucidum

L. edode

P. ostreatus

4.5

18

175±0.23

191±0.10

180±0.02

5.0

21

193±0.15

203±0.05

297±0.14

5.5

23

198±0.10

195±0.15

351±0.23

6.0

26

181±0.12

179±0.12

280±0.03

6.5

29

173±0.09

105±0.23

257±0.15

Table 8. The effects of initial pH and temperature upon mushroom fruit body formation on white poplar and beech
composts

4.2.5. The influence of inoculum age and inoculum volume upon mushroom fruit body formation
Amongst several fungal physiological properties, the age and volume of mycelia inoculum
may play an important role in fungal hyphae development as well as in fruit body formation
(Petre & Teodorescu, 2012).
To examine the effect of inoculum age and inoculum volume, mushroom species G. lucidum,
P. ostreatus and L. edodes were grown on substrates made of vineyard wastes during different
time periods between 30 and 60 days, varying the inoculum volume (5 - 7 v/w).
All the experiments were carried out at 25°C and initial pH 5.5. As it is shown in Tables 9 and
10, the inoculum age of 120 h as well as an inoculum volume of 6.0 (v/w) have beneficial effects
on the fungal biomass production.
Inoculum age

Final Weight of Fresh Mushroom Fruit Bodies

(h)

(g /kg substratum)
G. lucidum

L. edodes

P. ostreatus

264

123±0.14

128±0.05

135±0.23

240

141±0.10

150±0.28

157±0.17

216

154±0.12

195±0.90

193±0.15

192

155±0.23

221±0.25

215±0.05

168

169±0.37

235±0.78

241±0.07

144

210±0.20

248±0.03

259±0.12

120

230±0.15

253±0.05

264±0.21

96

215±0.09

230±0.15

253±0.10

72

183±0.05

205±0.23

210±0.05

Table 9. The effect of inoculum age upon mushroom fruit body formation on white poplar and beech composts
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Inoculum Volume

Final Weight of Fresh Mushroom Fruit Bodies

(v/w)

(g /kg substratum)
G. lucidum

L. edodes

P. ostreatus

7.0

234±0.12

215±0.20

220±0.05

6.5

245±0.15

248±0.23

251±0.20

6.0

253±0.1

257±0.07

280±0.15

5.5

243±0.12

235±0.03

247±0.07

5.0

255±0.23

215±0.15

235±0.03

Table 10. The effect of inoculum volume upon mushroom fruit body formation on white poplar and beech composts

From all these fungal species tested, P. ostreatus was registered as the fastest mushroom (25–
30 days), then L. edodes (35–45 days) and eventually, G. lucidum as the longest mushroom
culture (40–50 days).
The registered data revealed that the white poplar and beech wood wastes have to be used as
substrates for mushroom growing only after some mechanical pre-treatments (such as
grinding) that could breakdown the whole lignocellulose structure in order to be more
susceptible to the fungal enzyme action (Chahal, 1994).
Due to their high content of carbohydrates and nitrogen, the variants of culture composts
supplemented with wheat grains at the ratio 1:10 and rice grains at the ratio 1:5 as well as a
water content of 60% were optimal for the fruit body production of P. ostreatus and, respec‐
tively, L. edodes. The mushroom culture of G. lucidum does not need such supplements (Ropars
et al., 1992; Lamar et al., 1992).
So far, lignocellulose biodegradation made by mushroom species of Ganoderma genus had been
little studied, mostly because of their slow growth, difficulty in culturing as well as little
apparent biotechnological potential. Only, Stamets (1993) reported a few experimental data
concerning the cultivation of such fungal species in natural sites and he noticed its slowly
growing.
In spite of these facts, some strains of G. lucidum were grown in our experiments on culture
substrates made of wood wastes of white poplar and beech mixed with rye grains at the ratio
1:7 and a water content of 50%.
Higher ratio of rye grains might lead to an increase of total dry weight of fruit body, but also
could induce the formation of antler branches and smaller fruit bodies than those of the control
samples.
The final fruit body mushroom production ranged between 15 and 20 kg relative to 100 kg of
compost made of wood, depending on the specific strains of those tested mushroom species.
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5. Conclusions
1.

The cereal by-products and winery wastes used as substrata for growing the fungal species
G. lucidum, L. edodes and P. ostreatus by controlled submerged fermentation showed
optimal effects on the mycelia development in order to get high nutritive biomass.

2.

The dry matter content of fungal biomass produced by submerged fermentation of barley
bran was higher for both tested species.

3.

The protein accumulation is more intense when using barley bran compared with those
of wheat and rye, at both fungal species.

4.

G. lucidum (variant III) registered the best values of sugar and total nitrogen contents,
being followed by L. edodes (variant I)

5.

The winery and apple wastes can be recycled as useful raw materials for mushroom
compost preparation in order to get significant mushroom fruit body production and
protect the natural environment surrounding apple juice factories as well as wine making
industrial plants.

6.

By applying the biotechnology of recycling the grape and apple wastes can be produced
between 20–28 kg of mushroom fruit bodies relative to 100 kg of composts made of winery
and apple wastes.

7.

From all these fungal species tested in experiments, P. ostreatus was registered as the fastest
mushroom culture (25–30 days), then L. edodes (35–45 days) and finally, G. lucidum as the
longest mushroom culture (40–50 days).

8.

The registered data revealed that when the cells were grown in the maltose medium, the
fungal biomass production was the highest among the tested variants.

9.

From five nitrogen sources examined, rice bran was the most efficient for mycelia growth
and fungal biomass production

10. Among the various mineral sources examined, K2HPO4 yielded good mycelia growth as
well as fungal biomass production and for this reason it was as a favourable mineral
source.
11. The inoculum age of 120 h as well as an inoculum volume of 6.0 (v/w) have beneficial
effects on the fungal biomass production and the optimal pH and temperature levels for
fungal fruit body production were 5.0–5.5 and 21–23° C.
12. The final fruit body mushroom production ranged between 15 and 20 kg relative to 100
kg compost made of wood, depending on the specific strains of those tested mushroom
species.
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Continuous and Fed Batch Reactors
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Additional information is available at the end of the chapter
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1. Introduction
Wood and food processes generate high quantities of by-products such as lignin, lignosulfo‐
nates and free phenols(Rodrigues et al., 2008). These compounds are natural molecules and
renewable resources, but they constitute an important source of pollution. However, they
can undergo several transformations and processes (hydrolysis, bioconversion and fractio‐
nation) to provide fractions with useful properties such as antioxidants, dispersing agent
and plasticizer (Benavente-Garcia et al., 2000; Madad et al., 2011; Ouyang et al., 2006; Yang
et al., 2008; Zhou et al., 2006). The recovery and development of these by-products are main‐
ly carried out by chemical or physical processes such as thermal decomposition (Jiang et al.,
2003), liquid (Correia et al., 2007) or membrane fractionation (Bhattacharya et al., 2005; Fer‐
reira et al., 2005; Venkateswaran and Palanivelu, 2006). The chemical process is often not en‐
vironmentally friendly and may be expensive. To overcome some drawbacks of the above
mentioned processes, enzyme hydrolysis or bioconversion of these raw materials is present‐
ed as a promising way (Kobayashi et al., 2001). In fact, the enzymatic processes can be con‐
ducted under mild reaction conditions and without using toxic reagents. Moreover, in some
cases, they lead to a homogeneous molecular distribution of obtained products and en‐
hanced properties (Gross et al., 1998; Joo et al., 1998; Kobayashi, 1999; Kobayashi et al., 1995;
Kobayashi and Uyama, 1998; Kobayashi et al., 2001).
The use of enzymes is firstly applied to the delignification and the removal of free phe‐
nols from wastewaters (Dasgupta et al., 2007; Husain, 2010; Nazari et al., 2007; Riva, 2006;
Widsten and Kandelbauer, 2008). Recently, the ability of some oxidoreductases and laccas‐
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es to polymerize phenols have received great attention and applied with success in the
field of wood by-products (Ikeda et al., 2001; Jeon et al., 2010; Mita et al., 2003; Reihmann
and Ritter, 2006).
Depending on enzyme nature, enzymatic bioconversion of phenols requires either oxygen
or hydrogen peroxide. The availability and the concentration of these substrates are essen‐
tial to these reactions. Ghosh et al. (Ghosh et al., 2008) studied the effect of dissolved oxygen
concentration on laccase efficiency during the removal of 2,4-dimethylphenol. These authors
experimented several techniques such as dissolution by stirring or bubbling or a high initial
saturation of the medium by oxygen. They reported that, whatever the technique used, as
long as dissolved oxygen inside the reactor remains high, initial rates of reactions were simi‐
lar and high compared to a reaction control with a low concentration of oxygen.
The main investigations in the field of enzymatic bioconversion were carried out in batch
mode (Ghosh et al., 2008; Kim et al., 2009; Nugroho Prasetyo et al., 2010). However, in
this mode, the degree of polydispersity remains high and hydroxyl phenolic groups are
often only partially oxidized. This behavior, according to Areskogh et al.(Areskogh et al.,
2010a) would be due to the ability of the lignosulfonates to form spherical microgels
makes the phenolic groups buried in the core of the gel inaccessible. It could also be ex‐
plained the inhibition of laccase by formed polymers (Kurniawati and Nicell, 2009). An‐
other explanation is that the bioconversion by laccase is carried out in two ways leading
either to C-O-C or to C-C linkages. The last way generates phenolic groups by ionic tauto‐
merisation (Areskogh et al., 2010b). The concentration of the lignosulfonates also seems to
influence the conversion rate of the phenolic groups, the polydispersity and the average
molecular weight of polymers formed. High Mw were reached with high lignosulfonate
concentrations (Areskogh et al., 2010a).
Fed batch and continuous modes are used in chemical bioconversion to control average Mw
evolution and polydispersity and could also overcome some drawbacks of batch reactions;
because fed batch allows controlling the enzyme and the substrate concentrations in the me‐
dium while the continuous system avoids the accumulation of the formed polymers in the
medium. In spite of the potential of these two modes of reaction few data are available on
their performance in the field of laccase bioconversion of phenols. Wu et al. (Wu et al., 1999)
compared phenols removal efficiency by horseradish peroxidase in batch, continuous stirred
tank, fed batch and a plug flow reactors. They reported that the plug flow reactor was the
most appropriate for this reaction. Areskogh et al. (Areskogh et al., 2010a) compared also
the effect of a successive addition of laccase during the lignosulfonates (SLS) bioconversion.
They observed only minor differences in the average molecular weight increase which is de‐
pendent on the amount of enzyme.
The aim of this paper is to compare the efficiency of lignosulfonate bioconversion by laccase
in terms of phenolic OH group consumption, average molecular weight and degree of poly‐
dispersity evolution under three modes of reaction conductions: batch with different en‐
zyme/substrate ratio, continuous feed of laccase and lignosulfonates and three alternatives
of fed batch feeding. The oxygen consumption was also monitored.
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2. Materials and methods
2.1. Enzyme and chemicals
Sodium lignosulfonates (SLS) from (Aldrich, Sweden) : 90 wt. % of SLS, 4 wt. % of reducing
sugars and 6 wt% of total impurities. The average molecular weight (Mw), the number mo‐
lecular weight (Mn) and the polydispersity (Pdi) values are equal to 17800 Da ± 1500, 2900
Da ± 400, and 6.2 ± 0.3, respectively.
Laccase from Trametes versicolor (21.4 U/mg) was purchased from Fluka (Sweden).
2.2. Laccase activity assay
The activity of laccase was determined spectrophotometrically by monitoring the oxidation
of 2,2′-azinobis-(3-ethylbenzthiazoline)-6-sulfonate (ABTS) to its cation radical as substrate
at 436 nm in 50 mM sodium succinate buffer at pH 4.5 and 30 °C using quartz cuvette of
path length 10 mm. Enzyme activity was expressed in units (1 U = 1 μmol ABTS oxidized
per min at room temperature).
2.3. Batch operation
Batch operations were performed in a bioreactor with a working volume of 1 L equipped
with dissolved oxygen, pH and temperature sensors. The reactor was stirred vigorously at
500 rpm to solubilise SLS at 20°C and throughout the reactions. The lignosulfonates were
solubilised in phosphate buffer solution at pH 4.5 and laccase was added to initiate reac‐
tions. For the analyses, samples were drawn out from the reactor at different intervals of
time and laccase activity was stopped by heating at 90°C for five minutes.
2.4. Fed batch operation
Fed batch reactions were carried out by progressive adding, at different time intervals (ev‐
ery 30 minutes during the first 5 hours), of enzyme alone, substrate alone or both enzyme
and substrate. The total amounts of enzyme and substrate for the three fed batch operations
were 10 g/L and 30 U/mL of SLS and laccase, respectively. Samples were taken at different
time intervals and enzyme activity was stopped by heating to 90°C for five minutes.
2.5. Continuous stirred tank reactor operation
The continuous stirred tank reactor was similar to the one used in batch step. Lignosulfo‐
nates (32 g/L) and laccase (63 U/mL) were prepared in two flasks separately and 500 mL of
each solution were added progressively at a constant flow-rate into the reactor initially filled
with buffered solution (1 L). The reactor was aerated and stirred vigorously at 500 rpm.
Samples were taken at different time intervals and the enzyme activity was stopped by heat‐
ing to 90°C for five minutes.
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2.6. Size exclusion chromatography analysis (SEC)
Samples were analysed by Size exclusion chromatography (SEC) (HPLC LaChrom Merck,
Germany). The system consists of a pump L-2130, an autosampler L-2200, and a Superdex
200HR 10/30 column (24 mL, 13 μm, dextran/cross linked agarose matrix). Detection was
performed using UV detector diode L-2455 at 280 nm. Before analysis, the samples were fil‐
tered using regenerated cellulose membrane (0.22 μm) and aliquots of 50 μl were injected
into the SEC system. A Buffer Phosphate pH 7, 0.15 M NaCl solution was used as an eluent.
The flow rate was 0.4 mL at 25°C and the pressure is maintained at 11 bars. The calibration
was performed by using polystyrenes sulfonate (PSS) as a standard to define molecular
weight distribution.
Chromatographs were integrated in segments of thirteen second intervals. The numberaverage molecular weight (Mn), the weight-average molecular weight (Mw), and the polydis‐
persity (Pdi) were calculated as follows (Faix, 1981):
Number average molecular weight
n

Mn =

å Areai
i =1
n

Areai
i =1 M i

å

(1)

Weight average molecular weight
n

Mw =

å Areai xMi
i =1

n

å Areai

(2)

i =1

Polydispersity
D=

Mw
Mn

(3)

where Mi is the molecular weight and Areai the area of each segment i.
2.7. Determination of phenolic content
Phenolic content was determined using the method described by Areskogh et al. (Areskogh
et al., 2010a).
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Figure 1. OH phenolic residual (a), dissolved O2 (a), Mw (b) and Pdi (b) variations in batchwise operation of reaction
carried out with 10 g/L and 30 U/mL of SLS and laccase over time. ( ■ ) Pdi and ( □ ) Mw.

3. Results and discussion
3.1. Kinetic study of enzymatic bioconversion in batch mode
The performance of the bioconversion reaction of lignosulfonates by laccase can be affected
by the ratio of SLS/laccase. To verify this assumption, the reaction of bioconversion was car‐
ried out with different ratios SLS/laccase; (1 g/L)/ (3 U/mL), (1 g/L)/ (30 U/mL), (10 g/L)/ (3
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U/mL) and (10 g/L)/ (30 U/mL); in a stirred and aerated reactor. For the different assays Mw
average, Pdi, phenol OH group content, and oxygen consumption were determined
throughout the reaction. The results obtained with the four studied ratios, indicated similar
profiles for the consumption of hydroxyl phenolic groups and oxygen. As an illustration,
Figure 1 represents the variation of Mw average, Pdi, hydroxyl phenolic groups and oxygen
evolution for the reaction with a SLS/laccase ratio equal to (10 g/L) / (30 U/mL). It appears
that this reaction is made up of a two distinct steps. The first one is characterized by a rapid
decrease of phenol OH group amount, dissolved oxygen, and Pdi value and a high increase
of Mw average. The second one shows an increase of the dissolution of the oxygen to reach a
plateau near the saturation of the medium, a progressive deceleration in the decrease of Pdi,
and in the increase of Mw average and, a stabilisation of phenol OH group content around
0.1 g/L. These profiles could be explained by the fact that the first step consists of the initia‐
tion and the propagation of the enzymatic bioconversion. The rapid consumption of the
oxygen ensures the formation of the SLS phenoxy radicals via laccase reduction. Thus, the
role of the oxygen is important and can become a limiting step. The rapid decrease of dis‐
solved oxygen has already been reported by Ghosh et al. (Ghosh et al., 2008) during the 2,4dimethylphenol bioconversion by laccase. The second step is rather a combination stage
where the need for oxygen is negligible.
The observed increase of the dissolved oxygen while Mw is still growing confirms theses as‐
sumption. After 24 h of reaction the hydroxyl phenolic groups are not totally oxidized; this
is due to the fact that when the reaction of bioconversion is finished, the final obtained struc‐
ture of polymers contains hydroxyl groups (schema 1) (Areskogh et al., 2010b).
Table 1 reports the conversion rate of phenolic OH groups and the final Mw and Pdi values
of batch reactions. These results showed also that regardless of the enzyme concentration,
either 3 or 30 U/mL, the highest conversion rate of phenolic groups (73 % and 75 %) is ob‐
served at the highest SLS concentration (10g/L). For a given concentration of lignosulfonates,
the enzyme concentration slighly affects the conversion rate; this means that a concentration
of 3 U/mL of laccase is sufficient to polymerize the concentrations of the lignosulfonates test‐
ed in this work. It also appears that whatever the concentration of the enzyme Mw average is
significantly improved at high concentrations of lignosulfonates (10 g/L). It increases from
17800 Da to 30600 Da and 31400 Da respectively for 3 U/mL and 30 U/mL of laccase. Pdi
decrease approximately to a value of 4, independently of the enzyme and lignosulfonate
concentrations. The high conversion yield of phenolic OH groups obtained at 10 g/L of
lignosulfonates suggests that higher is generated phenoxy radicals in the reaction media,
higher is the consumption of phenolic OH groups and Mw values. This may be due to the
fact that the probability of establishing a contact between two phenoxy radicals is increased
when their concentration in the medium is high and the C-O-C coupling is also favoured.
So, this reaction is under a “kinetic control”. The low Mw (26400 Da) observed with 1 g/L
suggests that in the presence of a diluted solution and acid pH (4.5), the reaction is under a
“thermodynamic control” which promotes C-C linkage.
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Scheme 1. Proposed reaction mechanism for the formation of C-O-C and C-C bonds when a lignosulfonates model is
oxidized by laccase. (R1) lignin fragment

Reaction

Conversion rate (%)

Final Mw

Final Pdi

1 g/L of S and 3 U/mL of E

47 %

25700

4.6

1 g/L of S and 30 U/mL of E

52 %

26400

4.1

10 g/L of S and 3 U/mL of E

73 %

30600

4.4

10 g/L of S and 30 U/mL of E

75 %

31400

4.6

Table 1. The conversion rate, the specific conversion rate, the final Mw and the final Pdi of reactions carried out in
batchwise operation. (S) Substrate; (E) Enzyme
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3.2. Kinetic study of enzymatic bioconversion in continuous reactor
The operating conditions for the continuous feeding of the enzyme and lignosulfonates were
chosen to add 16 g/L and 32 U/mL of lignosulfonates and laccase respectively and to have
the same residence time (24 h) as that used in the batch mode.
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The obtained results are summarized in Figure 2 a and 2 b. It appears that phenolic OH group
content increases slightly in the medium to reach the same level as that observed at the end of
the batch reaction (~0.1 g/L) ; while the conversion rate of phenolic OH groups remains con‐
stant near 85 % throughout the duration of the reaction. This conversion is higher than that ob‐
tained in the batch. Molecular weight average (Mw) of formed polymers increases gradually to
28400 Da during the first four hours and then, as in batch mode, this increase becomes less pro‐
nounced. Pdi values decrease quickly to reach a low value (3.7) and remain more or less con‐
stant along the time incubation (Figure 2b). The dissolved oxygen (Figure 2a) also decreases
over time due to its continuous consumption by the added laccase.
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Figure 2. OH phenolic residual (a), dissolved O2 (a), instantaneous conversion rate (a), Mw (b) and Pdi (b) variations in
continuous operation over time.(a) (■) Instantaneous conversion rate (□) OH-Ph residual (b) ( ■ ) Pdi and ( □ ) Mw
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Although 16 g/L of SLS were added during the 24h of the reaction, the final Mw average is of the
same order of magnitude as the batch with 10 g/L of SLS. These results indicate that the in‐
crease of Mw average is rather favoured by the conditions allowing a high amount and instanta‐
neous generation of free radicals rather than a progressive feeding of a high quantity of SLS.
However, continuous adding of substrate and enzyme allows a low degree of polydispersity to
be reached (3.7) compared to the batch (4.6). The low residual phenolic OH groups in the media
and their high conversion rate suppose that the continuous mode promotes the C-O-C linkage.
3.3. Kinetic study of enzymatic bioconversion in fed batch operation
In fed batch mode three alternatives of feeding were tested i) with substrate alone, ii) with
enzyme iii) or with both enzyme and substrate. For each assay the addition of substrate and
enzyme was carried out in stepwise mode 10 times at a rate of 1g or 3000 U or both every 30
minutes during the five first hours of the reaction. Results are shown in figure 3, figure 4
and table 2.
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Figure 3. OH phenolic residual and dissolved O2 variations in fed-batch operations over time. (a) Adding enzyme; (b)
Adding substrate; (c) Adding both enzyme and substrate.
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Reaction
Fed-batch by adding enzyme
Fed-batch by adding both enzyme and
substrate
Fed-batch by adding substrate

Conversion rate 5h Conversion rate 24 h

Final Mw (Da)

Final Pdi

73 %

29400

4.7

48 %

61 %

28200

4.2

39 %

44 %

26500

4.2

(%)

(%)

72 %

Table 2. The conversion rate after 5 h and 24 h of reaction, the final Mw and the final Pdi of reactions carried out in
fed-bach operations.
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Concerning the reaction carried out with enzyme feeding of the reactor (figure 3 a), similar
results as batch mode operation were observed for both residual phenolic OH groups and
oxygen consumption. In a first step a rapid oxidation of phenolic OH groups and oxygen
uptake rate were observed, followed by an increase of the dissolved oxygen in the medium
and a low oxidation of phenolic OH groups was observed during a second step. This behav‐
iour confirms that only a low amount of enzyme is needed to oxidise the 10 g/L of SLS and
the oxygen consumption occurs only during this first step of free radical generation.
After 24h of reaction, the conversion rate of phenolic OH groups (73 %) was in the same
magnitude as that obtained for the batch mode (table 2). As it is indicated in figure 4 and
table 2, the Mw average rose gradually during the period of enzyme addition (5h) and then
stabilizes around 29000 Da along the remaining time of the reaction. Pdi value decreased
rapidly and stabilised more or less at 4.7 until the end of the reaction (24 hours).
For reactions carried out with the addition of substrate or enzyme and substrate, a progres‐
sive increase of phenolic OH group content during the first 5 hours (0.2 g/L) then a slight
decrease were observed. Moreover, dissolved oxygen decreases and then increases quickly
after each addition, in a repetitive way (figure 3b and 3c). The conversion rate of phenolic
OH groups after 24 hours is 61 % for enzyme and substrate addition and 44 % for substrate
feeding.
As for continuous mode, a progressive increase of Mw was observed to reach 28200 Da and
26400 Da respectively for enzyme and substrate addition and substrate feeding. The Pdi
dropped quickly to 4.2 and remained constant throughout the duration of the reaction (Fig‐
ure 4 and Table 2).
The relatively low final Mw, the conversion rate and the accumulation of phenolic OH
groups indicated that similar mechanisms, such as the one observed in batch mode with 1
g/L, occurre. This means that these two modes of reaction promote a “thermodynamic con‐
trol” and then lead to C-C linkages instead of C-O-C coupling.

4. Conclusions
The obtained results in this work indicated that the increase of Mw average and the decrease
of the polydispersity depend on the operating conditions. Batch mode with high concentra‐
tion of SLS (10 g/L), promotes the increase of the Mw and probably the C-O-C coupling
route. This seemesto be due to the high and instantaneous generation of free radicals, fa‐
vouring the “kinetic control” of the reaction. The continuous mode also favours the forma‐
tion of C-O-C bounds and indicates that the increase of Mw is strongly affected by the high
amount of phenoxyl radicals generated than the quantity of added substrate. However, con‐
tinuous feeding of enzyme and substrate leads to a low Pdi. Results for fed batch, carried
out with enzyme feeding, is comparable to those obtained for batch with 10 g/L; the enzyme
plays a minor role and a low amount is enough to oxidise the tested concentration of SLS.
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Substrate adding and enzyme and substrate adding, as a dilute batch system, promotes C-C
coupling (“thermodynamic control”) and thus a low Mw increase. These results are likely to
open new ways to control the enzymatic bioconversion of lignosulfonates. However these
assumptions need to be verified by spectroscopy analyses of the formed polymers in order
to have a better understanding of the mechanisms of allowing C-C or C-O-C coupling.
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1. Introduction
Fuels and chemicals derived from biomass are regarded as an environmentally friendly
alternative to petroleum based products. The concept of using plant material as a source for fuels
and commodity chemicals has been embraced by governments to alleviate dependence on the
volatile petroleum market. This trend is driven not only by economics but also by social and
political factors. Global warming has been associated with CO2 emissions largely originating
from the combustion of fossil fuels.[1] This, together with depleting and finite carbon fossil fuel
resources, and insecurity of petroleum supplies has prompted a shift towards biofuels and
biomaterials.[1] The use of biomass as an economically competitive source of transport fuel was
initiated by the fuel crisis in 1970 and its commercialization was led by the USA and Brazil.[2]
In 2010, the USA and Brazil processing corn and sugarcane, respectively, produced 90% of the
world’s bioethanol. In 2008, the “food for fuel” debate emerged sparked by concerns that the use
of arable land for bioethanol and biodiesel crops was placing pressure on food demand for a
growing world population.[3] In June 2011, the World Bank and nine other international agencies
produced a report advising governments to cease biofuel subsidies as the use of food stock for
fuel production was linked to increasing food prices.[4] Subsidies were thus ended in the USA
when their Senate voted overwhelmingly to end billions of dollars in bioethanol subsidies.[5]
This reform resulted in USA bioethanol plants recording losses in the first quarter of 2012[6] and
is foreseen as the end of bioethanol production from corn at least in the USA.
Emerging from the “food for fuel” debate, the concept of commercializing second generation
biofuels was embraced by governments as a route to produce biofuels without diminishing
global food supplies.[7]. Second generation biofuels address concerns over designating arable
land to grow food crops for fuel production as lignocellulosic biomass may consist of waste
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materials such as plant residues.[8] In many proposed biorefinery setups, the food portion of
the crop is to be used for human consumption and the waste residues, for example, the leaves
and stalks, are to be processed for biofuels and chemicals.[8] An illustration of the processes for
1st, 2nd and 3rd generation biofuel production is shown in Figure 1. Third generation biofuel
production, the generation of biodiesel from algae, is included in the diagram for completeness.
All three of the processes outlined in Figure 1 rely on biotechnology for the conversion of
biomass to fuels. First generation bioethanol production traditionally incorporates two
biological transformations. The first stage uses commercialized saccharification biotechnology
which depolymerises starch into fermentable glucose units. The second stage is the fermenta‐
tion of sugar units to ethanol and again uses commercialized biotechnology generally with
yeast extracts.[1] Although the use of lignocellulosic biomass is socially widely supported, the
processes for its conversion are more complex and therefore more costly. The major costadding component of 2nd generation bioethanol production compared to the 1st is the pretreat‐
ment step as the removal of the lignin is required for cellulose accessibility.[9] Whilst 1st
generation bioethanol production converts substrates high in starch (mainly corn, sugarbeet
and sugarcane), the effective utilization of lignocellulosic biomass requires at least separation,
if not complete conversion, of all plant components. The composition of plant material includes
lignin, cellulose and hemicelluloses and a diagram illustrating how these components relate
is shown in Figure 2. The percentage of these three plant components varies with species
(Figure 2) further complicating the processing of such biomass.
It has been reported that the separation and use of all plant components is required for
environmentally and economically viable biorefineries.[1, 8, 9] The application of biotechnol‐
ogy for all aspects of biomass conversion avoids toxic by-products and high energy inputs
encountered with chemical, thermal and mechanical processes often used. It is due to these
energy and environmental concerns that biochemical methods are feverously being investi‐
gated, as enzymatic processes are largely environmentally benign and low in energy demand.
Processes for the transformation of biomass need to be carbon efficient, otherwise the envi‐
ronmental objectives of biomass utilization are negated. It is with this in mind that the current
chapter is focused on advances using environmentally benign biocatalysts.
The use of biochemical techniques for processing of lignocellulosic biomass is covered herein.
This includes the bioprocessing of the plant components, lignin, cellulose and hemicellulose
and is focused on progress made in their biochemical conversion not only to ethanol but also
to value-added chemicals according to biomass fraction. The review of the literature is
concentrated on biocatalytic advances in the past decade and is delineated by the plant-derived
substrate. Strategies for the commercialization of 2nd generation biofuels and commodity
chemicals are discussed.

2. Biochemical pretreatment
Pretreatment of lignocellulosic biomass is required to increase holocellulose (cellulose and
hemicellulose) accessibility for its hydrolysis into fermentable sugars and only 20% of the
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Figure 1. Examples of processes to produce 1st generation bioethanol from corn, 2nd generation bioethanol from
corn waste residues and 3rd generation biodiesel from algae.

theoretical sugar yield can be obtained from lignocellulose without pretreatment.[10, 11]
Currently, the biomass pretreatment step for producing 2nd generation bioethanol is the most
expensive component of the process after the raw material.[12] Thermal and mechanical
methods are energy intensive and therefore carbon costly as they indirectly produce CO2.
Chemical techniques result in contamination of the biomass producing biochemical inhibitors
as by-products[13, 14] and require costly neutralization processes.[15] Removal of the lignin
fraction using microorganisms has several advantages compared to other pretreatment
methods. Firstly, microorganisms function under ambient conditions thus eliminating thermal
and electrical energy inputs. When compared to chemical pretreatment methods, biochemical
pretreatment does not result in chemical by-products that often inhibit cellulose hydrolysis.
In nature, fungi are responsible for the biodegradation of lignin, thus the majority of research
into biochemical pretreatments has focused on fungi for the delignification of biomass. Early
research in the area was led by the pulp and paper industry and focussed on fungal treatment
as a method for removing the lignin fraction from wood to facilitate cellulose accessibility
and to lower pulping energy costs. In 1982, Eriksson and Vallander were able to achieve a
23% reduction in refining energy by incubating wood chips with the white-rot fungus
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Figure 2. Diagram of plant components cellulose, hemicelluloses and lignin and a graphical representation of their
Figure 2. Diagram of plant components cellulose, hemicelluloses and lignin and a
weight percentage according to biomass source[10].

graphical representation of their weight percentage according to biomass source[10].
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studies conducted on the pretreatment of different biomass substrates. As stated earlier and
depicted in Figure 2, the amount of lignin, cellulose and hemicellulose varies greatly with biomass
source and it is therefore logical to assess the effectiveness of fungal pretreatment according to
substrate. It is important to note that direct comparisons are not always possible as the experi‐
mental techniques and measurements vary within many of the cited studies. For example, the
fungal incubation times listed in Table 1 vary from 2 to 120 days.
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Different species of white-rot fungi, Echinodontium taxodii,[22, 23], Coriolus versicolor[24] and
Trametes versicolor[23], have been studied for their ability to degrade lignin to promote cellulose
digestibility in bamboo residues. Zeng, Yang et al.[22] recently reported a 29% decrease in
lignin content in bamboo treated with Echinodontium taxodii however the aim of the work was
to improve the thermal decomposition of the bamboo and not to recovery and utilize the
holocellulose. Zhang, Xu et al.[24] reported an increase in saccharification rate of 37% when
bamboo residues were incubated with Coriolus versicolor. Zhang, Yu et al.[23] compared two
species of white-rot fungus for their effectiveness in increasing sugar yields and found that
incubation with both Trametes versicolor and Echinodontium taxodii improved sugar yields 5.15
and 8.75 times respectively. Cornstalk and corn stover have been pretreated with different
fungal strains for delignification. Impressive results were reported by Wan and Li[25] who
pretreated corn stover with Ceriporiopsis subvermispora and measured a 31.59% reduction in
lignin with only a 6% loss in cellulose. In 2010, Dias et al.[26] reported a nearly 4-fold increase
in saccharification of wheat straw treated with basidiomycetous fungi Euc-1 and Irpex lacteus.
Dichomitus squalens,[27] Pleurotus ostreatus[28] and Phaerochaete chrysosporium[28] were applied
to rice straw with varying effects (Table 1), with the most notable reported by Bak et al.,[27]
being a 58.1% theoretical glucose yield of rice straw treated with Dichomitus squalens. The
biochemical pretreatment of cotton stalks was studied by Shi et al. who reported 33.9% lignin
reduction[29] using submerged fungus cultivation and 27.6% lignin reduction[30] using solid
state cultivation of the same fungus, Phanerochaete chrysosporium. Hideno et al.[31] applied
Grifola frondosa for the pretreatment of sawdust matrix and reported a 21% reduction in lignin
with 90% cellulose recovery.

Substrate
Bamboo
Bamboo
residues
Bamboo
culms
Bamboo
culms
pCornstalk
Corn Stover
Corn Stover
Corn Stover

Species
Echinodotium taxodi
Coriolus versicolor

Findings
29% reduction in lignin
Enhanced saccharification rate of 37%

Duration
30 days
2 days

Ref
[22]
[24]

Echinodontium taxodii

5.15‐fold increase in sugar yields

120 days

[23]

Trametes versicolor

8.75‐fold increase in sugar yields

120 days

[23]

Phanerochaete
chrysosporium
Ceriporiopsis subvermispora
Irpex lacteus CD2
Ceriporiopsis subvermispora

34.3% reduction in lignin with a maximum enzyme
saccharification of 47.3%
Lignin degradation reached 45%
66.4% saccharification ratio
31.59% lignin degradation with less than 6% cellulose
loss
3‐ to 5‐fold improvement in enzymatic digestibility
4‐fold increase in saccharification

15 days

[32]

30 days
25 days
18 days

[33]
[34]
[25]

29 days
46 days

[12]
[26]

3‐fold increase in saccharification
58% theoretical glucose yield for remaining glucan
39% degradation of lignin with 79% cellulose retention
64.9% of maximum glucose yield from recovered glucan
33.9% lignin degradation with 18.4% carbohydrate
availability
27.6% lignin degradation

46 days
15 days
48 days
15 days
14 days

[26]
[27]
[35]
[28]
[29]

14 days

[30]

21% reduction in lignin and 90% recovery of cellulose

2 days

[31]

Corn Stover Cyanthus stercoreus
Wheat straw Basidiomycetous fungi
Euc‐1
Wheatstraw Irpex lacteus
Rice straw
Dichomitus squalens
Rice straw
Pleurotus ostreatus
Rice straw
Phaerochaete chrysosporium
Cotton
Phaerochaete chrysosporium
stalks
Cotton
Phaerochaete chrysosporium
stalks
Sawdust
Grifola frondosa
matrix

Table 1. Fungal strains studied for pretreatment of lignocellulosic biomass.
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3. Bioconversion of lignin to chemicals and fuels
During biochemical pretreatment, the lignin fraction is metabolized by the microorganism. In
chemical and thermal pretreament processes the lignin fraction often remains intact and is thus
able to be separated and utilized. After separation, microorganisms could in principle
transform the lignin into materials, chemicals and fuels. Despite efforts over a long period of
time, research into the bioconversion of lignin into economically viable products is still in its
infancy, primarily because of the complex and irregular structure of lignin (Figure 3). However,
advancements for the valorization of lignin are actively being pursued, as lignin is the second
most abundant carbon source in nature and contains valuable phenolic building blocks within
its structure.[36]
Although lignin has traditionally been burned as an inefficient energy source by-product from
bioethanol or pulping production, lignin derived value-added products are necessary to
improve biomass conversion economics.[37] Lignin has been used in the manufacture of wood
adhesives as a component of phenol-formaldehyde resins (LPF resins).[38, 39] Lignin-derived
commodity chemicals have been targeted through chemical and biological routes (Figure 3).
Vanillin and cinnamic acid are subunits of the complex lignin structure and are used com‐
mercially as food sweeteners, as additives for fragrances and as precursors for pharmaceuti‐
cals. Phenol is the most widely used starting material in the plastic and resin industry and
phenolic monomers have also been targeted from lignin. After the depolymerisation of lignin
into monomeric units, the substituted monomers are precursors of a range of products
including fuels such as cyclohexane.
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Figure 3. Examples of chemicals targeted from lignin.
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Although biochemical pretreatment methods generally use fungi as the lignin degrading
microorganism, it is unlikely that usable lignin-derived materials and chemicals will result
from fungal processes as white-rot fungi are known to mineralize lignin.[40] Thus bacterial
conversion of lignin into chemicals and fuels constitutes an attractive method for the valori‐
zation of lignin. Classes of bacteria capable of degrading lignin have been identified as
Actinomycetes, α-Proteobacteria and γ-Proteobacteria.[41-44] Recently, a range of metabolites
(Figure 4) have been isolated from the bacterial degradation of lignocelluloses. [40] Metabolites
A and B have been observed from lignocelluloses processed by the bacteria Pseudomonas
putida mt-2[43], Rhodococcus jostii RHA1[43] and Sphinogobium sp. SYK-6.[42] Furthermore
Sphinogobium sp. metabolizes β-aryl ether linked aromatics to vanillin.[42] Compounds C, D,
E and G were identified using GC-MS as bacterial degradation products of Kraft lignin.[45]
Ferulic acid as well as compounds F, H, I and J were identified by GC-MS as products of waste
paper effluent treated with Aeromonas formicans.[46] There are established chemical and
biochemical methods for converting lignin derived monomers, like those observed in the
bacterial degradation of lignin (Figure 4), into simpler aromatics like phenol (Figure 3) as well
as hydrocarbons like cyclohexane (Figure 3).
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Figure 4. Compounds isolated after bacterial conversion of lignin.[40]

4. Biochemical conversion of cellulose
The use of starchy feedstock, such as corn and sugar cane, is problematic in relation to food
sustainability and biodiversity. Therefore, as mentioned, the focus in second generation biofuel
production processes has been on biomass consisting mainly of cellulose. A high percentage
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of cellulose (usually 35-50% dry weight) is consistently found in all plants despite the vast
genetic diversity that is observed within the plant kingdom.[47] For the production of ethanol,
cellulose is exposed during pretreatment, hydrolysed by either chemical or enzymatic
hydrolysis and then fermented into ethanol. The material, once stripped from other biopoly‐
mers surrounding it within the plant structure, also appears to have characteristics independ‐
ent of plant taxa. Cellulose is a linear polymer, composed of glucose monomers held together
by β-1,4-glucosidic bonds (Figure 5), in contrast to α-1,4-bonds found in other common glucans
such as starch and glycogen. Through interchain and intrachain hydrogen bonding as well as
Van der Waals forces, cellulose chains self-assemble on biosynthesis into protofibrils, then
microfibrils, which are in turn packed into fibres with high crystallinity, imparting the material
with high tensile strength and water insolubility.[48] These very properties that make it a
suitable structural polysaccharide are the cause of the main difficulties associated with the use
of biomass rich in cellulose, for the generation of products through fermentation. The addi‐
tional energy required to break down the rigid structure of cellulose is one of the main obstacles
towards commercialization of lignocellulosic biomass processing.
Cellulases, the enzymes responsible for cellulose hydrolysis, differ from other glucoside
hydrolases in that they are able to catalyse hydrolysis of β-1,4-glucosidic bonds. Cellulases
vary significantly and belong to several glycoside hydrolase families.[49] The main differences
between them relate to their mode of action. While endoglucanases are thought to randomly
hydrolyse the amorphous fraction of cellulose, exoglucanases process the polysaccharide
preferentially from a reducing or non-reducing end, releasing cellobiose (cellobiohydrolases)
or glucose (glucanohydrolases).[47] An important feature of the exoglucanase structure is a
distinct domain termed the carbohydrate binding module (CBM), which allows the enzyme
to remain attached to the cellulose chain during catalytic action. This aids enzymatic action
upon crystalline material by bringing the catalytic domain closer to the substrate and has been
suggested to also help catalysis by peeling fragments of cellulose from the cellulosic surface.
[50] β-Glucosidases are the third general category of cellulolytic enzymes; they act upon bonds
in soluble cellobiose or cellodextrins formed by the action of the other two types of cellulases.
The different types of cellulases act in coordination to efficiently hydrolyse cellulose, display‐
ing synergy and, depending on the host, may or may not form stable complexes of highmolecular weight.[51] These complexes, although beneficial to penetration of cellulosic
material in vivo, when used in bioprocessing are generally considered problematic.[52]
The microorganism to receive by far the most attention in relation to sourcing of cellulolytic
enzymes has been Trichoderma reesei.[53] This fungus was identified by E.T. Reese as the culprit
for the rapid destruction of allied forces’ cotton tents during WWII. Since its isolation, it has
been extensively studied in relation to its cellulolytic capability and various cellulase hyper‐
producing strains have been developed, with RUT C30 currently the benchmark strain for
production of cellulases in high yields.[54] One of the problems associated with this fungus
has been the low expression of β-glucosidases, the enzymes responsible for liberation of
glucose from short oligosaccharides. This, however, has been overcome with genetic engi‐
neering and supplementation of commercial preparations with foreign β-glucosidases.[55]
Other promising fungal sources for cellulases exist, such as Acremonium, Penicillium and
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Figure 5. Cellulose and hemicellulose, their sugar units and some potential chemical targets organized by carbon
chain number.
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Chrysosporium strains.[52] Their cellulase properties are comparable to those of T. reesei,
however, they are unlikely to replace it as the standard enzyme source due to the amount of
improvement already achieved with the latter. Bacterial cellulases have been the focus of some
attention due to the higher robustness observed with some hyperthermophilic enzymes,
making them more adaptable to the harsh conditions of industrial processes.[56] However,
the production of cellulases as part of complexed systems (cellulosomes) in anaerobes, as well
as the much lower protein yields in bacteria, means that interest in these enzymes is mainly
restricted to their heterologous expression in fungi and use in consolidated bioprocessing
(CBP, see Consolidated fermentation).[47, 56]

5. Biochemical conversion of hemicellulose
Hemicellulose (Figure 5) is a mixture of several different polysaccharides, the composition of
which varies from plant to plant as well as within the same plant.[57] While cellulose is built
from a single building block, a number of different monomers compose hemicellulosic
heteropolymers including pentoses, hexoses and sugar acids. Commonly xylans, glucomann‐
ans, arabinogalactans and different types of glucans are found in hemicellulose. Xylans are
comprised of β-1,4-linked xyloses interspersed with arabinose and glucuronic acid, while
glucomannans are a mixture of β-1,4-linked glucose with α-1,6-substituted mannose side
chains (Figure 5]. The presence of acetyl substitutions on hydroxyl groups of carbohydrates in
hemicellulose is not completely understood, but may pose difficulties in hydrolysis due to the
generation of acetate which acts as an enzyme and microorganism inhibitor.[58] The network
of hemicellulosic chains is highly branched, cross-linking with cellulose microfibrils and lignin,
creating a very compact material from which plant cell walls are composed. It is generally
agreed that economically viable bioprocessing of lignocellulosic biomass requires efficient
extraction and conversion of the hemicellulosic sugars.
As is the case with cellulases, hemicellulases constitute a useful tool for the generation of
fermentable sugars from hemicellulose and are sometimes classed as cellulases themselves.
Due to the diversity of components and complexity of structure found in this polymer it is
only natural that a myriad of enzymes with different catalytic functions have been produced
by microorganisms to effectively attack this matrix.[53, 59] Therefore, for example, endoxyla‐
nases, exoxylanases and β-xylosidases have been identified to break the linkages between
xylose moieties, while esterases releasing acetyl and ferulic acid groups are also found amongst
this category of enzymes. These enzymes sometimes display relative promiscuity towards the
type of bond they hydrolyse, making it extremely difficult to measure a specific enzymatic
activity. They also display significant synergy between themselves as well as with other
lignocellulose hydrolysing enzymes.[52] As expected, microorganisms that express cellulose
degrading enzymes also possess the ability to degrade hemicellulosic polymers. Accordingly
it has been highlighted that Trichoderma and Penicillium fungi contain efficient hemicellulolytic
catalysts.[59] Another group of fungi identified for their important xylan degrading capabili‐
ties have been Aspergillus spp.[60]
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6. Fermentation to fuels and chemicals
The vast amount of available know-how, due to the fact that this process is one of man’s earliest
biotechnological applications, continues to set the use of Saccharomyces cerevisiae for the
production of ethanol as the benchmark fermentation system employed for second generation
biofuel processes. This yeast’s properties, particularly in relation to robustness, toxicity,
ethanol productivities approaching the theoretical maximum and ease of genetic manipulation
make it an extremely suitable microorganism for the fermentation step of lignocellulose
conversion.[61, 62] As a result, much has already been accomplished in production of efficient
yeast strains for the conversion of hexoses from starchy feedstock in first generation biofuel
production. The issues that require addressing for carrying over these microorganisms to
second generation biofuel production processes relate to tolerance to by-products of lignocel‐
lulose pretreatment and digestion, and the ability to ferment pentoses generated by the
hemicellulosic fraction of the biomass. Furthermore, the possibility of combining efficient
pentose and hexose utilisation as well as production of lignocellulose hydrolysing enzymes
within a single host would allow the combination of hydrolysis and fermentation steps, greatly
reducing the overall cost of the production process.
Other types of microorganisms have also been investigated as alternatives, mainly for the
coproduction of other compounds. A recent review by Jang et al.[63] lists organisms according
to their corresponding C2-C6 platform chemical products (Figure 3 and Table 2). Anaerobic
clostridial strains have been of particular interest due to their ability to efficiently generate
butanol as well as their tolerance to other common metabolites (acetate, lactate) which, they
are able to use as nutrients for the further production of alcohols.[64, 65] As a result the use of
microorganisms such as Clostridium acetobutylicum has been proposed for acetone-butanolethanol (ABE) bioprocesses, since butanol is an attractive alternative to ethanol as a biofuel
due to its lower vapour pressure and higher energy density.[66] Clostridia are also interesting
because of the broad spectrum of chemicals that they are able to produce, as well as recent
advances in their genetic manipulation.[67]
Related types of yeast have also been investigated as alternatives in order to produce
microorganisms with superior properties. Thermophilic yeasts show increased ability to
work at elevated temperatures which may present great advantages, particularly in relation
to in situ evaporative removal of the product in batch processes, a procedure that is generally
considered essential for the reduction of down-stream costs as well as minimising prod‐
uct toxicity issues.[123]
The pretreatment and hydrolysis of the complex mixture of lignocellulose, unlike the simple
hydrolysis of starch, yields a number of additional by-products. These may pose problems to
the growth of the microorganism fermenting the simple sugars as feedstock for fuel or chemical
production. Toxic compounds encountered in lignocellulosic hydrolysates normally consist
of phenolic compounds, weak organic acids and furan aldehydes.[61] Complex strategies have
been employed to combat the effects of the presence of these compounds. Genetic engineering
approaches have aimed at overexpression of pathways which, metabolise the inhibitors.[62]
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C2

Platform
chemical

Leading host

Ethanol

S. cerevisiae

C4

Succinic acid

Malic acid

Fumaric acid
GABA
1-butanol

Isobutanol
1,4-butanediol
2,3-butanediol
Putrescine
C5

Itaconic acid

[68]

0.8

[69]

62
23.5
111.7

0.46
0.48
n/a

1.29
n/a
0.6

[70]
[71]
[72]

106

0.56

0.035

[73]

207

0.93

3.8

[74]

138

0.86

3.5

[75]

0.01

[76]

E. coli
E. coli
C. acetobutylicum
E. coli
C.
thermosaccharolyticum
E. coli
C. acetobutylicum
E. coli

Glycerol, fed-batch fermentation
Glucose, flask culture
Glucose, anaerobic flask culture
Glucose, batch-fed fermentation

38.7
3.9
5.1
13.6

0.34
n/a
n/a
0.15

0.53
0.04
n/a
0.28

[77]
[78]
[79]
[80]

Glucose, anaerobic batch fermentation

9.1

0.20

0.35

[81]

Glycerol, batch fermentation
Glycerol, anaerobic fed-batch fermentation
Glucose, fed-batch 10L fermentation
Glucose fed-batch fermentation

0.21
0.54
0.51
0.380.42

0.077
1.70
3.5

C. tyrobutyricum

5.6
83.6
135
32.541.7

[82]
[83]
[84]
[85,
86]

C. tyrobutyricum

Glucose, repeated fed-batch fermentation by
immobilized cells in a fibrous bed bioreactor

86.9

0.46

1.1

Engineered rumen
bacteria

Glucose, anaerobic fed-batch fermentation

0.7652-106
0.88

1.8-2.8

E. coli

Glucose, fed-batch fermentation

73-87

0.8-1.0

0.7-0.9

C. glutamicum

Glucose, fed-batch fermentation

Aspergillus flavus
S. cerevisia
E. coli
R. arrhizus
NRRL 2582
L. brevis NCL912
C. glutamicum
C. acetebutylicum

Glucose, batch fermentation
Glucose, fed-batch fermentation
Glucose, two-stage fermentation

140146
113
59
33.9

0.921.1
0.95
0.31
0.47

Glucose, batch fermentation

97.7

Glucose and glutamate, fed-batch fermentation
Glucose, batch fermentation
Glucose, anaerobic batch fermentation

103.7
2.2
16.7

E. coli

Glucose, batch cultivation

14-15

E. coli
C. glutamicum
E. coli
K. pneumonia SDM
S. marcescens
E. coli
Aspergillus terreus
IFO-6365
E. coli

Glucose, batch cultivation
Glucose, fed-batch fermentation
Glucose, microaerobic fed-batch fermentation
Glucose, fed-batch fermentation
Glucose, fed-batch fermentation
Glucose, fed-batch culture
Glucose and corn steep, flask and 100 L batch
fermentation
Glucose, flask batch culture
Glucose and levulinic acid, flask batch
cultivation
Glucose and threonine, flask batch cultivate
Glucose, flask batch cultivation
Glucose

3P. putida
hydroxyvalerate
E. coli
E. coli
1-pentanol
E. coli
2-methyl-1E. coli
butanol
3-methyl-1E. coli
butanol

C6

0.8

0.37

n/a

Sporolactobacillus

Butyric acid

0.46

48

16

Lactic acid

1,3 propanediol

40

Glycerol, fed-batch fermentation

P. acidipropionici

1,2 propanediol

Productivity
Ref
(g/L/h)

K. pneumonia

Propionic acid

Propanol
Iso-propanol

Yield
(g/g)

E.coli

Acetic acid

Z. mobilis
E. coli
A. aceti

3Hydroxypropio
nic acid

Titer
(g/L)

Ammonia fiber expansion (AFEX)-corn stover
(CS)-hydrolysates, batch fermentation
Cellobiose, xylose, and glucose, batch
fermentation
Glucose and xylose, batch fermention
Xylose, batch fermentation
Ethanol, batch fermentation
Glycerol, fed-batch fermentation in fibrous bed
bioreactor
Glucose, fed-batch supplemented with 40g/L
peanut meal
Glucose, fed-batch fermentation

S. cerevisiae

C3

Substrates and/or conditions

Xylitol

C. tropicalis

Cadaverine
Glucaric acid
Anthranilic acid
Phenol
Catechol

E. coli
E. coli
E. coli
E. coli
P. putida S12
P. putida ML2

0.24-0.68

[87]

0.59
0.19
1.06

[88,
89]
[9092]
[93,
94]
[95]
[96]
[97]

0.81

1.02

[98]

n/a
0.01
0.31

20
13.0
18
150
152
24.2

n/a
n/a
n/a
0.330.36
n/a
0.20
n/a
0.48
0.46
n/a

n/a
0.33
0.15
4.21
2.67
0.75

[99]
[100]
[101]
[102,
103]
[104]
[105]
[106]
[107]
[108]
[109]

82-85

0.54

0.57

[110]

6

0.61

0.06

[111]

5.3

n/a

n/a

[112]

1.3
0.81
0.5

n/a
n/a
n/a

n/a
n/a
n/a

[112]
[112]
[113]

Glucose

1.25

n/a

0.17

[114]

Glucose

1.28

n/a

0.11

[115]

1.82

0.85

12.0

[116]

38
9.61
2.5
14
0.14
4.2

n/a
n/a
n/a
0.20
3.5
n/a

n/a
0.12
n/a
0.41
0.006
0.12

[117]
[118]
[119]
[120]
[121]
[122]

Xylose, oxygen-limited condition with cell
recycling
Glucose and xylose, fed-batch fermentation
Glucose, fed-batch fermentation
Glucose, flask culture
Glucose, fed-batch cultivation
Glucose, flask batch culture
3-Dehydroshikimate

1.9-2.5

0.20-0.29

Figure 6. Current status of the production of platform chemicals using microorganisms. Duplicated with permission.[63]

Table 2. Current status of the production of platform chemicals using microorganisms. Duplicated with permission.[63]
Related types of yeast have also been investigated as alternatives in order to produce microorganisms with superior properties.
Thermophilic yeasts show increased ability to work at elevated temperatures which may present great advantages, particularly in
relation to in situ evaporative removal of the product in batch processes, a procedure that is generally considered essential for the
reduction of down-stream costs as well as minimising product toxicity issues.[123]

The pretreatment and hydrolysis of the complex mixture of lignocellulose, unlike the simple hydrolysis of starch, yields a number
of additional by-products. These may pose problems to the growth of the microorganism fermenting the simple sugars as feedstock
for fuel or chemical production. Toxic compounds encountered in lignocellulosic hydrolysates normally consist of phenolic
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Another approach is adaptation of the microorganism to an inhibitor rich environment
through evolutionary processes. It has been observed that the stress imposed stimulates
changes in the resulting strains, usually in relation to glycolytic enzyme activity, levels of
intracellular materials and expression of inhibitor metabolising enzymes, which impart
increased tolerance. The new strains are generally able to grow at higher hydrolysate, and
consequently inhibitor, concentrations thus reducing processing time and cost.[124] Cell
viability is also threatened by the target products of fermentation, as these may cause damage
to cell membranes and interfere with physiological processes. Tolerance to these compounds
without decreasing the process yield may be achieved by regulation of membrane transporters
such as efflux pumps, modification of the membrane composition or regulation of heat shock
proteins that have been found to be linked to stress response in cells.[125] An added benefit
to the increase of tolerance in some cases may be an increase in product yield.[126, 127]
Strain

Inhibitor

S. cerevisiae

acetate

S. cerevisiae PK113-7D

formate, acetate

S. cerevisiae

vanillin

E. coli

biodiesel,
biogasoline

Approach
Deletion of HRK1 gene regulating membrane
transporter activity
Expression of formate dehydrogenase structural gene
FAHD2
Overexpression of laccase gene lacA from Trametes sp.
AH28-2

Reference
[128]
[129]
[130]

RND efflux pumps heterologously expressed

[131]

C. acetobutylicum

butanol

Overexpression of GroESL heat shock protein

[127]

E. coli

isobutanol

Simultaneous disruption of five unrelated genes

[132]

S. cerevisiae

ethanol, glucose

Global transcriptional machinery engineering, also
improved ethanol yield by 15%

[126]

Table 3. Examples of engineering microorganisms for improved tolerance to inhibitors in lignocellulosic biomass
processing.

Microorganisms naturally capable of fermenting pentoses such as Pichia stipitis, Kluyveromyces
marxianus, Clostridium saccharolyticum and Thermoanaerobacter ethanolicus exist and may well
be employed in processes for the production of ethanol as well as other chemicals.[62]
However, considerable effort has been put into engineering pentose fermentation capability
into strains traditionally used for ethanol production, such as S. cerevisiae, with great success.
This yeast is able to take up pentose with hexose transporters, however the ability to metabolise
these sugars had to be introduced with expression of bacterial and fungal gene insertion. This
has also led towards engineering hexose/pentose efficient cofermentation, something that has
not been identified in native microorganisms. The ability to coferment xylose, arabinose and
glucose has been successfully introduced to S. cerevisiae, however modern approaches to
metabolic engineering need to be employed in order to improve on this, concentrating more
on non-traditional aspects of cell engineering, such as catabolism repression mechanisms and
stress response.[133]
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7. Consolidated fermentation
One of the great advantages of biochemical methods of biomass conversion is that they all
require mild conditions, which makes them relatively compatible, allowing for potential
consolidation of processing steps. This has been identified as an area of great potential in
relation to process optimization, cost reduction and ultimately biorefinery commercialization.
Instead of applying four distinct biochemical processing steps (cellulose production, cellulose
hydrolysis, hexose fermentation, pentose hydrolysate fermentation), a setup termed Separate
Hydrolysis and Fermentation (SHF), two or more steps may be consolidated leading to
alternate process configurations for biomass conversion.[47] This requires generation of
biocatalysts with properties suited to the optimum processing conditions, or engineering of
microorganisms with more than one processing capability. Simultaneous Saccharification and
Fermentation (SSF) involves performing cellulase-catalysed cellulose hydrolysis in the
cellulose hydrolysate fermenter, after the enzymes are produced in a separate fermentation.
Further consolidation may include cofermentation of the hemicellulose hydrolysate, either by
a separate pentose utilising microorganism or by an engineered strain capable of efficient
cofermentation of hexoses and pentoses. This configuration is termed Simultaneous Saccha‐
rification and Cofermentation (SSCF). The most desirable setup that minimises utility costs is
direct fermentation of biomass to the product of choice with the aid of a cellulase expressing,
hexose/pentose cofermenting microorganism. This approach was first introduced in 1996 as
consolidated bioprocessing (CBP).[53, 134]

Production of
Hydrolases

Saccharification

Hexose
Fermentation

Pentose
Fermentation
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Figure 6. Consolidated fermentation processes.
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8. Future outlook for commercialization
Inedible crops are a renewable and sustainable source of fuels and chemicals and it has been
estimated that replacing corn with cellulosic stock would result in an 82% increase in bioe‐
thanol production. Despite this, 2nd generation biofuel and chemical production is yet to be
commercialized.
Finding economical pretreatment methods has been recognized as one of the hurdles to
commercializing 2nd generation biofuels and chemicals. The results listed in Table 1 show that
fungal treatment can reduce lignin content of biomass and in most cases improve sugar yields.
However, chemical methods are deemed more economical at present, mainly due to the long
incubation times as well as the loss of holocellulose during biological pretreatment. With
further screening studies, it is to be expected that fungal strains with selectivity for lignin and
faster metabolic processing will be discovered, thus reducing the overall process cost. Bacteria
present advantages for biotechnological applications in terms of growing times and being
more prone to metabolic manipulation. As discussed above, bacterial strains have been
identified that convert lignin into valuable phenolic monomers. The conversion of all plant
components, and in particular the lignin fraction, is the basis for 2nd generation biorefineries,
where a vast array of products may be prepared in conjunction with a central fermentation for
biofuel production. Therefore integration of bacterial utilization of lignin will greatly contrib‐
ute to the economic viability of these processes.
The cost of hydrolytic enzyme production greatly influences the overall cost of cellulosic
biomass conversion thus hindering commercialization.[135] There have been great strides
forward in this respect with the estimated cost being driven down from US$5.40 to US$0.20
per gallon of ethanol produced, according to claims of major enzyme producers.[136] The use
of such information however in techno-economical analysis of biomass conversion is prob‐
lematic. These values relate to the production of a specific target, usually ethanol, and depend
on a range of variables other than enzyme production. Klein-Marcuschamer et al. prepared a
model for the calculation of the cost for the production of cellulases from T. reesei that could
then be applied to another model for the estimation of its contribution to the cost of ethanol
production.[137] The results showed that there is systematic underestimation of the contribu‐
tion of enzyme costs to biofuels production in the literature, as conservative calculations
pointed to around US$1.00 per gallon ethanol. The authors highlighted that approaches aiming
to decrease enzyme loading in the pretreatment steps should become a focus point. It seems
that lowering the enzyme production cost will be a significant obstacle towards the commer‐
cialization of any process based on lignocellulosic feedstock.
Despite the hurdles that need to be overcome for commercialization, there is much anticipation
from federal governements that biofuels and chemicals derived from lignocellulosic biomass
will play a central role in overcoming fossil fuel dependence. In October 2012 the EU com‐
mission issued a proposal stating that advanced biofuel development has to be encouraged
due to their high greenhouse gas savings and lower risk of land use change, and this should
be mirrored in post-2020 renewable energy policies.[138] In accordance with this a directive
was proposed to limit the allowed contribution of food crop derived biofuels, towards the 10%
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2020 renewable transportation fuel objective, to only 5%. This means that a greater contribution
from lignocellulosic biomass and especially agricultural waste derived biofuels will be
required. Experts including those from Shell Corporation recognized that substantial research
and development from industry and academia is still required in order to achieve this target.
However, it is generally agreed upon that the rapid advances in enzyme, microbial and plant
engineering as well as biocatalyst optimization suggest that biochemical processes are much
more likely to provide the necessary breakthroughs that will propel second generation biofuels
and chemicals into the marketplace.
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Chapter 4

Synergistic Effects of Pretreatment
Process on Enzymatic Digestion of
Rice Straw for Efficient Ethanol Fermentation
Prihardi Kahar
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/54949

1. Introduction
Lignocellulose, the most abundant renewable biomass produced by plants from photosyn‐
thesis, has a yearly supply of approximately 200 billion metric tons worldwide (Ragauskas et
al., 2006; Zhang et al., 2006). Lignocellulosic biomass is widely expected to be a major resource
for biorefineries, including bioethanol (Lin and Tanaka, 2006). The composition of lignocellu‐
lose varies depending on plant species, plant parts, growth conditions, etc. (Ding and Himmel,
2006; Zhang and Lynd, 2004), and their structures are rigid and low degradable against
cellulase enzymes. In general, the lignocellulose structure is composed by three major
components: crystalline cellulose, amorphous hemicellulose and non-sugar lignin. Cellulose
microfibrils are coated with hemicellulose matrices building holocellulose structures and
severely protected by lignin outside. The structures are rigidly packed to form a physical
barrier for cellulase access to cellulose chains (Mansfield et al., 1999). To hydrolyze them
efficiently into sugars, a high dosage of commercial available cellulase enzymes is required.
At a current technical stage, 20 g-cellulase is needed to hydrolysis 1 kg cellulose at 70% for 5
days (Gusakov, 2011; Roche et al., 2009). However, the baseline production cost of cellulase is
still expensive as reported to be $10.14/kg (Klein-Marcuschamer et al., 2012). If the recalcitrance
problem remains unresolved, it is not feasible for high-solids enzymatic saccharification.
The ability of cellulase access to cellulose chains within microfibrils will be limited even if
lignin is completely removed from the cellulose structure, because its ability is generally
limited to accessing the outer layer of the microfibrils (Mansfield et al., 1999). Although
cellulose can be slowly eroded by surface shaving or planning, cellulose chains in highly
ordered and tightly packed regions of microfibrils must be disintegrated by delamination,
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disruption or loosening to increase the surface area and make individual molecule more
accessible and available for interaction with cellulase (Ishizawa et al., 2009; Ragauskas et al.,
2006). For this reason, the pretreatment must be implemented before enzymatic saccharifica‐
tion and also required to facilitate amorphogenesis as the initial stage in the enzymatic
hydrolysis of cellulose (Coughlan, 1985; Din et al., 1991; Teeri et al., 1992).
Among various methods available for biomass pretreatment, chemical delignification and
swelling were investigated in this study, because these processes could show the similar effect
to amorphogenesis of cellulose fiber by cellulase. Most of the chemical processes presently
used, however, might not be preferable to saccharification, because of incomplete lignin
removal and degradation of polysaccharides and loss of hemicelluloses (Fang et al., 1999; Sun
et al., 2004). Most processes require high chemical charges to attain the complete lignin
removal, because the single pretreatment process is not effective when performed at low
chemical charges. In some cases, rearrangement of the lignin structure occurs during the
pretreatment process (Kumar and Wyman, 2009). Products released by the degradation of
polysaccharides and hemicellulose extracts strongly inhibit the cellulose hydrolysis by
cellulase (Jing et al., 2009).
The pretreatment process should be designed to remove lignin and to disintegrate the
cellulose structure without loss (degradation) of cellulose and hemicellulose parts (FreyWyssling, 1954; Peterlin and Ingram, 1970; Morehead, 1950). Pretreatment with sodium
chlorite acidified by acetic acid (acidified sodium chlorite) perhaps meets the require‐
ment of delignification and effectively solubilizes lignin at moderate temperatures. It is
noteworthy that the acidified sodium chlorite delignification causes only trace solubiliza‐
tion of glucan and xylan (Ahlgren and Goring, 1971). It is also reported that sodium
bicarbonate is effective to disintegrate the cellulose structure and the swelling by carboxy‐
lation of produced fiber (Kwasniakova et al., 1996).
In this study, the advanced pretreatment process for enzymatic hydrolysis of rice straw has
been demonstrated by combining the delignification by acidified sodium chlorite with the
disintegration of cellulose structure and the alteration of crystalline structure by swelling with
sodium bicarbonate. The efficiency of the pretreatment process on saccharification and
fermentation (based on simultaneous saccharification and fermentation process) of rice straw
was evaluated by using commercially available cellulase.

2. Materials and methods
2.1. Materials and microorganism
Sun-dried rice straw of Koshi-hikari (Niigata-ken, Japan) was used as a source of lignocellu‐
losic biomass. Chemical composition of rice straw was generally ranged from 24% to 38%
cellulose, 12% to 22% hemicellulose and 16% to 20% lignin, based on the dried weight.
Microcrystalline cellulose (<20 μm particle size) was purchased from Merk (Darmstadt,
Germany). Avicel PH-101 (<50 μm particle size) was purchased from Sigma-Aldrich (St. Louis,
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MO). The digestive enzyme mixtures of Novozym 188 (372 β-glucosidase IU/g, source of βglucosidase) and Celluclast 1.5L (64 FPU/g, 16 β-glucosidase IU/g, source of endo-/exo-type
cellulase) obtained from Novozymes A/S (Bagsværd, Denmark) were used for enzymatic
saccharification. Milli-Q grade water (18.2 MΩcm resistivity) was used throughout all the
experiments. For fermentation, wild-type yeast strain Saccharomyces cerevisiae NBRC2114,
obtained from National Bioresources Research Center (NBRC, Ibaraki, Japan), was used. This
strain can produce ethanol anaerobically from glucose but not from pentose sugars such as
xylose, arabinose and ribose.
2.2. Sample pretreatment
The pretreatment of rice straw with acidified sodium chlorite was performed in a water bath
using sodium chlorite and acetic acid at 80 ºC according to a modified literature method
(Hubble and Ragauskas, 2010). Rice straw samples were ground using a laboratory cutting
mill to a particle size on the order of 5 mm, impregnated by immersion in a flask containing
deionized water (60 ml/g solid) at 25 ºC for 3 days to form solids slurry. The delignification
was started by addition of glacial acetic acid (0.04 ml/g solid) and sodium chlorite (0.4 g/g solid)
to solids slurry. The mix was heated to 80 ºC with gentle swirling at intervals. Fresh amounts
of acetic acid and sodium chlorite were added until the samples were judged to be sufficiently
delignified by the persistence of yellowish-green chlorine dioxide gas that was generated on
mixing the reagents (normally after 1 h for one reaction).
For swelling of delignified rice straw, the samples were initially impregnated by immersion
in a flask containing sodium bicarbonate solution at 0.5% (wt./vol.) at 25 ºC for 24 h. After
autoclaving at 122 ºC for 20 min, the samples were washed until the solution was colorless and
neutral in pH. All samples were sun-dried for at least 3 days and stored in desiccators at 25 ºC
until used.
2.3. Scanning electron microscopy
The electron microscopic study of pretreated rice straw was performed with FE-SEM (Hitachi
S-4700 Type II; Hitachi, Tokyo) after the dried samples were placed on a conductive carbon
tape and coated with Pt-Pd using a sputter coater (Hitachi E102 Ion Sputter; Hitachi) for 2 min
at DC±20 mA as previously mentioned (Kahar et al., 2010).
2.4. XRD and FTIR analysis
X-ray diffraction (XRD) analysis on avicel, cellulose microcrystalline, untreated and
pretreated rice straw were conducted according to a method described by Chang and
Holtzapple (2000). Samples of particle size less than 125 mm were scanned on a RIGAKUD/MAX instrument (Uitima III, Japan) at a speed of 1º/min, range from 2θ = 0º-40º, and
with a step size of 0.04º at 25 ºC. Crystallinity index (CrI) was calculated according to the
method described by Segal et al. (1959).
For FTIR analysis, the ground samples were prepared by pressing 2 mg of cellulosic samples
on 200 mg of spectroscopic grade potassium bromide (KBr). The spectra were recorded in the
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middle IR range 3500-750 cm-1 using a JASCO FT/IR4200 Spectrometer with detector at 4
cm-1 resolution and 40 scans per measurement. Essential FTIR (Operant LLC, Sydney, Aus‐
tralia) software was used as a tool for analysis of IR spectra.
2.5. Enzymatic saccharification
A batch enzymatic hydrolysis was conducted at 1% (wt./wt.) of dry solid loading in a 0.1 M
acetate buffer (pH 4.8) containing 0.02% (wt./vol.) sodium azide. The total working volume
was 100 in a 300 ml flask. Before the addition of cellulase enzymes, the mixture of substrate
and buffer was preheated in an incubator shaker at 50 °C for 30 min to allow the substrate to
disperse uniformly in the buffer. Celluclast 1.5L and Novozym 188 were added into tubes
immediately to initiate enzymatic hydrolysis. The saccharification was occurred under the
temperature of 50 °C for 24 h. To finish the reaction, the mixtures were immediately placed
over a boiling water bath for 5 min to deactivate the enzymes as described by Helle et al.
(1993) and Desai and Converse (1997). After enzyme inactivation, each sample was centrifuged
for 5 min at 8,000 × g, and supernatants were collected. The supernatant samples were stored
at 4 °C for subsequent sugar analysis.
2.6. Fermentation
Fermentation was performed anaerobically in 2-l jar fermentor, equipped with pH and
dissolved oxygen concentration monitoring system (FermExpert, BEM, Ibaraki). Prior to
fermentation, yeast culture was prepared by inoculating a single colony of NBRC2114 strain
in YM medium, which containing bacto peptone (0.5%, wt./vol.), bacto yeast extract (0.3%, wt./
vol.), bacto malt extract (0.3%, wt./vol.), glucose (1%, wt./vol.), xylose (1%, wt./vol.) and
aerobically cultured at 30 °C overnight. For fermentation, minimal medium (MM) containing
bacto yeast nitrogen (without amino acids and ammonium sulfate) (0.17%, wt./vol.) and
ammonium sulfate (0.5%, wt./vol.) supplemented with pretreated rice straw was used. After
transferring the yeast culture into MM, the fermentation started by the addition of cellulase
enzyme mixture at a final loading of 10, 20, 100, 200 (g-biomass/g-enzymes). The solution of 5
N NaOH was used to keep the pH of culture at around 5. To maintain the anaerobic condition
at the initial stage of fermentation, a continuous stream of sterile nitrogen gas (0.1 VVM
[volume of air/volume of reactor × minutes]) was flowed through the sterilized membrane
filter into the reactor. The gassing was stopped upon cell production of sufficient gases
(positive headspace pressure), usually between 12 and 24 h
2.7. Analytical methods
The Klason lignin content of the samples was determined using the Laboratory Analytical
Procedures (LAPs) provided by the National Renewable Energy Laboratory (NREL) (Sluiter
et al., 2008). The amount of total sugars was determined as reducing sugars by 3,5-dinitrosa‐
licylic acid (DNS) assay, as described by Miller (1959).
To determine the concentration of byproduct ions upon acidified sodium chlorite
treatment, ion chromatography analyses were carried out with a Dionex ICS -1500 High
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Performance Integrated Ion Chromatography System equipped with an Auto suppressor
system. The columns of ION PAC AS23 and ION PAC AG23 were used as a main
isolation column and a guard column, respectively, for the determination chloride, chlorite
and chlorate ions were used at a flow rate of 1 mL/min, with the elution program
consisting of an isocratic elution with 4 mM NaHCO3/0.4 mM Na2CO3 buffer at 30 °C.
The spectrophotometric analysis at 359 nm was used to determine the concentration of
chlorine dioxide.
The protein concentration was measured by the Bradford protein assay using bovine serum
albumin (BSA) as a standard (Bradford, 1976). All the experimental results were the average
of triplicates, unless specified otherwise.

3. Results and discussion
3.1. Delignification of rice straw by pretreatments with acidified sodium chlorite and
sodium bicarbonate
Since lignin is arranged in multiple lamellar sheets of lignocellulose matrices, a single batch
reaction of chemical pretreatment is occasionally not sufficient to achieve a complete deligni‐
fication (Wise et al., 1946; Klein and Snodgrass, 1993). In this study, the delignification of rice
straw by acidified sodium chlorite was evaluated by repeating one hour batch reaction from
one time to four times (1x to 4x). Figure 1A shows the residual lignin content of rice straw after
pretreated and the control. The lignin content of rice straw decreased to about 38% (wt./wt.)
of the control by one time treating (1x) and then decreased to 16% (wt./wt.) after four times
repetition (4x). Interestingly, much higher rates of lignin removal were achieved when the
sodium bicarbonate treatment was additionally applied after the chlorite treatment. For
example, in case of three times repetition (3x) of the chlorite treatment, the additional proc‐
essing with sodium bicarbonate (3x+swelling) resulted in more decreasing of lignin content at
8% (wt./wt.) against 20% (wt./wt.) in the original 3x.
A previous study (Hubbell and Ragauskas, 2010) reports that the acidified sodium chlorite
treatment should be sufficient to remove lignin from cellulose samples with lignin content
below 30% (wt./wt.) when the reaction was repeated two times, and it should be per‐
formed at least three times for higher lignin contents. However, the work was conducted
on the pure cellulose matrix artificially coated with lignin at appropriate concentrations.
This means that the reported process could be implemented for removal of surface lignin,
but it was not clear whether the process was effective for removal of integrated lignin
including internal lignin. According to our study, three times repeated delignification (3x)
was not enough, resulting in only about 80% (wt./wt.) removal as shown in Fig. 1(A),
unless the swelling by sodium bicarbonate was applied. Therefore, the swelling seems to
play an important role, not only in removal of surface lignin, but also in removal of
integrated lignin.
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Figure 1. Delignification of rice straw. A) Effects of delignification by acidified sodium chlorite (treated 1x to 4x) and
swelling by sodium bicarbonate on the lignin contents of rice straw. B) Photographs of dried and autoclaved rice straw
fibers after treated with acidified sodium chlorite (1x)( b, h), (2x) (c, i), (3x) (d, j), (4x) (e, k), acidified sodium chlorite
(3x) and sodium bicarbonate (f, l). As a control, untreated rice straw was used (a, g). Heat-treatment by autoclaving
was performed at 122 ºC for 20 min, just after impregnation of the samples in water.

To confirm the presence of internal lignin in the rice straw, the samples were immersed
in water (2.5 g-solid/150 ml) and then autoclaved at 122 °C for 20 min. Lignocellulosic
materials were tanned after processed with hot water due to the denaturation of lignin
components to hot-water-extractable tannins (Allen et al., 1974). As shown in Fig. 1(B), the
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rice straw sample treated with sodium bicarbonate after chlorite were not tanned (l), in
contrast to the control (g) and the sample treated with chlorite only for 2x (i) to 4x (k),
even though they were bleached as colorless solids prior to hot-water processing (a, c, d,
e, f). This result indicates that the internal lignin could be efficiently removed by swel‐
ling, not by acidified sodium chlorite treatment.

Figure 2. SEM images of untreated and pretreated rice straw. (A) Untreated rice straw. (B) Rice straw after treated
with acidified sodium chlorite (3x). (C) Rice straw after treated with acidified sodium chlorite (3x) and sodium bicar‐
bonate.

The delignification of rice straw was further visually evaluated by SEM analysis (Fig. 2).
Observed by SEM were rice straws treated with acidified sodium chlorite three times (3x) (B),
treated with acidified sodium chlorite plus sodium bicarbonate (3x+swelling) (C) and treated
only by autoclaving (122 °C, 20 min) as control (A). As clearly shown in Fig.2(C), the integrated
lignin was almost completely removed from cellulose structures by the 3x+swelling treatment
so that cellulose fibrils appear to be separated and accessible to the enzymes. The 3x treatment
partially removed lignin from the surface, but cellulose fibril bundles still remained, suppos‐
edly leaving internal lignin.
The efficiency of lignin removal on treated rice straw was evaluated in detail by XRD (Fig. 3)
and FTIR analysis (Fig. 4). XRD analysis was performed using pure cellulose (microcrystalline
cellulose) as control (Fig. 3A). The observed crystallinity index (CrIobs) of the samples were
48%, 53%, 67% for autoclaved (without chemicals), acidified sodium chlorite (3x) treated,
acidified sodium chlorite (3x) and sodium bicarbonate treated samples, respectively, while the
CrIobs of pure cellulose was 68%. Treatment with sodium bicarbonate after acidified sodium
chlorite (3x) increased the CrIobs of the samples to closer with that of pure cellulose. This result
indicates that more non-cellulosic components (lignin included) removed from the cellulose
structures. The increasing of CrIobs of rice straw after treated with acidified sodium chlorite
(3x) was not significant unlike those after treated with acidified sodium chlorite (3x) and
sodium bicarbonate. It means that surface lignin was removed by acidified sodium chlorite
(3x), but internal lignin could be removed only by treatment with sodium bicarbonate.
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Figure 3. XRD analysis of pretreated rice straw. (A) The levels of crystalline index (CrIobs) of rice straw compared to pure
cellulose solids. (B) XRD spectra of rice straw samples. (S1) Autoclaved rice straw. (S2) Rice straw after treated with
acidified sodium chlorite (three times). (S3) Rice straw after treated with acidified sodium chlorite (3x) and sodium bi‐
carbonate. (S4) Microcrystalline cellulose (20 μm).

The XRD spectra of treated rice straws are shown in Fig. 3B. The intensities of peaks corre‐
sponding to (101), (101) and (002) lattice planes were increased by the treatment, indicating a
significant increasing in crystallinity after acidified sodium chlorite (3x) and sodium bicar‐
bonate treatments. The peaks corresponding to (101) and (101) were not clearly observed in
the control sample, probably due to interference from other components in the samples (e. g.
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lignin). After the treatment with acidified sodium chlorite (3x), these peaks could be signifi‐
cantly noticed, but not so obvious as those without extended treatment by sodium bicarbonate.
Based on FTIR analysis (Fig. 4), there are shown three representative chemical changes related
to lignin removal, as assigned in Table 1.

Wavenumber

Assignment

Reference(s)

O-H stretching

Nelson and O’Connor,

(cm-1)
3450-3350

1964
2901-2892

C-H stretching

Schwanninger
et al., 2004

1745

Carbonyl bonds (associated with lignin side chain removal)

Kumar et al., 2009

1732

Alkyl esther from cell wall hemicellulose C=O;

Liu et al., 2005;

strong carbonyl groups in branched hemicellulose

Pandey, 1999;
Sene et al., 1994

1650-1640

C=O vibration; Amide I, aromatics

Haberhauer et al., 1998

1638-1604

Doublet phenolics of remained lignin

Sene et al., 1994

1517-1516

Aromatic C-O stretching mode for lignin;

Liu et al., 2005

guayacyl ring of lignin
1512

Aromatic C-O stretching mode for lignin;

Ouatmane et al., 2000

guayacyl ring of lignin; lignocellulose
1430

CO2 stretching; carboxylic acids

Smith et al.,1999

1375-1370

C-H stretch of cellulose

Liu et al., 2005;
Stewart et al., 1995

1247-1242

C-O-H deformation and C-O stretching of phenolics

Stewart et al., 1995;
Sene et al., 1994

1162-1159

Antisymmetric stretching C-O-C glycoside;

Liu et al., 2005;

C-O-C β-1,4 glycosil linkage of cellulose.

Michell, 1990

C-O vibration of crystalline cellulose;

Pandey, 1999;

glucose ring stretch from cellulose

Stewart et al., 1995

1060, 1035

C-O vibration of cellulose

Stewart et al., 1995

900-897

Amorphous cellulose vibration;

Pandey, 1999;

glucose ring stretch

Stewart et al., 1995

1109-1098

Table 1. Assignment of the main bands in FTIR spectra for rice straw
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Figure 4. Chemical changes in rice straw solids determined by FTIR of wavelength ranged from 780 to 2200 (cm-1).
Symbols: (A) autoclaved rice straw, (B) rice straw after treated with acidified sodium chlorite (3x), (C) rice straw after
treated with sodium bicarbonate, (D) rice straw after treated with acidified sodium chlorite (3x) and sodium bicarbon‐
ate.

1.

The chemical changes in band position between 1745 and 1732 cm-1. These are assigned
to the carbonyl (C=O) stretching, attributed to aromatic skeletal vibrations in lignin
structures (Kumar et al., 2009; Liu et al., 2005). Carbonyls mainly exist in the side chains
of lignin structural units and are also an important functional group in the side chains.
Particularly, the band position of 1732 cm-1 is attributed to the linkage of lignin side chain
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with branched hemicellulose. The significant change in these bands was almost un‐
changed by treatment with acidified sodium chlorite (3x) (B). After treated with sodium
bicarbonate, these bands disappeared, indicating that the lignin linked to branched
hemicellulose was removed from the cellulose structures (C, D), as also previously
suggested (Liu and Wyman, 2004).
2.

The chemical changes in band positions of 1606 cm-1 and 1638 cm-1. The band at 1638
cm-1 is assigned to an aromatic stretch, and the band at 1606 cm-1 appears associated with
the α-β double band of the propanoid side group in lignin-like structures (Sene et al.,
1994). As shown in Fig. 4, The band at 1606 cm-1 was weak in delignified samples by
acidified sodium chlorite treatment (3x) (B), and then disappeared after treated with
sodium bicarbonate (C, D), indicating that lignin and its aggregates were also removed
from the cellulose structure. Since the absorption band at 1638 cm-1 was often overlapped
with the band assigned to absorbed water in cellulose (Chen et al., 1997; Gastaldi, et al.,
1998), characteristic of the band at 1638 cm-1 may be similar to that at 1606 cm-1.

3.

The chemical changes in band position of 1512 cm-1. This band is assigned to an aromatic
C-O stretching mode in lignin (Ouatmane et al., 2000). The absorption band at 1512 cm-1
till remained in delignified samples by acidified sodium chlorite treatment (3x), and
disappeared by sodium bicarbonate treatment. The chemical changes in band position
between 1745 and 1732 cm-1 indicate the removal of integrated lignin, while the changes
in band positions of 1606 and those of 1512 cm-1 indicate the removal of surface lignin.
According to these results, it is clear that delignification by acidified sodium chlorite (3x)
could efficiently remove surface lignin covered cellulose. However, to remove lignin
completely, delignified rice straw must be treated with sodium bicarbonate.

3.2. Chlorine species produced during delignification process
Chlorine species produced in one time treating (1x) with acidified sodium chlorite for deligni‐
fication were chlorite, chloride and chlorate ions and chlorine dioxide as shown in Fig. 5, in
which rice straw and chemical lignin were prepared by equal weight and the control was
treated without substrate. In general, sodium chlorite dissociates depending on pH in water
and is converted to chlorite ion, in which it produces chlorine dioxide and chloride ion in acidic
condition of pH 2 or less. In this study, the reaction was conducted in range of pH 4.5-4.8 under
buffering by acetic acid and the main chemical species were chlorite with some chloride and
little release of chlorine dioxide as observed in the control (Fig. 5.).
Chlorite is a strong oxidant and acts selectively on lignin (Ahlgren and Goring, 1971). In the
delignification process of rice straw, lignin was clearly oxidized and removed by chlorite and
then chlorite was reduced to chloride as confirmed by changes of chemical species in chemical
lignin and rice straw (Fig. 5). Some chlorate was also produced. Meanwhile, about 20% of
chlorite remained after one time treating in rice straw, even though 38% of lignin left as shown
in (1x) of Fig. 1(A). This is because one time treating was not enough to remove the internal
lignin of rice straw.
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Figure 5. Formation of chlorite ion (ClO2-), chloride ion (Cl-), chlorate ion (ClO3-) and chlorine dioxide (ClO2) by oxida‐
tion of substrate using sodium chlorite as an oxidant. Rice straw and chemical lignin solids were used as substrates.
Control means the reaction without any substrates.

3.3. Alteration in crystalline and chemical structures of microfibrils by pretreatment
Treatment with sodium bicarbonate also changes the properties of cellulose surface (Kwas‐
niakova et al., 1996). As shown in Fig. 4, band position of 1430 cm-1 is assigned to CO2 stretching
for carboxylic groups on the surface of cellulose (Smith et al., 1999). The absorbance at this
band position was significantly increased by treatment with sodium bicarbonate, indicating
that the surface of cellulose microfibrils was carboxylated due to the treatment. The absorbance
at 898 cm-1 is associated with the anti-symmetric out-of-phase ring stretch of amorphous
cellulose (Stewart et al., 1995; Michell, 1990), and the 1060 and 1035 cm-1 bonds are related to
C-O vibration of crystalline cellulose (Stewart et al., 1995). Both the crystalline (1035-1109 cm-1)
and amorphous (898 cm-1) bands increased in intensity after treatment with sodium bicarbon‐
ate, suggesting that the sample had a higher percentage of crystalline cellulose, which we
predicted that it was difficult to further hydrolyze with cellulase enzymes, particularly Cel7A.
However, the saccharification yield of rice straw treated with sodium bicarbonate was
significantly enhanced even though possessing high crystallinity. In this case, the carboxyla‐
tion of cellulose surface supported the disintegration of cellulose structures, and allowed the
enzyme to degrade the cellulose microfibrils.
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Figure 6. Chemical changes in rice straw solids determined by FTIR of wavelength ranged from 2700 to 3500 (cm-1).
Symbols: (A) autoclaved rice straw, (B) rice straw after treated with acidified sodium chlorite (3x), (C) rice straw after
treated with acidified sodium chlorite (3x) and sodium bicarbonate.

Thermochemical treatments have a potential to change cellulose crystalline structure by
disrupting inter/intra hydrogen bonding of cellulose chains (Zugenmaier, 2001). After
treatment with sodium bicarbonate, the transformation of cellulose crystallinity from type I to
type II was noticed, but it is not significant. As shown in Fig. 6, the typical changes in spectra
length attributed to the transformation of crystal structure were, the decreasing of absorbance
band at 3151 cm-1, and the increasing of absorbance bands at 3281 and 3332 cm-1, which were
assigned to hydrogen-bonded OH stretching on the cellulose surface. Based on the previous
study (Oh et al., 2005), there are three or four spectra overlapped in the weave length ranging
from 2900 to 3400 cm-1 giving the characteristic of bands with corresponding with the trans‐
formation of crystal type, as indicated by red dashed line in Fig. 6. The increasing of absorbance
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bands at 3281 and 3332 cm-1 was caused by the strong valence vibration of H bonded OH
groups at O(2)H-O(6)H(intra) and O(3)H-O(5)H(intra), while the decreasing of absorbance
band at 3151 cm-1 was caused by the weak valence vibration at O(6)H-O(3')H(inter) and O(6)HO(2')H(inter), changing the stereochemistry at C2, C3, C5 and C6 inside the cellulose structure
(Fig. 7). In case when the crystal type changed from type I to type II, the valence vibration at
O(6)H-O(3')H(inter) and O(6)H-O(2')H(inter) became weak, whereas O(2)H-O(6)H(intra) and
O(3)H-O(5)H(intra) became strong, due to the relocation of C-O changing the orientation of
crystal. As shown in Fig. 6, the band at 3151 cm-1 was weak, but the bands at 3281 and 3332
cm-1 were strong, after treatment with sodium bicarbonate. By contrast, the treatment with
acidified sodium chlorite (3x) only did not give the greatest changes at the length. Therefore,
the treatment with acidified sodium chlorite (3x) could not change the crystal structure of rice
straw cellulose to type II-like structure, unless combined with swelling by sodium bicarbonate.

Figure 7. Proposed hydrogen-bonding patterns by Kolpak and Blackwell (1976): (a) 020 plane (‘down’ chains), (c) 020
plane (‘up’ chains).

3.4. Saccharification and fermentation of treated rice straw
Figure 8A shows the saccharification of rice straw, which was first delignified by acidified sodium
chlorite (3x) only or alkaline treated by sodium bicarbonate only or treated with sodium bicarbon‐
ate after delignified by acidified sodium chlorite (3x). As a control, autoclaved rice straw with‐
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out addition of any chemicals was used. The saccharification was performed under condition as
mentioned in Materials and Methods section using commercially available enzymes mixture
(Celluclast 1.5L and Novozym 188) at a low enzyme loading of 1/100 (g-enzymes/g-biomass
solids). Single treatment with acidified sodium chlorite (3x) or with sodium bicarbonate could
increase the saccharification rate of rice straw at 2.5 to 3-times higher than the control. However,
high saccharification rate could be achieved from rice straw in case rice straw was treated with
sodium bicarbonate after delignification by acidified sodium chlorite (3x). The rate was about 96%
(wt.-reduced sugars/wt.-pretreated biomass), 4.2-times higher than the control, and even 1.5times higher than the single treatments. This result indicates that the application of delignifica‐
tion and swelling processes on rice straw pretreatment can result in synergistic effect that enables
broader success in achieving high enzymatic saccharification efficiency in processing rice straw
to fermentable sugars, biofuels and value-added products.

Figure 8. Saccharification (A) and fermentation (B) of treated rice straw. Saccharification was performed in 0.1M so‐
dium acetate buffer (pH 4.8) for 3 days using commercial available cellulase enzyme mixtures (Novozym Celluclast
1.5L and 188) at enzyme loading of 1/100 (g-enzymes/g-biomass). Fermentation was performed anaerobically at 30
ºC until no longer ethanol produced. Untreated rice straw was used as a substrate in all control experiments.
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To test the feasibility of using the treated rice straw as a substrate in simultaneous saccharifi‐
cation and fermentation (SSF), the fermentations were performed at solid loadings of 50, 100,
150 and 200 (g-biomass/g-enzymes) under condition as mentioned in Materials and Methods
section. The fermentations of untreated rice straw at similar solid loadings were used as
controls. Figure 8B shows the yield of ethanol highly obtained from fermentation of treated
(solid line) and untreated (dashed line) rice straws by using S. cerevisiae NBRC2114 as a strain.
As clearly form the figure, high ethanol yield of 0.28 (g-ethanol/g-biomass) was obtained in
case of treated rice straw. Since the fermentation of untreated rice straw could only produce
ethanol at 0.12 (g-ethanol/g-biomass), the treatment with sodium bicarbonate after delignifi‐
cation by acidified sodium chlorite (3x) remarkably enhanced efficiency of fermentation by
2.3-times (in this study), as indicated by the ethanol yield. In spite of the fact that the ethanol
yields gradually decreased as solid loading increased, SSF of treated rice straw was still
enabled, as indicated by the ethanol yield of 0.16 (g-ethanol/g-biomass) achieved at solid
loading of 200 (g-biomass/g-enzymes). By contrast, it was difficult to perform SSF of untreated
rice straw even at solid loading of 50 (g-biomass/g-enzymes). According to these results, we
conclude that the treatment with sodium bicarbonate after delignification by acidified sodium
chlorite (3x) is effective in enhancing the enzymatic saccharification of rice straw in SSF process,
particularly at high biomass solid with low enzyme loadings.
3.5. Inside the chemical reactions involved in the pretreatment process
Figure 9 shows a proposed conceptual model for the mechanism of enhanced enzymatic
saccharification of rice straw by delignification with acidified sodium chlorite and by swelling
and surface rearrangement with sodium bicarbonate treatment, as described in this study.
During the delignification process by acidified sodium chlorite, the hydroxyl groups and
reducing end groups of cellulose can also be oxidized (Fengel and Wegener, 1984).
Chemical oxidation of the reducing-ends of cellulose could negatively interact with Cel7A, a
reducing-end targeting cellobiohydrolase (Barr et al., 1996). In fact, the treatment by acidified
sodium chlorite could successfully improve the efficiency of saccharification on treated rice
straw three-times compared with the control (Fig. 8A). As reported by Ishizawa et al. (2009),
the acidified sodium chlorite treatment has no detectable effect on treated rice straw threetimes compared with the control (Fig. 8A). As reported by Ishizawa et al. (2009), the acidified
sodium chlorite treatment has no detectable effect on digestibility or accessibility of crystalline
cellulose by Cel7A. However, amorphous cellulose was more susceptible to the oxidative
treatment and showed a slight decreasing in the initial cellulose conversion and enzyme
binding levels using Cel7A.
In this study, the digestion of delignified rice straw by cellulase enzyme mixture (more than
60% of total protein was Cel7A, according to Nummi et al., 1983) was remarkably enhanced,
probably not only due to the removal of surface lignin, but also due to the protection of other
amorphous parts of cellulose by its rigid structure. It could be proven by XRD analysis as
shown in Fig. 3, the slightly increasing in its crystallinity after treated by acidified sodium
chlorite (3x), indicating that most amorphous cellulose was placed inside the structure
untouched by chlorite even after the treatment.

Synergistic Effects of Pretreatment Process on Enzymatic Digestion of Rice Straw for Efficient Ethanol Fermentation
http://dx.doi.org/10.5772/54949

Figure 9. A proposed conceptual model for the mechanism of enhanced enzymatic saccharification of rice straw by
delignification with acidified sodium chlorite and by swelling and surface rearrangement with sodium bicarbonate
treatment.

Furthermore, the alkaline treatment (swelling) by sodium bicarbonate has a potential to
dramatically enhance the saccharification of delignified rice straw, as shown in Fig. 9. Gener‐
ally, the alkaline treatment resulted in remarkable decreasing of hemicellulose due to lignin
removal (Liu and Wyman, 2004). The recovery of residual rice straw after sodium hydroxide
treatment was low compared with sodium bicarbonate, even though alkaline treatment by
sodium hydroxide is widely used to obtain fiber swelling upon mercerization. Taniguchi et al.
(1982) reported that the saccharification of sodium hydroxide-treated rice straw was low
compared to that treated with sodium bicarbonate. One possible explanation for this phe‐
nomenon is that the near complete removal of lignin allows adjacent hemicellulose-free
cellulose microfibrils to aggregate upon elimination of the lignin spacer (Duchesne et al.,
2001; Oksanen et al., 1997). Similar results have been reported in the literature (Fan et al.,
1980), showing that the hydrolysis rate of wheat straw increases with delignification up to
about 50%, after which cellulose hydrolysis increases only slightly. By contrast, the alkaline
treatment by sodium bicarbonate allows the swelling similar to that with sodium hydroxide,
but the difference is on the chemical modification of cellulose fiber surface by carboxylation
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with bicarbonate treatment (Kwasniakova et al., 1996). As a conclusion, the carboxylation on
the cellulose surface could prevent the aggregation of cellulose fibrils.

4. Conclusion
The synergistic effect of delignification and swelling on the enzymatic saccharification of rice
straw was evaluated by residual lignin estimation, x-ray diffraction, FTIR spectrophotometry,
SEM as indirect methods, by enzymatic saccharification using purified or commercial available
cellulase enzymes as a direct method. The removal of total lignin, including surface and
internal lignin, is an indispensable pretreatment for achieving high efficient enzymatic
saccharification of rice straw. Treatment with acidified sodium chlorite (3x) could remove
surface lignin only, but internal lignin remained. By combination with the swelling using
sodium bicarbonate, total lignin could be removed. Swelling with sodium bicarbonate did not
result in the removal of total lignin only, yet it could breakdown the cellulose structure to
release disintegrated cellulose fibrils and indeed change the chemical properties of cellulose
surface by decarboxylation. By treated rice straw with acidified sodium chlorite (3x) and then
with sodium bicarbonate, the saccharification yield was remarkable increased compared with
that only by acidified sodium chlorite (3x) only. This indicates that delignification could not
enhance the saccharification without the synergistic effect of the combination with swelling
by alkaline treatment.

Acknowledgements
The author thanks Ms. Kiyoko Kawashima and Mr. Yuji Fukuda from the Collaborative
Research Center of Meisei University for SEM, FTIR and XRD assistances. Also, the author
thanks Mr. Kazuo Taku for his help in determination of chlorine species produced during
delignification process and Dr. Shuzo Tanaka for valuable discussion. This research was
financially supported by the grant-in-aid (K22027, K2339) from Ministry of the Environment,
Japan.

Author details
Prihardi Kahar*
Address all correspondence to: pri@hino.meisei-u.ac.jp or prihardi@outlook.com
Program in Environment and Ecology, School of Science and Engineering, Meisei University,
Hino-shi, Tokyo, Japan

Synergistic Effects of Pretreatment Process on Enzymatic Digestion of Rice Straw for Efficient Ethanol Fermentation
http://dx.doi.org/10.5772/54949

References
[1] Ahlgren, P. A, & Goring, D. A. I. (1971). Removal of wood components during chlor‐
ite delignification of black spruce. Can. J. Chem. , 49, 1272-1275.
[2] Allen, S. E, Grimshaw, H. M, Parkinson, J, & Quermby, C. (1974). Chemical analysis
of ecological materials. Blackwell Scientific, Oxford, , 386-389.
[3] Barzyk, D, Page, D, & Ragauskas, A. J. (1997). Carboxylic acid groups and fiber bond‐
ing; The fundamentals of papermaking materials, Transactions of the Fundamental
Research Symposium IIth Sept, Cambridge, UK. , 2, 893-901.
[4] Bradford, M. M. A Rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem., ,
72, 248-254.
[5] Chang, V. S, & Holtzapple, M. T. (2000). Fundamental factors affecting biomass enzy‐
matic reactivity. Appl. Biochem. Biotechnol. , 84, 5-37.
[6] Chen, L. M, Wilson, R. H, & Mccann, M. C. (1997). Investigation of macromolecule
orientation in dry and hydrated walls of single onion epidermal cells by FTIR micro‐
spectroscopy. J. Mol. Struct. , 408, 257-260.
[7] Corredor, D. Y, Salazar, J. M, Hohn, K. L, Bean, S, Bean, B, & Wang, D. (2009). Evalu‐
ation and characterization of forage sorghum as feedstock for fermentable sugar pro‐
duction. Appl. Biochem. Biotechnol. , 158, 164-179.
[8] Coughlan, M. P. (1985). The properties of fungal and bacterial cellulases with com‐
ment on their production and application, in: Russell, G.E. (Eds.), Biotechnology and
genetic engineering reviews. 3, Newcastle-upon-Tyne, Interscience, , 37-109.
[9] Desai, S. G, & Converse, A. O. (1997). Substrate reactivity as a function of the extent
of reaction in the enzymatic hydrolysis of lignocellulose. Biotechnol. Bioeng., , 56,
650-655.
[10] Din, N, Gilkes, N. R, Tekant, B, Miller Jr., R. C, Warren, R.A., & Kilburn, D.G. , (1991).
Non-hydrolytic disruption of cellulose fibres by the binding domain of a bacterial
cellulase. Bio/Technology , 9, 1096-1099.
[11] Ding, S. Y, & Himmel, M. E. (2006). The maize primary cell wall microfibril: A new
model derived from direct visualization. J Agric. Food Chem. , 54, 597-606.
[12] Desai, S. G, & Converse, A. O. (1997). Substrate reactivity as a function of the extent
of reaction in the enzymatic hydrolysis of lignocellulose. Biotechnol. Bioeng. , 56,
650-655.
[13] Duchesne, I, Hult, E-L, Molin, U, Daniel, G, Iversen, T, & Lennholm, H. (2001). The
influence of hemicellulose on fibril aggregation of kraft pulp fibres as revealed by
FE-SEM and CP/MAS 13C-NMR, Cellulose , 8, 103-111.

83

84

Environmental Biotechnology - New Approaches and Prospective Applications

[14] Fan, L. T, Lee, Y-H, & Beardmore, D. H. (1980). Mechanism of the enzymatic hydrol‐
ysis of cellulose: Effects of major structural features of cellulose on enzymatic hydrol‐
ysis. Biotechnol. Bioeng., , 22, 177-199.
[15] Fang, J. M, Sun, R. C, Salisbury, D, Fowler, P, & Tomkinson, J. (1999). Comparative
studyof hemicelluloses from wheat straw by alkali and hydrogen peroxide extrac‐
tions. Polym. Degrad. Stab. , 66, 423-432.
[16] Fengel, D, & Wegener, G. (1984). Wood: Chemistry, ultrastructure and reactions.
Walter de Gruyter, Berlin.
[17] Frey-wyssling, A. (1954). The fine structure of cellulose microfibrils. Science , 119,
80-82.
[18] Gastaldi, G, Capretti, G, Focher, B, & Cosentino, C. (1998). Characterization and pro‐
prieties of cellulose isolated from the Crambe abyssinica Hull. Industrial Crops Prod., ,
8, 205-218.
[19] Gusakov, A. V. (2011). Alternatives to Trichoderma reesei in biofuel production.
Trends in Biotechnology , 29, 419-425.
[20] Haberhauer, G, Rafferty, B, Strebl, F, & Gerzabek, M. H. (1998). Comparison of the
composition of forest soil litter derived from three different sites at various decompo‐
sitional stages using FTIR spectroscopy. Geoderma , 83, 331-342.
[21] Helle, S. S, Duff, S. J. B, & Cooper, D. G. (1993). Effect of surfactants on cellulose hy‐
drolysis. Biotechnol. Bioeng., , 42, 611-617.
[22] Hubbell, C. A, & Ragauskas, A. J. (2010). Effect of acid-chlorite delignification on cel‐
lulose degree of polymerization. Bioresour. Technol. , 101, 7410-7415.
[23] Ishizawa, C. I, Jeoh, T, Adney, W. S, Himmel, M. E, Johnson, D. K, & Davis, M. F.
(2009). Can delignification decrease cellulose digestibility in acid pretreated corn
stover? Cellulose , 16, 677-686.
[24] Jing, L, Qian, Y, Zhao, L. H, Zhang, S. M, Wang, Y. X, & Zhao, X. Y. (2009). Purifica‐
tion and characterization of a novel antifungal protein from Bacillus subtilis strain
B29. J. Zhejiang. Univ. Sci. B. , 10, 264-272.
[25] Kahar, P, Taku, K, & Tanaka, S. (2010). Enzymatic digestion of corncobs pretreated
with low strength of sulfuric acid for bioethanol production. J. Biosci. Bioeng. , 110,
453-458.
[26] Klein, G. L, & Snodgrass, W. R. (1993). Cellulose. In: Macrae, R., Robinson, R.K., Sad‐
dler, M.J., (eds.) Encyclopedia of food science, food technology and nutrition. Lon‐
don: Academic Press , 758-767.
[27] Klein-marcuschamer, D, Oleskowicz-popiel, P, Simmons, B. A, & Blanch, H. W.
(2012). The challenge of enzyme cost in the production of lignocellulosic biofuels. Bi‐
otechnol. Bioeng., , 109, 1083-1087.

Synergistic Effects of Pretreatment Process on Enzymatic Digestion of Rice Straw for Efficient Ethanol Fermentation
http://dx.doi.org/10.5772/54949

[28] Kolpak, F. J, & Blackwell, J. (1976). Determination of the structure of cellulose II.
Macromolecules , 9, 273-278.
[29] Kumar, R, Mago, G, Balan, V, & Wyman, C. E. (2009). Physical and chemical charac‐
terizations of corn stover and poplar solids resulting from leading pretreatment tech‐
nologies. Bioresour. Technol. , 100, 3948-3962.
[30] Kwasniakova, K, Kokta, B. V, & Koran, Z. (1996). Strength properties of black spruce
wood under different treatment. Wood Sci. Technol. , 30, 463-475.
[31] Lin, Y, & Tanaka, S. (2006). Ethanol fermentation from biomass resources: current
state and prospects. Appl. Microbiol. Biotechnol., , 69, 627-642.
[32] Liu, C. G, & Wyman, C. E. (2004). Impact of fluid velocity on hot water only pretreat‐
ment of corn stover in a flow through reactor. Appl. Biochem. Biotechnol. 113-116,
977-987.
[33] Liu, R, Yu, H, & Huang, Y. (2005). Cellulose (London, England), , 12, 25-34.
[34] Lynd, L. R, Weimer, P. J, Van Zyl, W. H, & Pretorius, I. S. (2002). Microbial cellulose
utilization: fundamentals and biotechnology. Microbiol. Mol. Biol. Rev. , 66, 506-577.
[35] Michell, A. J. (1990). Second derivative FTIR spectra of native celluloses. Carbohydr.
Res., , 197, 53-60.
[36] Mansfield, S. D, Mooney, C, & Saddler, J. N. (1999). Substrates and enzyme charac‐
teristics that limit cellulose hydrolysis. Biotechnol . Prog. , 15, 804-816.
[37] Miller, G. L. (1959). Use of dinitrosalicylic acid reagent for determination of reducing
sugar. Anal. Chem., , 31, 426-428.
[38] Morehead, F. (1950). Ultrasonic disintegration of cellulose fibres before and after acid
hydrolysis. Textile Res. J., , 20, 549-553.
[39] Nelson, M. L, & Connor, O. R.T., (1964). Relation of certain infrared bands to cellu‐
lose crystallinity and crystal lattice type. Part II. A new infrared ratio for estimation
of crystallinity in celluloses I and II. J. Appl. Polymer Sci. , 8, 1325-1341.
[40] Nummi, M, Niku-paavola, M. L, Lappalainen, A, Enari, T. M, & Raunio, V. (1983).
Cellobiohydrolase from Trichoderma reesei. Biochem. J., , 215, 677-683.
[41] Oh, S. Y, Yoo, D. I, Shin, Y. S, Kim, H. C, Kim, H. Y, Chung, Y. S, Park, W. H, & Youk,
J. H. (2005). Crystalline structure analysis of cellulose treated with sodium hydroxide
and carbon dioxide by means of X-ray diffraction and FTIR spectroscopy. Carbohyd.
Res. , 340, 2376-2391.
[42] Oksanen, T, Buchert, J, & Viikari, L. (1997). The role of hemicelluloses in the hornifi‐
cation of bleached kraft pulps, Holzforchung , 51, 355-360.

85

86

Environmental Biotechnology - New Approaches and Prospective Applications

[43] Ouatmane, A, Provengano, M. R, Hafidi, M, & Senesi, N. (2000). Compost maturity
assessment using calorimetry, spectroscopy and chemical analysis. Compost Sci.
Util. , 8, 124-134.
[44] Pandey, K. K. (1999). A study of chemical structure of soft and hardwood and wood
polymers by FTIR spectroscopy. J. Appl. Polymer Sci. , 71, 1969-1975.
[45] Peterlin, A, & Ingram, P. (1970). Morphology of Secondary Wall Fibrils in Cotton.
Textile Res. J., , 40, 345-354.
[46] Ragauskas, A. J, Williams, C. K, Davison, B. H, Britovsek, G, Cairney, J, & Eckert, C.
A. Frederick Jr., W.J., Hallett, J.P., Leak, D.J., Liotta, C.L., Mielenz, J.R., Murphy, R.,
Templer, R., Tschaplinski, T., (2006). The path forward for biofuels and biomaterials.
Science , 311, 484-489.
[47] Roche, C. M, Dibble, C. J, Knutsen, J. S, Stickel, J. J, & Liberatore, M. W. (2009). Parti‐
cle Concentration and Yield Stress of Biomass Slurries during Enzymatic Hydrolysis
at High-Solids Loadings. Biotechnology and Bioengineering , 104, 290-300.
[48] Schwanninger, M, Hinterstoisser, B, Gradinger, C, Messner, K, & Fackler, K. (2004).
Examination of spruce wood biodegraded by Ceriporiopsis subvermispora using near
and mid infrared spectroscopy. J. Near Infrared Spectrosc. , 12, 397-409.
[49] Segal, L, Creely, J. J, Martin, A. E, & Conrad, C. M. (1959). An empirical method for
estimating the degree of crystallinity of native cellulose using the X-ray diffractome‐
ter. Text. Resear. J. , 29, 764-786.
[50] Sene, C. F. B, Mccann, M. C, Wilson, R. H, & Gdnter, R. FT-Raman and FT-Infrared
spectroscopy: An investigation of five higher plant cell walls and their components.
Plant Physiol. , 106, 1623-1633.
[51] Sluiter, A, Hames, B, Ruiz, R, Scarlata, C, Sluiter, J, Templeton, D, & Crocker, D.
(2008). Determination of structural carbohydrates and lignin in biomass Laboratory
Analytical Procedure (LAP). Technical Report NREL/TP-, 510-42618.
[52] Smith, B. (1999). Infrared Spectral Interpretation. CRC Press, Boca Raton, London,
New York, Washington, DC.
[53] Stewart, D, Wilson, H. M, Hendra, P. J, & Morrison, I. M. (1995). Fourier-transform
infrared and Raman-spectroscopic study of biochemical and chemical treatments of
oak wood (Quercus rubra) and barley (Hordeum vulgare) straw. J. Agric. Food Chem. ,
43, 2219-2225.
[54] Sun, J. X, Sun, X. F, Sun, R. C, & Su, Y. Q. (2004). Fractional extraction and structural
characterization of sugarcane bagasse hemicelluloses. Carbohyd. Polym. , 56,
195-204.
[55] Wise, L. E, Murphy, M, & Addieco, A. A. (1946). Isolation of holocellulose from
wood. Pap. Trade J., , 122, 35-43.

Synergistic Effects of Pretreatment Process on Enzymatic Digestion of Rice Straw for Efficient Ethanol Fermentation
http://dx.doi.org/10.5772/54949

[56] Taniguchi, M, Tanaka, M, Matsuno, R, & Kamikubo, T. (1982). Evaluation of chemi‐
cal pretreatment for enzymatic solubilization of rice straw. Eur. J. Appl. Microbiol.
Biotechnol., , 14, 35-39.
[57] Teeri, T. T, Reinikainen, T, & Ruohonen, L. Alwyn Jones, T., Knowles, J.K.C., (1992).
Domain function in Trichoderma reesei cellobiohydrolases. J. Biotechnol. , 21, 169-176.
[58] Zhang, Y-H. P, & Lynd, L. R. (2004). Toward an aggregated understanding of enzy‐
matic hydrolysis of cellulose: Noncomplexed cellulase systems. Biotechnol. Bioeng., ,
88, 797-824.
[59] Zhang, Y-H. P, Himmel, M, & Mielenz, J. R. (2006). Outlook for cellulase improve‐
ment: Screening and selection strategies. Biotechnol. Adv., , 24, 452-481.
[60] Zugenmaier, P. (2001). Conformation and packing of various crystalline cellulose fi‐
bers. Prog. Polym. Sci. , 26, 1341-1417.

87

Section 2

Biodegradation of Hazardous Contaminants

Chapter 5

Microbial Degradation of Persistent
Organophosphorus Flame Retardants
Shouji Takahashi, Katsumasa Abe and Yoshio Kera
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/53749

1. Introduction
1.1. Flame retardants
Flame retardants (FRs) are chemicals used in polymers to protect the public from accidental
fires by preventing or retarding the initial phase of a developing fire (EFRA, 2007). These
chemicals are now found in numerous consumer products, including construction materials,
upholstery, carpets, electronic goods, furniture and also children’s products such as car
seats, strollers and baby clothing. FRs have become indispensable to modern life, and have
saved numerous lives by preventing unexpected fires across the globe.
FRs are divided into two general classes based on their relation to host polymers: addi‐
tive and reactive FRs (WHO, 1997). Additive FRs are simply mixed with host polymers.
The lack of chemical bonding between the FRs and host polymers enables the FRs to
leach out of or volatilize from host polymers over time into the ambient environment.
Reactive FRs are incorporated into host polymers by covalent bonding into the polymer
backbone, and are thus less likely to leach into the environment. Additive FRs are main‐
ly used in thermoplastics, textiles and rubbers, whereas reactive FRs are usually used in
thermoset plastics and resins (SFT, 2009a).
FRs are sub-divided into six groups characterized by their chemical composition: 1) alumi‐
num hydroxide, 2) brominated, 3) organophosphorus, 4) antimony oxides, 5) chlorinated
and 6) other FRs. These groups account for 40%, 23%, 11%, 8%, 7% and 11% of the annual
FR global consumption in 2007, respectively (Beard & Reilly, 2009). The total market for FRs
in the United States, Europe and Asia in 2007 amounted to about 1.8 million tons.
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1.2. Organophosphorus flame retardants
Organophosphorus flame retardants (PFRs) are based primarily on phosphate esters,
phosphonate esters and phosphite esters. The total consumption of FRs in Europe was
an estimated 465,000 tons in 2006, of which 20% comprised PFRs (KLIF, 2010). Of the
PFRs consumed, 55% were chlorinated. Halogenated PFRs are the preferred form of FRs
because halogen inhibits flame formation in organic materials, and non-halogenated
PFRs are typically used as flame-retardant plasticizers (KLIF, 2010).
1.3. Tris(1,3-dichloro-2-propyl) phosphate and tris(2-chloroethyl) phosphate
Tris(1,3-dichloro-2-propyl) phosphate (TDCPP) and tris(2-chloroethyl) phosphate (TCEP)
are typical examples of additive chlorinated PFR (Fig. 1 and Table 1).
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Figure 1. Chemical structure of tris(1,3-dichloro-2-propyl) phosphate (TDCPP) and tris(2-chloroethyl) phosphate
(TCEP)

TDCPP is a viscous colorless to light yellow liquid and is produced by the epoxide opening
of epichlorohydrin in the presence of phosphorus oxychlorine (ATSDR, 2009). TDCPP is
used primarily in flexible polyurethane foams but also in rigid polyurethane foams, resins,
plastics, textile coatings and rubbers (California EPA, 2011). TDCPP was a common ingredi‐
ent of sleepwear for children in the 1970s, but was voluntarily withdrawn by manufactures
in 1977 because of its proven mutagenicity (California EPA, 2011). However, the PFR can
still be found in many baby products (Stapleton et al., 2011). Currently, TDCPP is used
mostly in flexible polyurethane foams for upholstered furniture and automotive products.
TDCPP consumption has increased following the ban on common FR polybrominated di‐
phenyl ethers (PBDEs). Consequently, total TDCCP production has increased, being an esti‐
mated 4,500-22,700 tons in the United States in 2006 and <10,000 tons in Europe in 2000 (van
der Veen & de Boer, 2012).
TCEP is colorless to pale yellow liquid and is highly soluble in water (Fig. 1 and Table
1). The compound is chemically synthesized via condensation of phosphorus oxychlor‐
ide and chloroalkyl alcohol at low temperatures and pressures to avoid formation of al‐
kyl chlorides (ATSDR, 2009). Previously, the main purpose of TCEP was to reduce the
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brittleness of flame-resistant rigid or semirigid polyurethane foams. More recently, it has
been used as a flame-retarding plasticizer and viscosity regulator in unsaturated polyest‐
er resin (accounting for around 80% of current use) (EURAR, 2009). TCEP-containing
polymers are commonly used in the furniture, textile and building industries (for exam‐
ple, more than 80% of the TCEP consumption in the EU is invested in roofing insula‐
tion). TCEP is also used in car, railway and aircraft materials, and in professional paints.
Since the 1980s, TCEP has been progressively replaced by other flame retardants, pri‐
marily tris(1-chloro-2-propyl) phosphate (TCPP). Consequently, global consumption of
TCEP in the EU, which exceeded 9,000 tons in 1989, declined to below 4,000 tons by
1997. TCEP is no longer produced in the EU (EURAR, 2009).

Cas number:

tris(1,3-dichloro-2-propyl) phosphate

tris(2-chloropropyl) phosphate

(US EPA, 2005)

(EURAR, 2009)

13674-87-8

115-96-8

Tris(1,3-dichloro-2-propyl) phosphate
Tris-(2-chloro-,1-chloromethyl-ethyl)-

Synonym:

phosphate

Tris(2-chloroethyl) phosphate

1,3-dichloro-2-propanol phosphate

Tris(β-chloroethyl) phosphate

Phosphoricacid, tris(1,3-dichloro-2-

2-chloroethanol phosphate

propylester)

Phosphoricacid,tris(2-chloroethyl) ester

Tris(1,3-dichloroisopropyl) phosphate

Tris(2-chloroethyl) orthophosphate

Tris(1-chloromethyl-2-chloroethyl)

Tris(chloroethyl) phosphate

phosphate
Tri(β, β’-dichloroisopropyl) phosphate
TDCPP

TCEP

TDCP

TClEP

Molecular weight:

430.91

285.49

Physical state:

Viscous, clear liquid

Clear, transparent, Low viscosity liquid

Melting point:

-58°C

<-70°C

Boiling point:

236-237°C at 5 mm Hg

Decomposition at 320°C at 1013 hPa

Density:

1.52

1.4193 (25°C)

Vapor pressure:

0.01 mmHg (30°C)

Water solubility:

42 mg/L

7.82 g/L (20°C)

2.4

1.78

Abbreviation:

n-Octanol/water
partition coefficient:

43 Pa (136.9°C)
0.00114 Pa (20°C, extrapolated)

Table 1. General aspect of Tris(1,3-dichloro-2-propyl) phosphate (TDCPP) and tris(2-chloroethyl) phosphate (TCEP)
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1.4. Occurrence and behavior of TDCPP and TCEP in the environment
TCEP and TDCPP have been detected in various environments worldwide, including in‐
door and outdoor air, surface and ground waters, and even drinking water (Tables 2 and 3).
It is unlikely that these compounds are produced naturally. Their environmental presence is
thus considered to be the result of human activity. Because these PFRs are physicochemical‐
ly and microbiologically stable in the environment and are also reportedly toxic, they are a
serious threat to human and ecosystem health.
1.4.1. TDCPP
Detected air concentrations of TDCPP have attained up to150 ng m3-1 in Sweden houses, and
in Belgium office and stores, they have reached 73 ng m3-1 (Table 2). In outdoor air, TDCPP
levels near a main road in Sweden ranged from <0.04-0.072 m3-1, and significant amounts
have been detected globally in air borne particles over the Pacific, Indian, Arctic and South‐
ern Oceans. TDCPP has been also found in indoor dust at relatively higher concentrations.
Levels of TDCPP have tended to be higher in public buildings than in domestic buildings.
With respect to water environments, TDCPP concentrations have been detected at up to ~50
ng L-1 in German rivers and at 1,335 ng L-1 in Italian lakes. In these countries, it also occurs in
rain and/or snow, as a result of volatilization from host materials. A much higher TDCPP
concentration was detected in raw water at a disposal site in Japan, suggesting that the com‐
pound leaches and migrates to water sources. In the United States and Germany, TDCPP
has even been detected in drinking water processed in treatment plants (DWTs). Relatively
higher concentrations of TDCPP occur in landfill site sediments. Much higher concentra‐
tions still have been found in sediments near a car demolition site in Norway.
TDCPP has been also detected in the effluents of sewage treatment plants (STPs) and waste
water treatment plants (WWTPs) in European countries and Japan, revealing that effluents
are a source of aquatic TDCPP contamination. Comparable levels have been observed in the
influents, indicating that the compound persists in the treatment plants. Degradation of
TDCPP in the environment has been reported as low. Together, these observations suggest
that TDCPP is likely to accumulate in the environment.
Environment

Concentration

Location

Country

Reference

Indoor air:

<0.04-18 ng m

office and store

Norway

SFT, 2008

<0.2-150 ng m3-1

home, cinema, university,

Sweden

Marklund et al., 2005a

Sweden

Staaf & Ostman, 2005

3-1

hospital, hotel, prison,
library, office shops
<0.3-7 ng m3-1

lecture and computer hall,
electronic dismantling
facility recycling plant

<73 ng m3-1

work place

Belgium

Bergh et al., 2011

<61.4 ng m

house

Japan

Kanazawa et al., 2010

3-1
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Environment

Concentration

Location

Country

Reference

1.3 ng m

newly constructed house

Japan

Saito et al., 2007

<0.6 ng m3-1,

house and office

Japan

Saito et al., 2007

home, cinema, university,

Sweden

Marklund et al., 2003

3-1

<8.7 ng m3-1
Indoor dust:

0.2-67 μg g-1

hospital, hotel, prison,
library, office shops
<0.08-6.64 μg g

house

Belgium

van den Eede et al., 2011

<0.08-56.2 μg g-1

store

Belgium

van den Eede et al., 2011

-1

2.2-27 μg g

home

Belgium

Bergh et al., 2011

3.9-150 μg g-1

day care

Belgium

Bergh et al., 2011

3.3-91 μg g-1

work place

Belgium

Bergh et al., 2011

-1

<1.1 μg g

house

Spain

Garcia et al., 2007

<0.09-56.1 μg g-1

house

United States

Stapleton et al., 2009

0.069-18 μg g-1

hotel

Japan

Takigami et al., 2009

<127 μg kg

house

Japan

Kanazawa et al., 2010

Sweden

Marklund et al., 2003

remote area from main road Sweden

Marklund et al., 2003

-1

-1

Outdoor air:

<0.04-0.072 ng m3-1 nearby main road
<0.04-0.14 ng m3-1
3-1

n.d.-5 pg m

sea

Arctic ocean

Moller et al., 2012

16-52 pg m3-1

sea

Japan

Moller et al., 2012

5-8 pg m3-1

sea

Northern pacific

Moller et al., 2012

49-780 pg m3-13

sea

East Indian

ocean
Moller et al., 2012

archipelago,
Philippine sea
n.d.-220 pg m3-13

sea

Indian ocean

Moller et al., 2012

80 pg m3-1

sea

Southern ocean

Moller et al., 2012

river

Germany

Andresen & Bester, 2006

~50 ng L-1

river

Germany

Andresen et al., 2004

2-24 ng L-1

rain

Germany

Regnery & Püttmann, 2009

Surface water: 10-18 ng L-1

5-40 ng L

snow

Germany

Regnery & Püttmann, 2009

<19 ng L-1

river

Austria

Martinez-Carballo et al., 2007

river

Austria

Martinez-Carballo et al., 2007

-1

<3.0-19 ng L-1
<1,335 ng L

lake

Italy

Bacaloni et al., 2008

108-448 ng L-1

rain

Italy

Bacaloni et al., 2008

680-6,180 ng L-1

raw water of waste disposal Japan

-1

Kawagoshi et al., 1999

site
Drinking water: 1.2-2.4 ng L-1

water after drinking water

Germany

Andresen & Bester, 2006

United States

Stackelberg et al., 2004

treatment
<250 ng L-1

water after drinking water
treatment
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Environment

Concentration

Sediment:

<0.15-54 μg kg

-1

Location

Country

Reference

lake and fjord at vicinity of

Norway

KLIF, 2010

Norway

SFT, 2008

WWFP
1,500-4,100 μg kg-1 landfill site

Sludge:
Influent:

Effluent:

Biota:

<250-8,800 μg kg-1

car demolition site

Norway

SFT, 2008

<709 μg kg-1

waste disposal site

Japan

Kawagoshi et al., 1999

110-330 μg kg-1

Norway

SFT, 2008

3.0-260 μg kg-1

Sweden

Stackelberg et al., 2004

630-820 ng L-1

WWTP

Norway

SFT, 2008

240-450 ng L-1

STP

Sweden

Marklund et al., 2005b

330-1,600 ng L-1

STP

Japan

Ishikawa et al., 1985

86-740 ng L-1

WWTP

Norway

SFT, 2008

130-340 ng L-1

STP

Sweden

Marklund et al., 2005b

20-120 ng L-1

STP

Germany

Andresen et al., 2004

19-1,400 ng L-1

WWTP

Austria

Martinez-Carballo et al., 2007

280-1,400 ng L-1

STP

Japan

Ishikawa et al., 1985

<6.0 ng g-1

fish liver

Norway

SFT, 2009b

<0.3-6.7 ng g

fish muscle

Norway

SFT, 2009b

<0.72-1.9 ng g-1

bird egg

Norway

KLIF, 2010

<0.11-0.16 ng g-1

bird blood and plasma

Norway

KLIF, 2010

-1

<0.6-8.1 ng g

whole fish

Norway

SFT, 2009b

<1.5 ng g-1

seabird liver

Norway

SFT, 2009b

<0.3-1.2 ng g-1

whole fish liver

Norway

SFT, 2009b

<5.0 ng g ,

cod liver and mussel

Norway

SFT, 2008

49-140 ng g-1

freshwater fishes close to

Norway

Sundkvist et al., 2010

16.-5.3 ng g-1

human milk

Sweden

Sundkvist et al., 2010

-1

-1

<10-<30 ng g-1
sources

Table 2. Occurrence and behavior of TDCPP

TDCPP has also been detected in biological samples, including fishes, mussels and birds.
In Norway, fishes and mussels were observed to contain up to 8.1 and 30 ng g-1 of
TDCPP, respectively. In bird blood/plasma and eggs respectively, TDCPP levels range
from <0.11-0.16 and from <0.72-1.9 ng g-1. In Sweden, freshwater fishes close to emission
sources contained 49-140 ng g-1 TDCPP. Worryingly, TDCPP has also been detected in
the breast milk of Swedish women.
1.4.2. TCEP
In Sweden, the highest detected air concentration of TCEP was 730 ng m3-1 inside an office
furnished with linoleum floor and a new photocopier (Table 3). In outdoor air, it can reach
6.2 ng m3-1 beside a main road, but remote areas harbor less than 0.2 ng m3-1, implicating
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road traffic as an important source of TCEP emission. TCEP has also been detected globally
in air borne particles over the Pacific, Indian, Arctic and Southern Ocean. In Belgium, indoor
dust can contain up to 260 μg g-1 TCEP. TCEP concentrations in dusts of public spaces tend
to exceed those in domestic dusts.
TCEP ranges from <3.0-1,236 ng L-1 in German rivers, lakes and reservoirs. In this country
and in Italy, it has also been detected in rain and/or snow, indicating that, like TDCPP,
TCEP volatilizes from its host materials. Groundwater TCEP levels up to 754 ng L-1 have
been reported in Germany, suggesting that TCEP primarily mobilizes into water rather than
attaching to soil. TCEP also occurs in drinking water or finished water from DWTs; record‐
ed concentrations are as high as 99, 25 and 1.7 ng L-1 in the United States, Korea and Germa‐
ny, respectively. Much higher concentrations have been observed in raw water of waste
disposal sites in Japan. Relatively higher concentrations of TCEP have been detected in land‐
fill site sediments in Japan and Norway (up to 7,400 and 380 μg kg-1, respectively). Especial‐
ly high concentrations were found in the sediment nearby a car demolition site.
TCEP has been also detected in STP or WWTP effluents in many countries. Comparable lev‐
els of TCEP are observed in the influents. These observations demonstrate that, like TDCPP,
TCEP persists in the treatment plants.
Also similarly to TDCPP, TCEP has been detected in biological samples, including fishes,
crabs, mussels and birds. In Norway, fishes and mussels respectively contain up to 26 and
23 ng g-1 TCEP. In birds and their eggs, TCEP levels can reach up to 6.1 ng g-1. In fishes resid‐
ing near emission sources in Sweden, they reach up to 69 and 160 ng g-1 respectively. Fur‐
thermore, like TDCPP, TCEP has been detected in the breast milk of Swedish women.
Environment Concentration
Indoor air:

<0.2-23 ng m

3-1

Location

Country

office and store

Norway

3, 9 ng m3-1

lecture room and kindergarten Sweden

0.4-730 ng m3-1

home, cinema, university,

Reference
SFT, 2008
Tollback et al., 2006

Sweden

Marklund et al., 2005a

Sweden

Staaf & Ostman, 2005

Sweden

Hartmann et al., 2004

3-15 ng m3-1

lecture room and office room Sweden

Bjorklund et al., 2004

<297 ng m3-1

house

Japan

Kanazawa et al., 2010

<136 ng m3-1,

house and office

Japan

Saito et al., 2007

hospital, hotel, prison, library,
office shops
<0.3-10 ng m3-1

Lecture and computer hall,
electronic dismantling facility
recycling plant

<22 ng m3-1

car, theater, furniture store,
office and electronics store

<42.1 ng m3-1
1.2 ng m3-1

newly constructed house

Japan

Saito et al., 2007

<28 ng m3-1

home

Belgium

Bergh et al., 2011

7.8-230 ng m3-1

day care center

Belgium

Bergh et al., 2011
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Environment Concentration
<140 ng m
Indoor dust:

3-1

0.19-94 μg g-1

Location

Country

Reference

work place

Belgium

Bergh et al., 2011

home, cinema, university,

Sweden

Marklund et al., 2003

hospital, hotel, prison, library,
office shops
<0.08-2.65 μg g-1

house

Belgium

van den Eede et al., 2011
Bergh et al., 2011

<33 μg g

house

Belgium

<0.08-5.46 μg g-1

store

Belgium

van den Eede et al., 2011

2.5-150 μg g-1

day care center

Belgium

Bergh et al., 2011

1.3-260 μg g-1

work place

Belgium

Bergh et al., 2011

0.25-1.56 μg g-1

house

Spain

Garcia et al., 2007

<308 μg g-1

house

Japan

Kanazawa et al., 2010

0.082-2.3 μg g-1

hotel

Japan

Takigami et al., 2009

0.51-6.2 ng m3-1

nearby main road

Sweden

Marklund et al., 2003

<0.2 ng m3-1

remote area from main road

Sweden

Marklund et al., 2003

126-585 pg m3-1

ocean

Arctic ocean

Moller et al., 2012

273-1,961 pg m3-1

sea

Japan

Moller et al., 2012

159-282 pg m3-1

sea

Northern pacific

Moller et al., 2012

19-156 pg m3-1

sea

-1

Outdoor air:

ocean
East Indian

Moller et al., 2012

archipelago,
Philippine sea
46-570 pg m3-1

sea

Indian ocean

Moller et al., 2012

74 pg m3-1

sea

Southern ocean

Moller et al., 2012

lake and reservoir

Germany

Regnery & Püttmann , 2010

12-130 ng L-1

river

Germany

Andresen & Bester, 2006

13-130 ng L-1

river

Germany

Andresen et al., 2004

Surface water: <3-184 ng L-1

<1,236 ng L

river

Germany

Fries & Püttmann , 2003

11-196 ng L-1

rain

Germany

Regnery & Püttmann, 2009

121 ng L-1

rain

Germany

Fries & Püttmann , 2003

-1

19-60 ng L

snow

Germany

Regnery & Püttmann, 2009

13-130 ng L-1

river

Austria

Martinez-Carballo et al., 2007

<33 ng L-1

lakes

Italy

Bacaloni et al., 2008

-1

-1

7 ng L

river

Italy

Bacaloni et al., 2007

19-161 ng L-1

rain

Italy

Bacaloni et al., 2008

4,230-87,400 ng L-1

raw water of waste disposal

Japan

Kawagoshi et al., 1999

14-347 ng L-1

river and sea water

Japan

Ishikawa et al., 1985

14-81 ng L-1

lake and river

Korea

Kim et al., 2007

Germany

European Commission DG

Germany

Fries & Püttmann , 2003

site

Ground water: 3-9 ng L-1

ENV, 2011
<312 ng L-1
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Environment Concentration
<754 ng L

Location

Country

Reference

Germany

Fries & Püttmann , 2001

Germany

Andresen & Bester, 2006

United States

Stackelberg et al., 2007

United States

Stackelberg et al., 2004

Korea

Kim et al., 2007

Norway

KLIF, 2010

landfill site

Norway

SFT, 2008
SFT, 2008

-1

water after drinking water

Drinking water: 0.74-1.7 ng L-1

treatment
4-99 ng L-1

water after drinking water
treatment

<99 ng L-1

water after drinking water
treatment

14, 25 ng L-1

water after drinking water
treatment

Sediment:

<0.16-8.5 μg kg-1

lake and fjord at vicinity of
WWFP

27-380 μg kg-1
2,300-5,500 μg kg

car demolition site

Norway

<160 μg kg-1

river

Austria

Martinez-Carballo et al., 2007

<7,400 μg kg-1

waste disposal site

Japan

Kawagoshi et al., 1999

<9-<19 μg kg-1

Norway

SFT, 2008

6.6-110 μg kg-1

Sweden

Marklund et al., 2005b

-1

Sludge:
Influent:

2,000-2,500 ng L-1

STP

Norway

SFT, 2008

-1

90-1,000 ng L

STP

Sweden

Marklund et al., 2005b

290, 180 ng L-1

STP

Germany

Meyer & Bester, 2004

983-1,123 ng L

municipal STWs

Germany

Fries & Püttmann , 2003

<0.025-0.3 ng L-1

STP

Spain

Rodriguez et al., 2006

540-1,200 ng L-1

STP

Japan

Ishikawa et al., 1985

-1

Effluent:

1600-2,200 ng L

STP

Norway

SFT, 2008

350-890 ng L-1

STP

Sweden

Marklund et al., 2005b

350, 370 ng L-1

STP

Germany

Meyer & Bester, 2004

-1

214-557 ng L

municipal STWs

Germany

Fries & Püttmann , 2003

<0.025-0.7 ng L-1

STP

Spain

Rodriguez et al., 2006

500-1,200 ng L-1

STP

Japan

Ishikawa et al., 1985

0.5-5.0 ng g

fish muscle and liver

Norway

SFT, 2009b

1.8-3.2 ng kg-1

whole fish

Norway

SFT, 2009b

<5 ng g ,

cod liver and mussel

Norway

SFT, 2008

sea bird liver

Norway

SFT, 2009b

-1

Biota:

-1

13-26 ng g-1
-1

<10-23 ng g-1
<0.6-4.7 ng g-1
<0.17-19 ng g

beach crab

Norway

KLIF, 2010

<0.06-0.11 ng g-1

blue mussel

Norway

KLIF, 2010

<1.7-8.6 ng g-1

burbot liver

Norway

KLIF, 2010

-1

<0.08-0.21 ng g

trout

Norway

KLIF, 2010

<0.33-6.1 ng g-1

bird egg

Norway

KLIF, 2010

<0.17-6.0 ng g-1

bird blood and plasma

Norway

KLIF, 2010

-1
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Environment Concentration
1.5-69 ng g

-1

<160 ng g-1

Location

Country

Reference

marine fishes

Sweden

Sundkvist et al., 2010

freshwater fishes close to

Sweden

Sundkvist et al., 2010

Sweden

Sundkvist et al., 2010

sources
201-8.2 ng g-1

human milk

Table 3. Occurrence and behavior of TCEP

1.5. Toxicological information of TDCPP and TCEP
Since the toxic effects of TCEP and TDCPP have been regarded as marginal compared
to those of PBDEs, they have been extensively used. However, their non-negligible toxic‐
ities have been revealed in a number of studies (Tables 4 and 5). Together with their
persistence in the environment, the environmental contamination of both compounds
has become of serious concern.
1.5.1. TDCPP
Rats given oral doses of TDCPP absorb more than 90% of the compound within 24 h, with
the highest concentrations being observed in kidney, liver and lung (EURAR, 2008). The
acute toxicity of oral TDCPP has been reported as low, with LD50 values ranging from 2,250
mg kg-1 for female mice to 6,800 mg kg-1 for male rabbits (Table 4). In a 2-year chronic toxici‐
ty study in rats, the lowest observable adverse effect level (LOAEL) was 5 mg kg-1 day-1. In
that study, statistically significant relationships between TDCPP dose and tumor incidences
were observed in both male and female rats. Consequently, TDCPP is today classified as
Carc. Cat. 3; R40 and Cat. 2; H351, denoting “limited evidence of a carcinogenic effect” and
“suspected of causing cancer”, respectively.
A number of TDCPP genotoxicity studies have been conducted in whole mammals that
have resulted in negative conclusions regarding genotoxicity (Albemarle Corp. & ICL North
America Inc., 2011). However, in vitro studies using bacteria and mammalian cells have sug‐
gested that TDCPP exerts genotoxic effects, and an in vivo study showed its covalent bind‐
ing to DNA (US EPA, 2005; Morales & Matthews, 1980).
Similarly, neurotoxicity studies of TDCPP involving hens and rats reveal no clear evidence
that TDCPP is neurotoxic. However, a study based on undifferentiated and differentiating
PC12 cells showed its potential neurotoxicity (Dishaw et al., 2011).
Whether, and to what extent, TDCPP is toxic to humans remains unknown. However,
TDCPP has been shown to alter sex hormone balance in human cell lines, via alteration of
steroidogenesis or estrogen metabolism (Liu et al., 2012). In addition, TDCPP concentrations
in house dusts have been linked to altered hormone levels and decreased semen quality in
men (Meeker & Stapleton, 2010).
TDCPP is regarded as toxic to aquatic organisms (EURAR, 2008). An acute toxicity study on
fish trout yielded an LC50 value of 1.1 mg L-1. Acute and chronic toxicity studies conducted
on the invertebrate Daphnia produced an EC50 value of 3.8 mg L-1. In a chronic study on the
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alga Pseudokirchneriella, ErC10 (10% growth-rate inhibition) was recorded as 2.3 mg L-1. Thus,
TDCPP is classified as N; R51/53, denoting “Toxic to aquatic organisms, may cause longterm adverse effects in the aquatic environment”. In addition, an LC50 of 23 mg kg-1 has been
reported for a terrestrial organism, the earthworm Eisenia.
Toxicity

Organism

Reference

Acute toxicity

LD50=6,800 mg kg-1 male rabbit

US EPA, 2005

LD50=3,160 mg kg-1 male rat

EURAR, 2008

LD50=2,670 mg kg male mice
-1

LD50=2,250 mg kg-1 female mice
LD50=2,236 mg kg-1 male rat
LD50=2,489 mg kg-1 female rat
Chronic toxicity

LOAEL=5 mg kg-1 day-1 rat for hyperplasia and

EURAR, 2008

convoluted tubule epithelium
Cytotoxicity

hepatocytes and neuronal cells

Crump et al., 2012

Neurotoxicity

in vitro PC12 cells

Dishaw et al., 2011

Carcinogenicity

rat

California EPA, 2011

Genotoxicity

in vivo Salmonella typhimurium

California EPA, 2011

in vitro mouse, Chinese hamster and rat cells
Toxic to aquatic organisms

fishes, invertebrates and algae

EURAR, 2008

LC50=1.1 mg L rainbow trout (96 h)
-1

EC50=3.8 mg L-1 Daphnia magana (48 h)
LOEC=1.0 mg L-1 Daphnia for reproduction (21 days)
NOEC=0.5 mg L-1 Daphnia for reproduction (21 days)
ErC10=2.3 mg L-1 algae
LC50=23 mg kg-1 earthworm Eisenia
NOEC=2.9 mg kg-1 earthworm Eisenia for reproduction
NOEC=17 mg kg-1 plant Mustard
Alter hormone levels

human and zebra fish cells

Liu et al., 2012

Decreased sperm quality

human

Meeker & Stapleton, 2010

Table 4. Toxicological information of TDCPP

1.5.2. TCEP
Rats given oral doses of TCEP absorb over 90% of the compound within 24 h, with marked
accumulations in liver, kidney, fat and the gastrointestinal tract (EURAR, 2009). In animals,
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TCEP appears to be mainly toxic to brain, kidney and liver. Toxicity studies have implicated
TCEP as moderately toxic; in rats, oral administration yields an LD50 of 430-1,230 mg kg-1
and skin contact reveals a low acute dermal toxicity (LD50 >2,150 mg kg-1) (Table 5). A 2-year
chronic toxicity study of TCEP yielded LOAELs of 44 mg kg-1 day-1 in rats and 175 mg kg-1
day-1 in mice. The same study indicated that TCEP is potentially neurotoxic, with no ob‐
served adverse effect levels (NOAELs) in rats and mice being 88 mg kg-1 day-1 and 175 mg
kg-1 day-1, respectively.

Toxicity

Organism

Reference

Acute toxicity

LD50=430-1,230 mg kg-1 rat

EURAR, 2009

LD50>2,150 mg kg-1 rat for dermal

EURAR, 2009

Chronic toxicity

LOAEL=44 mg kg-1 day-1 rat for kidney lesions (2 years) EURAR, 2009
LOAEL=175 mg kg-1 mouse for kidney morphology (2 EURAR, 2009
years)

Neurotoxicity

rat and mouse

EURAR, 2009

NOAEL=88 mg kg-1 day-1 rats (16 weeks by gavage)
NOAEL=175 mg kg-1 day-1 mouse (16 weeks by
gavage)
Reproductive toxicity

rat and mouse

EURAR, 2009

NOAEL=175 mg kg-1 day-1 mouse for fertility
Carcinogenicity

rat and mouse

SCHER, 2012

Toxic to aquatic organisms

killifish, trout and goldfish

EURAR, 2009

Alter sex hormone balance

human cells and Zebra fish

Liu et al., 2012

Alter cell cycle regulatory protein

rabbit renal proximal tubule cells

Ren et al., 2008

expression
Table 5. Toxicological information of TCEP

In the 2-year study, increased incidences of adenomas and carcinomas were linked to TCEP
exposure, revealing TCEP as a potential carcinogen (EURAR, 2009). TCEP is thus classified
as Carc. Cat. 3; R40. Because TCEP additionally exhibits reproductive toxicity in rats and
mice, it is also classified as Repr. Cat. 2; R60, denoting “may impair fertility”. TCEP at envi‐
ronmental concentrations has been reported to affect the expression of cell cycle regulatory
genes in primary cultured rabbit renal proximal tubule cells (Ren et al., 2008).
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TCEP is toxic to aquatic organisms, being classified as N; R51/53 (EURAR, 2009). Short term
exposure to TCEP is mildly-moderately adverse to the aquatic invertebrate organisms Daph‐
nia and Planaria, and TCEP presents low acute toxicity to killifish, trout and goldfishes.
The toxic effects of TCEP in humans are largely unknown. However, neurotoxic signs have
been reported in a 5-year old child who slept in a room with wood paneling containing 3%
TCEP (Ingerowski & Ingerowski, 1997). In addition, an epidemiological study of children in
school environments found a potential association between the TCEP content in air-bone
dusts and impaired cognitive ability (UBA, 2008). TCEP has been further reported to alter
the sex hormone balance in human cells, as well as in fish cells.
1.6. Removal technique for TDCPP and TCEP
The persistence of chlorinated FRs TCEP and TDCPP in current waste water and drinking
water treatment processes has accelerated the investigation of alternative water treatment
techniques that will dispel these compounds.
Echigo et al. showed that TDCPP in distilled water and an effluent from a solid waste land‐
fill site is effectively degraded by O3/vacuum UV or O3/H2O2 process, although degradation
products were not determined in this study (Echigo et al., 1996). Westerhoff et al. reported
that >20% of approximately 30 ng L-1 of TCEP in surface water samples can be removed with
powdered activated carbon, but that other adsorptive processes, metal salt coagulation and
lime softening, and oxidative processes (chlorination and ozonation) are ineffective (West‐
erhoff et al., 2005). Lee et al. showed that > 90% removal efficiency of 100 μg L-1 of TCEP in
river and sea waters is possible using tight nanofiltration membranes with a low molecular
weight cutoff of approximately 200 (Lee et al., 2008). Watts et al. demonstrated that the high‐
er removing efficacy (> 95%) of 5 mg L-1 of TCEP in a water is achieved by a UV/H2O2 ad‐
vanced oxidation process with the highest UV fluence at 6,000 mJ cm-2 (Watts & Linden,
2008). In this study, the generation of stoichiometric amount of chloride ion was observed.
In addition, Benotti et al. reported that UV/TiO2 supplemented with H2O2 can decrease the
concentration of TCEP in a river water, although the degradation was not so effective and
not completed (Benotti et al., 2009).

2. Microbial degradation and detoxification of TDCPP and TCEP
FRs have been widely distributed commercially and are necessary to prevent or reduce mor‐
tality from accidental fires. However, the leaching of additive FRs has led to global contami‐
nation of the environment. The chlorinated PFRs TCEP and TDCPP persist in the
environment and exhibit varying toxic effects, raising concerns about their effects on human
and ecological health. Although several physicochemical methods for removing TCEP and
TDCPP have been reported (as described above), biotechnological techniques offer an attrac‐
tive alternative, being potentially cost-effective, eco-friendly and enabling in situ remedia‐
tion of contaminants. However, prior to recent isolation of TCEP- and TDCPP-degrading
bacteria by our group, no biological degrading agent for such compounds was known.
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2.1. Isolation and characterization of TDCPP- and TCEP-degrading bacteria
2.1.1. Enrichment of TCEP and TDCPP-degrading bacteria
2.1.1.1. Enrichment cultivation of TCEP and TDCPP-degrading bacteria
To obtain microorganisms that can degrade TDCPP and TCEP, we used an enrichment cul‐
ture technique in which one of TDCPP or TCEP served as the sole phosphorus source (Taka‐
hashi et al., 2008). Forty six environmental samples (soils and sediments) in Japan were
cultivated at 30°C in minimal medium containing approximately 20 μM of each compound.
Significant degradation of TCEP and TDCPP was seen in ten and three of the samples, re‐
spectively. In the first cultivation round, each compound had disappeared within 2 to 5
days; successive sub-cultivations reduced the degradation time to within one day. The en‐
richment cultures displaying the highest degradation efficacy against TCEP and TDCPP
were designated 67E and 45D, respectively. Culture 67E completely degraded 20 μM of
TDCPP in 3 h and TCEP in 6 h (Fig. 2A and B), while culture 45D completely degraded the
same concentration of TDCPP in 3 h and TCEP in 24 h. During the degradations, 2-CE was
liberated from TCEP and 1,3-DCP from TDCPP, indicating that the degradation pathway in‐
volved hydrolysis of phosphoester bonds.
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Figure 2. Degradation of TCEP (A) and TDCPP (B) by enrichment cultures. The enrichment cultures, 67E (circles) and
45D (triangles), were cultivated on 20 µM of TCEP or TDCPP as the sole phosphorus source.

2.1.1.2. 2-CE and 1,3-DCP degradation ability of enrichment cultures
The metabolites 2-CE and 1,3-DCP are also persistent and toxic: 1,3-DCP is a known gen‐
otoxin and carcinogen (NTP & NIEHS, 2005), while 2-CE exhibits genotoxicity, fetotoxici‐
ty and cardiotoxicity (National Toxicology, 1985). We analyzed whether the cultures can
degrade the metabolites by measuring chloride ion formation. Cultures 67E and 45D liber‐
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ated chloride ions from 2-CE and 1,3-DCP, respectively. After 120 h reaction, the propor‐
tion of chloride ion was approximately 100% and 68.5% of the total chlorine contained in
the supplied 2-CE and 1,3-DCP, respectively. This shows that both cultures can deha‐
logenate their respective chloroalcohols and can therefore potentially detoxify chlorinated
PFRs in the environment.
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Figure 3. Effect of exogenous phosphate on the degradation of TCEP (A) and TDCPP (B) and the chloride ion forma‐
tion from TCEP (C) and TDCPP (D). The enrichment cultures, 67E (A and C) and 45D (B and D), were cultivated on 20
µM of TCEP or TDCPP as the sole phosphorus source, respectively, with various concentrations of inorganic phosphate
(NaH2PO4): 0 mM (closed circles), 0.02 mM (closed triangle), 0.2 mM (closed squares) and 2 mM (closed diamonds).
Control culture without cell inoculation is indicated by open circles. Each data point represents the mean of at least
two independent determinations.

2.1.1.3. Effect of exogenous phosphate on the degradation ability of enrichment cultures
Phosphate-sufficient conditions are well known to repress the expression of genes involved
in phosphorus utilization. We thus examined the effect of exogenous inorganic phosphate
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on TDCPP and TCEP degradations and chloride ion formation (Fig. 3). At concentrations of
0.02, 0.2 and 2 mM, exogenous inorganic phosphate did not significantly inhibit TCEP and
TDCPP degradation by the respective cultures (Fig. 3A and B), but chloride ion formation
was enhanced at concentrations up to 0.2 mM (Fig. 3C and D). From these results, we con‐
cluded that efficient PFR detoxification could be achieved by optimizing the inorganic phos‐
phate concentration.
2.1.1.4. Bacterial communities of enrichment cultures
To profile the bacterial communities in the cultures, we performed denaturing gradient gel
electrophoresis (DGGE) analysis (Fig. 4). In the absence of inorganic phosphate, two bands
(C1 and C2) were observed in the fingerprint of TCEP-supplemented 67E, which persisted
throughout cultivation (Fig. 4A). With inorganic phosphate added, the intensity of C2 mark‐
edly decreased at later incubation stages (Fig.4A). In 45D supplemented with TDCPP, a sin‐
gle band (D3) was observed at the beginning of cultivation, but at later times two additional
bands (D1 and D2) appeared, regardless of the presence or absence of inorganic phosphate
(Fig. 4B). However, with inorganic phosphate added, the intensity of D2 and D3 decreased
while that of D1 increased at the late stage of cultivation (Fig. 4B). The nucleotide sequence
of C1 and D1 was affiliated with the genus Acidovorax, that of D2 with the genus Aquabacteri‐
um, and C2 and D3 were assigned to the genus Sphingomonas (Table 6). Together with the
effect of exogenous inorganic phosphate on chlorinated PFRs degradation with liberation of
chloride ions, these results imply that the Sphingomonas-related bacteria hydrolyze the PFRs,
and that the Acidovorax-related bacteria dehalogenate the chloroalcohols. Among these bac‐
terial genera, a strain of Sphingomonas sp. has been reported to hydrolyze some organophos‐
phate pesticides, such as chlorpyrifos (Li et al., 2007). However, bacteria that are known to
dehalogenate the chloroalcohols were not identified in the enrichment cultures, suggesting
that a new member, possibly Acidovorax sp., is responsible for dehalogenating the chloroal‐
cohols in the cultures.
Phylogenetic affiliation

Culture

Band

67E

C1

Acidovorax sp.

C2

Sphingomonas sp.

D1

Acidovorax sp.

D2

Aquabacterium sp.

D3

Sphingomonas sp.

45D

Species

Table 6. Phylogenetic affiliation of microorganisms represented by bands in DGGE profiles of the enrichment cultures
67E and 45D.
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Figure 4. DGGE profile of the enrichment cultures 67E (A) and 45D (B) during cultivation in the presence of absence of
inorganic phosphate. The arrowheads indicated the DNA fragments sequenced.

2.1.2. Isolation and characterization of TDCPP- and TCEP-degrading bacteria
2.1.2.1. Isolation of TDCPP- and TCEP-degrading bacteria
We attempted to isolate the bacteria responsible for degrading TDCPP and TCEP in the cul‐
tures 67E and 45D. (Takahashi et al., 2010). In the case of 45D, isolation was achieved by lim‐
iting dilution method. The culture was repeatedly serially diluted in a minimal medium
containing 20 μM of TDCPP and cultivated at 30°C. Finally, the culture was spread onto a
minimal agar plate containing 232 μM of TDCPP as the sole phosphorus source. A single
colony grown on the plate was named strain TDK1 (Fig. 5A). In the case of 67E, the culture
was spread onto a minimal agar plate containing 232 μM of TCEP as the sole phosphorus
source and incubated at 30°C. Single colonies were then cultivated in a minimal medium
containing 20 μM of TCEP as the sole phosphorus source. This isolation procedure was re‐
peated three times, and a single colony was named strain TCM1 (Fig. 5B).

107

108

Environmental Biotechnology - New Approaches and Prospective Applications

2.1.2.2. Identification of TDCPP- and TCEP-degrading bacteria
Both strains were short-rod-shaped bacteria (0.8-1.0 × 1.0-2.5 μm) and produced yellow, cir‐
cular, convex colonies with smooth, glistening surfaces on a nutrient agar plate. As carbon
sources, both strains assimilated glucose, maltose and L-arabinose; in addition, strain TCM1
assimilated potassium gluconate, while strain TDK1 assimilated D-mannose, N-acetyl-Dglucosamine, and D, L-malate. Both strains tested negative for indole, urease, arginine dihy‐
drolase, nitrate reduction, gelatine hydrolysis, and glucose fermentation, and were positive
for esculin hydrolysis. TCM1 and TDK1 tested negative and positive for cytochrome oxi‐
dase, respectively. The morphological and physiological characteristics of the strains were
similar to those of Sphingomonas spp. Furthermore, the 16S rRNA gene sequence of the
strains is closely related to those of sphingomonads, comprising the genera Sphingomonas,
Sphingobium, Novosphingobium and Sphingopyxis (Takeuchi et al., 2001). The phylogenetic tree
constructed from the sequences of these genera showed that strains TCM1 and TDK1 belong
to Sphingobium and Sphingomonas, respectively

A

B

Figure 1. SEM micrographs of TCEP- and TDCPP-degrading bacteria Sphingobium sp. strain TCM1 (A) and Sphingomonas sp. stain TDK1 (B).

Figure 5. SEM micrographs of TCEP- and TDCPP-degrading bacteria Sphingobium sp. strain TCM1 (A) and Sphingomo‐
nas sp. stain TDK1 (B).

2.1.2.3. Degradation ability of TCEP and TDCPP-degrading bacteria
Both strains completely degraded 20 μM of TDCPP within 6 h (Fig. 6A and B). Strain TDK1,
however, was 48 times less effective in degrading TCEP than TCM1 (TCEP degradation time
was 144 h for TDK1, versus 3 h for TCM1) (Fig. 6A and B). During the degradations, 1,3DCP and 2-CE were detected in the cultures of both strains and were not further degraded
(Fig. 6C and D). These results showed that the strains degrade the compounds by hydrolyz‐
ing their phosphotriester bonds. To date, TCM1 and TDK1 are the only isolated microorgan‐
isms reported to degrade the persistent PFRs.
We then analyzed whether the strains can degrade other PFRs by utilizing them as sole
phosphorus source. Both strains grew on tris(2,3-dibromopropyl) phosphate, tricresyl and
triphenyl phosphates. Stain TDK1 did not grow on all trialkyl phosphates tested, whereas

strain TCM1 grew moderately on tributyl phosphate and slightly on tris(2-butoxyethyl)
phosphate, triethyl phosphate and trimethyl phosphate. These results demonstrate that the
strains can degrade not only TDCPP and TCEP but also other PFRs, and that the strains
have different substrate specificity for trialkyl phosphates.
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Figure 6. Degradation of TDCPP and TCEP by strains TCM1 (A) and TDK1 (B) and generation of 2-CE and 1,3-DCP (C
and D). The cultivations were performed aerobically at 30°C in a minimal medium containing 20 μM of TCEP or TDCPP
as the sole phosphorus source. (A and B) Open circles and triangles represent the concentrations of TCEP and TDCPP,
respectively, and their filled forms represent concentrations for autoclaved control cells. (C and D) Open circles and
triangles represent the concentrations of 2-CE and 1,3-DCP, respectively. Each data point represents the mean of at
least two independent determinations.
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2.2. Microbial detoxification of TDCPP and TCEP by two bacterial strains
We have successfully isolated TCEP- and TDCPP-degrading bacteria. However, neither
strain can degrade the resulting toxic and persistent metabolites 2-CE and 1,3-DCP. Elimina‐
tion of the metabolites is required before the strains can be used to degrade TDCPP and
TCEP in practice. Fortunately, bacteria with chloroalcohol-degrading ability have been welldocumented. We thus attempted to completely detoxify the PFRs by combining strain
TCM1 with bacteria capable of degrading the chloroalcohols (Takahashi et al., 2012a; Taka‐
hashi, et al., 2012b).
2.2.1. Microbial detoxification of TDCPP using Sphingobium sp. strain TCM1 and Arthrobacter sp.
strain PY1
Several 1,3-DCP-degrading bacteria have been reported, including Arthrobacter sp. strains
PY1 (Yonetani et al., 2004) and AD2 (van den Wijngaard et al., 1991), A. erithii H10a (Assis et
al., 1998), Agrobacterium radiobacter strain AD1 (van den Wijngaard et al., 1989), and Coryne‐
bacterium sp. strain N-1074 (Nakamura et al., 1991). Of these, Arthrobacter sp. strain PY1 ex‐
hibits high 1,3-DCP degradation ability. Therefore, we attempted to detoxify TDCPP by cohabitation of strain TCM1 and Arthrobacter sp. PY1 in a resting cell reaction (Fig. 7)
(Takahashi et al., 2012a).
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Figure 7. Complete detoxification of TDCPP by Sphingobium sp. strain TCM1 and 1,3-DCP-degrading bacterium Ar‐
throbacter sp. strain PY1.

2.2.1.1. Freezing and lyophilization of strains TCM1 and PY1 cells
For resting cell preparation, we first examined the effect of freezing and lyophilization on
the activity of strains TCM1 and PY1. The TDCPP-hydrolyzing activity of strain TCM1 in‐
tact cells was 1.07 μmol h-1 OD660-1, whereas respective activities of frozen and lyophilized
cells were 0.90 and 0.84 μmol h-1 OD660-1. On the other hand, the 1,3-DCP-dehalogenating ac‐
tivity of strain PY1 intact cells was 0.22 μmol h-1 OD660-1, with respective frozen and lyophi‐
lized cell activities of 0.23 and 0.26 μmol h-1 OD660-1. These results reveal that freezing and
lyophilization treatments cause no significant decline in degradation activities of the strains.
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2.2.1.2. Optimum TDCPP and 1,3-DCP degradation conditions of strains TCM1 and PY1
We then determined the optimum temperature and pH for lyophilized cell activity (Fig. 8).
At pH 9.0 for strain TCM1 and pH 8.5 for strain PY1, the highest activity of TCM1 and PY1
cells occurred at 30°C (2.53 μmol h-1 OD660-1) and 35°C (1.31 μmol h-1 OD660-1), respectively
(Fig. 8A). At 30°C, the highest activity of TCM1 and PY1 cells occurred at pH 8.5 (2.48 μmol
h-1 OD660-1) and pH 9.5 with 50 mM Tris-H2SO4 (0.95 μmol h-1 OD660-1), respectively (Fig. 8B).
We thus established the optimum temperature as 30°C and 35°C and the optimum pH as 8.5
and 9.5 for strains TCM1 and PY1, respectively.
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Figure 8. Effect of temperature and pH on the degradation activity of strains TCM1 and PY1. (A) effect of tempera‐
ture: TDCPP hydrolyzation activity of strain TCM1 cells (closed circle) and 1,3-DCP dehalogenation activity of strain PY1
cells (open circle) were, respectively, assayed in 50 mM Tris-H2SO4 buffer (pH 9.0) and 50 mM Tris-H2SO4 buffer (pH
8.5). (B) effect of pH: TDCPP hydrolyzation activity of strain TCM1 cells (closed symbols) and 1,3-DCP dehalogenation
activity of strain PY1 cells (open symbols) was assayed at 30°C in 50 mM MOPS-NaOH buffer (circle, pH 6.0-7.5), TrisH2SO4 buffer (triangle, pH 7.5-9.5), and glycine-NaOH buffer (square, pH 9.0-12.0). Each datum represents means of
two independent determinations.

2.2.1.3. Complete detoxification of TDCPP by mixed bacteria cells
Based on the optimum conditions, we set the reaction temperature to 30°C and pH to 9.0 (50
mM Tris-H2SO4) for TDCPP detoxification by mixed bacteria (Fig. 9). Under these condi‐
tions, the respective activities of strains TCM1 and PY1 were 2.21 and 0.92 μmol h-1 OD660-1.
In the detoxification reaction using a mixture of TCM1 and PY1 cells (OD660 0.05 and 0.2, re‐
spectively), approximately 50 μM of TDCPP disappeared within 1 h, and 1,3-DCP and chlor‐
ide ions were formed to levels of approximately 100 and 120 μM, respectively, after 2 h (Fig.
9A). This result suggests incomplete detoxification of TDCPP due to low 1,3-DCP dehaloge‐
nation activity. Increasing the strain PY1 population to an OD660 of 4.0 decreased the TDCPP
hydrolyzation rate of TCM1 cells, but completely eliminated the resulting 1,3-DCP after 10 h
(Fig. 9B). At the same time, chloride ion concentration had reached its theoretical value ex‐
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pected from the initial TDCPP concentration, demonstrating that complete detoxification of
TDCPP is achievable using strains TCM1 and PY1.
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Figure 9. Complete detoxification of TDCPP by the mixed resting cells of strains TCM1 and PY1. The reactions were
performed at 30°C with 50 μM TDCPP in 50 mM Tris - H2SO4 buffer (pH 9.0), and TDCPP (circles), 1,3-DCP (triangles)
and chloride ion (squares) were determined. Cell concentrations of strains TCM1 and PY1 for each reaction were, re‐
spectively, OD660 of 0.05 and 0.2 (A) and 0.04 and 4.0 (B). Each datum represents means of two independent determi‐
nations.

2.2.2. Microbial detoxification of TCEP using Sphingobium sp. strain TCM1 and Xanthobacter
autotrophicus strain GJ10
Several 2-CE-degrading bacteria have been reported, including Xanthobacter autotrophicus
strain GJ10 (Janssen et al., 1985), Pseudomonas putida strain US2 (Strotmann et al., 1990)
and P. atutzeri strain JJ (Dijk et al., 2003). Among these, the degradation of 2-CE by X.
autotrophicus strain GJ10 has been well characterized. Therefore, we attempted to detoxi‐
fy TCEP by co-habitation of strain TCM1 and X. autotrophicus strain GJ10 (Fig. 10) (Taka‐
hashi et al., 2012b).
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Figure 10. Complete detoxification of TCEP by Sphingobium sp. strain TCM1 and 2-CE-degrading bacterium Xantho‐
bacter autotrophicus strain GJ10.
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2.2.2.1. Optimum TCEP degradation condition of strain TCM1
We first determined the optimum temperature and pH for TCEP degradation by strain
TCM1 in a resting reaction using lyophilized cells. At pH 7.4, the highest activity was ob‐
tained at 30°C (14.1 nmol min-1 OD660-1). Maintaining this temperature and varying the pH,
the highest activity was recorded at pH 8.5 (14.6 nmol min-1 OD660-1). These optimum condi‐
tions were identical to those for TDCPP, suggesting that the same enzyme(s) might be in‐
volved in the degradation of both compounds.
Under the optimum conditions, TCM1 cells completely eliminated 10, 20 and 50 μM of
TCEP within 3 h, but the generated 2-CE was approximately 50% of its theoretical value
based on the initial TCEP concentrations (Fig. 11). Phosphotriesterase that can hydrolyze or‐
ganophosphorus pesticides structurally similar to TCEP, such as chlorpyrifos, require two
zinc ions for catalysis, and enzyme activity can be maximized by replacing Zn2+ with Co2+
(Omburo et al., 1992). A bacterial phosphodiesterase that can hydrolyze alkyl phosphodiest‐
ers similarly requires divalent metals (Gerlt & Wan, 1979). We therefore examined the effect
of Co2+ as well as cell amount on TCEP hydrolysis (Fig. 11). In the reaction using approxi‐
mately 10 μM of TCEP without Co2+, 2-CE reached 21.2 μM (OD660 of 0.8) after 3 h. Addition
of 50 μM Co2+ resulted in an increase of 2-CE to 32.3 μM, equivalent to the theoretical value
of 30 μM (Fig. 11B). These results showed that complete hydrolysis can be achieved at an
OD660 of 0.8 with 50 μM of Co2+.
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Figure 11. Effect of Co2+ and cell amount on TCEP hydrolysis by strain TCM1-resting cells. The reactions were per‐
formed at 30°C using the resting cells at OD660 of 0.4 (circles) or 0.8 (triangles) with (open symbols) or without (closed
symbols) 50 μM Co2+ in 50 mM Tris-H2SO4 buffer (pH 8.5) containing 10 μM TCEP, and TCEP (A) and 2-CE (B) were
determined. Each datum represents the mean of two independent determinations. The inconsistency of the initial
concentrations of TCEP at zero time with the set-up ones was mainly attributed to reaction progress in several minutes
to stop the reaction.
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2.2.2.2. Optimum 2-CE degradation condition of strain GJ10
We prepared resting cells of intact, frozen and lyophilized cells of X. autotrophicus strain
GJ10 and examined their 2-CE degradation activity. Activity was detected only in frozen
cells at 4.93 pmol min-1 OD450-1, four orders lower than the TCEP degradation activity of
strain TCM1. This low 2-CE degradation activity might be attributable to the lack of
coenzyme regeneration of enzymes involved in the degradation process. We next exam‐
ined 2-CE degradation in a growing cell reaction. The growing cells completely degrad‐
ed approximately 180 μM of 2-CE within 24 h. The degradation ability was estimated to
be a minimum of 7.5 μM h-1, comparable to the TCEP degradation ability of strain
TCM1-resting cells (approximately 10 μM h-1). This result shows that growing cells of
strain GJ10 can degrade 2-CE effectively.
2.2.2.3. Complete detoxification of TCEP by two bacterial strains
Based on the results described above, we examined whether combining TCEP hydrolysis
by TCM1 resting cells and 2-CE degradation by GJ10 growing cells would completely
detoxify TCEP (Fig. 12). TCM1 resting cells abolished 9.6 μM of TCEP within 4 h, releas‐
ing 2-CE at 29.0 μM, equivalent to that estimated from the initial TCEP concentration,
and consistent with complete TCEP hydrolysis (Fig. 12A and B). The generated 2-CE
was abolished by GJ10 growing cells within 48 h, and chloride ion concentration
reached 30.2 μM after 144 h, equivalent to that estimated from the generated 2-CE (Fig.
12C and D). Taken together, these results demonstrate that complete detoxification of
TDCPP can be achieved using strains TCM1 and GJ10.

3. Concluding remarks
We have successfully isolated two novel bacterial strains capable of degrading the persistent
and potential toxic PFRs, TCEP and TDCPP, which have become worldwide environmental
contaminants. The two strains TCM1 and TDK1 belong to Sphingobium sp. and Sphingomonas
sp. respectively. The strains are the first microorganisms reported to degrade the persistent
PFRs. They degrade the compounds by hydrolyzing their phosphotriester bonds to produce
metabolites 1,3-DCP from TDCPP and 2-CE from TCEP, which are themselves toxic and
non-self-biodegradable. In a successful attempt to completely detoxify the FPRs, we com‐
bined TCM1 with the 1.3-DCP-degrading bacterium Arthrobacter sp. strain PY1 (for TDCPP
degradation), and with the 2-CE-degrading bacterium X. autotrophicus strain GJ10 (for TCEP
degradation). This is the first description of microbial FPR detoxification. The bacteria and
the microbial detoxification techniques may prove useful for the bioremediation of sites con‐
taminated with intractable compounds. Further studies on the PFRs-degrading bacteria as
well as the chloroalcohols-degrading bacteria, and on the detoxification techniques, could
help to establish more efficient detoxifications, and could also provide novel insights into
microbial degradation of organophosphorus compounds. We are now working towards elu‐
cidating the enzymes and the genes involved in the degradation processes.
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Figure 12. Complete detoxification of TCEP by Sphingobium sp. strain TCM1-resting cell reaction (A and B) and the
following X. autotrophicus GJ10-growing cell reaction (C and D). The resting cell reaction was performed at 30°C with
(+) or without (-) strain TCM1 cells at OD660 of 0.8 in 50 mM Tris-H2SO4 buffer (pH 8.5) containing 10 μM TCEP and 50
μM Co2+, and TCEP (A) and 2-CE (B) were determined. The growing cell reaction was performed at 30°C with (closed
symbols) or without (open symbols) strain GJ10 cells in a medium containing the generated 2-CE as the sole carbon
source, and 2-CE (C) and chloride ion (D) was determined. ND means not detected. Each datum represents the mean
of two independent determinations.
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1. Introduction
Various industries release a combination of free cyanide and cyanide complexes into the en‐
vironment via a variety of disposal methods, particularly as wastewater. These industries
utilise cyanide based compounds in various operations, including: the beneficiation of met‐
als, electroplating, case hardening, automotive manufacturing, circuitry board manufactur‐
ing, and in chemical industries [23]. Cyanide is often found in organic, hydrocarbon chains
or as inorganic, transition, alkali and alkali earth metal complexes [20]. Many cyanide com‐
plexes are highly unstable, thus temperature, pH and light can degrade the components to
form free cyanide which is the most toxic form of cyanide [20, 26].
There is an overwhelming popularity in industry for the use of chemical treatment methods
for the treatment of free cyanide and cyanide complexes compared to biochemical treatment
methods. Chemical remediation methods like alkaline chlorine oxidation are commonly
used to treat cyanide contaminated wastewater [23, 24]. Chemical oxidation is particularly
ineffective in the treatment of cyanide-metal complexes containing heavy metals, such as
copper, nickel and silver, due to the slow reaction rate [23]. The excess quantity of chlorine
used in the treatment process increases the chemical oxygen demand (COD) of the wastewa‐
ter thereby rendering the water undesirable for reuse, toxic to aquatic life and may produce
organic substances. In order to reduce operational costs, some manufacturers partially treat
the wastewater, resulting in untreated and/or partially decomposed cyanide being dis‐
charged. Other methods of treatment include copper catalysed hydrogen peroxide oxida‐
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tion, ozonation and electrolytic decomposition [23]. However, these methods are unpopular
due to the high capital costs, specialist equipment and maintenance requirements.
Several microorganisms, bacteria such as Nocardia sp. and Rhodococcus sp., fungi such as As‐
pergillus sp. and Fusarium sp. and algae such as Arthrospira maxima and Scenedesmus obliquus,
possess enzymatic mechanisms able to bioremediate free cyanide and cyanide complexes [1,
26]. However, limited studies have been conducted using organic waste and fungal strains
in cyanide bioremediation. Several studies have been conducted using varying concentra‐
tions of free cyanide, with moderate success being achieved in some cases [1].
Since the early 1970’s, progress has been made to develop economically viable continuous
remediation processes such as membrane bioreactors (MBRs) [8]. A membrane is generally
defined as being a selective barrier. The membrane utilised in a bioreactor can provide ei‐
ther a barrier to limit the transport of certain components, while being permeable to others,
thus prevent certain components from contacting a biocatalyst, or contain reactive sites thus
being a catalyst itself [5]. The application of MBRs for the production of enzymes has re‐
ceived considerable attention for their diverse industrial use. A number of microorganisms
have been studied in MBR applications for wastewater using fungi, such as white-rot fun‐
gus, Phanerochaete chrysosporium (P. chrysosporium) [8].
Solid waste generation in South Africa is a problem growing at an exponential rate with the
majority of landfill sites reaching maximum capacity. Approximately 427x106 tonnes of solid
waste is generated in South Africa every year, of which 40% by mass is organic waste [10].
The average amount of waste generated per person in South Africa is 0.7 kg/annum, which
is close to that of developed countries such as the United Kingdom (0.723 kg/annum) and
Singapore (0.87 kg/annum), than for developing countries, such as Nepal (0.3 kg/annum)
[10]. It is sensible to bioaugment biotechnological processes to utilise organic waste materi‐
als, particularly for industries which produce large quantities of it.

2. Overview: Free cyanide
Free cyanide is the simplest form of cyanide and has two forms, namely as a hydrocyanic
molecule or hydrogen cyanide (HCN) which dissociates into an anionic cyanide molecule
(CN-) in solution [20]. By definition, free cyanides are forms of molecular and ionic cyanides
that are released in aqueous solution by the dissolution and dissociation of cyanide com‐
plexes. Simple and weak acid dissociable cyanides are the most unstable and most likely to
form free cyanide in aqueous solution. Simple cyanide compounds are ionically bonded cya‐
nide anions and alkali earth or alkali metals that are neutral, that exist in solid form and dis‐
sociate into alkali earth or alkali metals and free cyanide when in aqueous solutions [20].
Accordingly the environmental risk of cyanide wastewater is not limited to the effluent but
also the possibility of emitting hydrocyanic gas. Hydrocyanic gas is toxic, colourless, distinc‐
tive almond smell at low concentrations, slightly soluble in water and readily dissociates in‐
to hydrogen and anionic cyanide at low pH in aqueous solution [20]. For safety reasons, it is
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advised to keep cyanide solutions at a high pH to prevent the evolvement of hydrocyanic
gas since there is a direct relationship between the dissociation of hydrocyanic molecule and
pH (Figure 1) including temperature [20].

Figure 1. Relationship between HCN in solution and pH [20]

3. Differentiating filamentous fungi: Aspergillus niger and Aspergillus
awamori
Black Aspergilli (Aspergillus section Nigri) species, are aerobic filamentous fungi often de‐
rived from soil. They have shown potential in biotechnology, food and medical applications.
The trait of these species causing agricultural products to spoil had recently shown to be of
benefit. Agricultural waste can be fermented to produce a variety of industrially important
extracellular enzymes, such as cellulase, amylase, xylanase, pectinase, elastase, and organic
acids, such as citric, galacturonic including gluconic acid. Aspergillus niger (A. niger) and As‐
pergillus awamori (A. awamori) are closely related species and A. awamori is often misidenti‐
fied as A. niger. They share similar morphology and growth rates at various temperatures
and produce several common enzymes [34].
3.1. Isolation and identification: Aspergillus awamori
A black filamentous mould was isolated from cyanide contaminated municipal wastewater
discharge drain located in the Western Cape, South Africa. Swab samples were taken at var‐
ious points along the drain and grown on 1 % (w/v) Citrus Pectin Agar (CPA) plates incu‐
bated at 37 °C for 5 days. After incubation, black mycelia of filamentous mould grew on the
plate (Figure 2).
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This was transferred to Potato Dextrose Agar (PDA) plates with 0.2% (v/v) Penicillin-Strep‐
tomycin (PEN-STREP; (10000 units/L of Penicillin and 10 mg of Streptomycin/ml) anti-biotic
solution. The plates were again incubated at 37 ˚C for 5 days. One millilitre (1 ml) of 0.1%
(w/v) Tween 80 solution was added to each plate and a spatula was used to harvest the
spores and mycelium from the plate to form a spore-mycelium suspension. The suspension
was then filtered through a glass wool using 20 ml syringes to entrap the mycelium onto the
glass wool and produce a spore suspension which was stored at 4 ˚C. Afterwards, serial di‐
lutions were made from the spore suspension and the number of spores in each 1 ml, were
determined in duplicate using a Marienfeld Neubauer cell-counter and a Nikon Eclipse
E2000 at a phase contrast of one and magnification of 100x. The absorbance of the diluted
spore suspension was determined at 750 nm using a Jenway 6715 UV/Visible spectropho‐
tometer with distilled water as a blank [31]. A calibration graph for the spore concentration
was determined by plotting the absorbance against the spore concentration (spores/ml), to
quantify spore concentration in the inoculum.

Figure 2. Growth of A. awamori on CPA after incubation at 37 ˚C for 5 days
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To observe the morphological characteristics of the fungus, the isolates were inoculated on
Malt Extract Agar (MEA) and Czapek Yeast Agar (CYA) and incubated at 26 °C for 7 days.
Based on their growth rate, the fungus was presumptively identified as A. awamori. A. awa‐
mori was reported to show rapid growth on the CYA compared to A. niger which exhibited
restricted growth. However, the growth and sporulation on MEA was better than CYA in
the case of both A. niger and A. awamori. The fruiting bodies were mounted in lactic acid be‐
fore they were observed under an oil immersion. The conidial heads for A. awamori were not
well-defined columns in comparison to conidia heads observed for A. niger. The strain
showed colony characteristics of both A. niger and A. awamori. On a general note, the coni‐
diophores and conidia of A. awamori and A. niger are similar and morphologically indistin‐
guishable, as shown in Figure 3 [34].

Figure 3. Growth of isolate on (a & b) MEA and (c & d) CYA
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Figure 4. (a & b) Typical Aspergillus conidiophores with a radial head and (c & d) roughened, round conidia with regu‐
lar low ridges and bars

Molecular characterization was carried out in order to confirm the identity of the fungal iso‐
lates. DNA was extracted from the pure isolates using the ZR Fungal/Bacterial DNA Kit (Zy‐
mo Research, California, USA). The subsequent Polymerase Chain Reaction (PCR) of the
ITS1–5.8S–ITS2 rDNA region was prepared with primers ITS1 and ITS4 [36]. The β-tubulin
gene was amplified using primers Bt2a and Bt2b [7] and the calmodulin gene with CL1 and
CL2A [22], respectively. Sequencing reactions of the PCR products were set-up using a Big
Dye terminator cycle sequencing premix kit (Applied Biosystems, CA).
Sequence reactions were analysed with an ABI PRISM 310 genetic analyser. Sequences were
compared to those of a recent study by [34]. Datasets were aligned in Se-Al, including a se‐
quence analysis in Se-Al. This was followed by a sequence analysis in PAUP* v4.0b10, using
the BioNJ option for calculating a single tree for each dataset. Confidence in nodes was cal‐
culated using a bootstrap analysis of 1000 replicates. Only bootstrap values above 90% were
indicated on the branches and Aspergillus flavus was chosen as the outgroup [34]. The isolat‐
ed fungus was denoted as Aspergillus (CPUT) in Figure 5 and 6.
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Figure 5. NJ tree based on the analysis of the (a) ITS, (b) β-tublin and (c) calmodulin gene regions
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Figure 6. NJ tree based on the analysis of the combined gene regions

Continuous Biotechnological Treatment of Cyanide Contaminated Waters by Using a Cyanide Resistant...
http://dx.doi.org/10.5772/53349

According to [34], the only way to separate A. niger and A. awamori is through a multi-gene
phylogenetic analysis. This was done by using ITS, β-tubulin and calmodulin gene regions,
as shown in Figure 5. The combined gene region analysis (Figure 6) indicates that the Asper‐
gillus strain was similar and indeed identical to the sequence of the type strain of A. awamori,
a fungus with diverse properties in biotechnology applications, including the production of
nitrilase-a cyanide degrading enzyme.
3.2. Citrus peel supplemented growth medium for cyanide bioremediation using
Aspergillus awamori
Citrus peels are composed of cellulose, pectin, hemi-cellulose, lignin, chlorophyll pigments,
low relative-molecular-mass hydrocarbons including lipids, proteins, simple sugars, starch‐
es, water and ash [14, 29]. The major components in citrus peel are cellulose, hemi-cellulose,
pectin and lignin which are inter-wound with each other to provide a rigid cell wall struc‐
ture. Aspergillus awamori is able to produce enzymes for the breakdown of cellulose, hemicellulose and pectin and leaving lignin as the remaining structural component.
Cellulase, xylanase, pectinase are important enzymes in the hydrolysis of cellulose, hemicellulose and pectin into simpler sugars which can be utilised as a carbon source by the fun‐
gus. Hydrolysis of the orange peel has shown to yield significant quantities of neutral
sugars: glucose, fructose and sucrose with low yields of xylose, arabinose, galactose and
mannose. Hydrolysis of citrus peel also yield uronic acids, with galacturonic acid being the
major of uronic acid liberated with trace quantities of other uronic acids. The optimum tem‐
perature and pH for these enzymes are in the range of 45 to 50 ˚C and 4.0 to 5.5, respectively
[18, 19, 32]. Furthermore, A. awamori can produce nitrilase which hydrolyses the nitrile (cya‐
nide) group (R-CΞN) into the corresponding carboxylic acid and ammonia, as shown in Fig‐
ure 7 [26]. In aqueous solution, ammonia/ammonium equilibrium is observed.

Figure 7. Nitrilase hydrolysis on cyanide group [26]

The majority of the citrus peel components are high carbon source materials and the ammo‐
nia produced from the cyanide degradation can be utilised as a nitrogen source by the mi‐
croorganism. Studies have shown that the optimal pH and temperature for nitrilase
production is 8 and 45 ˚C, respectively [12, 35].
The successful treatment of 400 ppm free cyanide supplemented with refined/readily me‐
tabolisable carbon sources has been reported [1]. However, current technology used can
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However, for an efficient bioremediation process, a continuous process must be developed
to assess the applicability of the A. awamori (CPUT) isolate for continuous cyanide bioreme‐
diation processes. One of the effective technologies which have been determined to be effec‐
tive on a large scale is the use of immobilised MBRs, for continuous remediation of
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Membrane separation processes can be broadly categorised into four groups, based on the
pore size of the membranes (Figure 11).

4. Membrane technology for fixed-film immobilisation in continuous
remediation processes

Materials used in the construction of membranes include organic or non-organic (e.g. metal,
ceramic), homogeneous (e.g. polymer, metal) and heterogeneous (e.g. polymer mixes, mixed
glass) solids and solutions (mostly polymers) [25]. Polymeric membranes are commonly
used because they are well developed, competitive in separation performances and econom‐
ical [25]. Membrane processes are categorised according to the pore size, molecular cut-off
and pressure at which they operate. These categories are inter-related, because as the pore
size or the molecular cut-off size is decreased the pressure applied to the membrane increas‐
es [33]. Membrane separation processes can be broadly categorised into four groups, based
on the pore size of the membranes (Figure 11).
crobial biofilm Immobilised MBRs refers to the fixed microbial biofilm formation on a membrane matrix
Asymmetric membranes have shown to be effective in immobilising biofilms in MBRs since
m can be fed a with the film being fed a nutrient medium passing through the lumen.
the membranes allow the transport of nutrients to the biomass immobilised on their external
surface [27]. Asymmetric refers to the graded porosity of the membrane substructure and in‐
dicates that the membranes have an inside coating, a skin layer, and combines the high se‐
lectivity of a dense membrane with a high permeation rate of a thin membrane. The exposed
3
microvoids on the externally unskinned surface enable a resilient attachment of the microor‐
ganism on the membrane [21]. The production of asymmetric membranes is by manipulat‐
ing manufacturing parameters during the membrane formation process which results in a
unique membrane morphology, characteristics and properties of the membrane [16].
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Figure 11. Filtration spectrum [25]

Asymmetric membranes have an excellent mass transfer property which has led to their uti‐
lization in numerous industrial applications, especially for MBRs [8, 25]. The most important
ultrafiltration (UF) membrane module types are hollow fibre and capillary tube membranes
[21, 27]. They are ideal for biofilm growth because of the nutrients permeation gradient
along the membrane and provide a shear free environment [8, 15]. The large surface area of
these membranes to their small volume allows for high operational capacity which is an ad‐
vantageous property when used in MBRs [28].
Filamentous microorganisms are commonly used in immobilised MBR systems [3, 21, 27].
These particular microorganisms are able to penetrate the membrane due to their apical
growth resulting in effective immobilisation on the surface compared to non-motile bacte‐
ria and yeast. Although, comparative studies of ceramic and internally skinned polysul‐
phone (PSu) capillary membranes have shown to provide the best attachment and
immobilisation of fungal biofilms than other tubular membrane types [21, 27]. Sheldon
and Small [27] showed that the ceramic and internally skinned PSu capillary membrane
developed thicker biofilms than tubular membranes. Furthermore, the ceramic capillary
membrane can resists mechanical stress caused by the increasing immobilised biofilm
build-up on the membrane, as ceramic membranes are mechanically stable and can be
chemically and steam sterilized [27].
4.1. Modes of operation and orientation for membrane bioreactors
The membrane modules’ mode of operation and orientation are important in determining
the overall performance of the process. However, one of the biggest challenges in membrane
operations is the effect of fouling and feeding mode, orientation and other mechanisms that
would limit their application on a large scale.
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Figure 12. Modes of operation of membrane modules [2]

The effects of membrane modes of operations, as shown in Figure 12, have been studied us‐
ing both experimental [6, 21, 30] and theoretical approaches [2, 8, 9, 13]. The mode of opera‐
tion is concerned with the distribution and flow of the fluid in the system, as shown in
Figure 12. In a dead-end filtration module the feed stream enters the lumen, permeates
through the membrane and exit the shell in a continuous stream, with no retentate stream.
In a continuous open shell mode, the feed stream enters the lumen and a portion of the feed
permeates through the membrane and leaves the shell in a continuous stream and the other
portion exit the lumen in a continuous stream. The amount of feed that will permeate
through the membrane is dependent on several factors such as trans-membrane pressure,
membrane permeability and feed velocity [25]. The pressure in the lumen is always greater
than the shell side pressure in both dead-end filtration and continuous open shell modes
[30]. This ensures that the trans-membrane flux, fluid’s flow direction between the lumen
and shell regions, is directed toward the shell [2].
In a closed shell mode, the feed stream enters the lumen and a portion of the feed permeates
through the membrane with no outlet shell stream, while the other portion exits the lumen
as a continuous stream. The trans-membrane flux for the initial portion of the membrane is
directed towards the shell, but for the end portion it is directed toward the lumen [2]. This is
referred to as convective recirculation which results in undesired non-uniform distribution
of the biomass in the membrane system [2, 30].
In a suction of permeate, the feed stream enters the shell for an equal distribution along the
membrane and permeates through the membrane and exits in a continuous stream [8]. The
pressure in the shell is kept at greater than that in the lumen for a trans-membrane flux to‐
wards the lumen [30]. There is a negligible pressure gradient in the lumen which results in a
relatively uniform trans-membrane flux [30]. The orientation of the MBR is based on its ap‐
plication and is generally operated horizontally or vertically [2, 6, 8, 27]. Studies by Garcin
[6] and Ntwampe [21] on Lignin peroxidase and Manganese peroxidase production from P.
chrysosporium BKMF-1767 (ATCC 24725) in a vertically orientated PSu capillary MBR, had
shown the production of these extracellular enzymes were higher in the vertically orientated
MBR than in the horizontal orientation. Similarly, the biofilm was denser on the vertically
orientated capillary membrane than that in horizontal MBRs [6, 21].

Continuous Biotechnological Treatment of Cyanide Contaminated Waters by Using a Cyanide Resistant...
http://dx.doi.org/10.5772/53349

4.2. Membrane bioreactors: Design and application for cyanide remediation
MBRs are integrated biological and separation units for the production of value added prod‐
ucts or the bioremediation of toxic components [8]. Immobilised MBRs refers to the fixed
microbial biofilm formation on a membrane matrix with the film being fed a nutrient medi‐
um passing through the lumen. These MBR's retain the biomass on the membranes in a low
shear environment, separate the nutrient supply from the biomass, as well as continuously
remove extracellular metabolic products. These immobilised systems ensure that the bio‐
mass can be maintained in a state of low or non-proliferation for extended periods, while
still producing the products desired [8]. Filamentous microorganisms have had some degree
of success on immobilised MBR systems [3, 21]. However, this has not been evaluated for A.
awamori biomass for cyanide remediation. Four vertically orientated single fibre membrane
bioreactors (SFMBRs) (Figure 13) were constructed as described by Edwards et al. [4].

Figure 13. Schematic of SFMBR for filamentous microorganism immobilisation

The glass housing, was produced by Glasschem (South Africa) and the asymmetric alumini‐
um oxide ceramic capillary membranes were produced and supplied by Hyflux CEPAration
BV (Netherlands).
Outer diameter (m)

0.0028

Inner diameter (m)

0.0018

Wall thickness (m)

0.0005

Burst pressure (Pa)

5.0x106

Maximum temperature (˚C)

1000+

Permeability (m/Pa.s)

6.95x10-10

Table 1. Capillary membrane specifications [27]
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The two SFMBRs were inoculated with 100 ml of A. awamori inoculum (10x106 spores) and
two other SFMBRs were used as controls. High pressure reverse filtration of the inoculation
spore solution on the external surface of the membranes was used to immobilise the spores
onto the external surface of the ceramic membranes.

Figure 14. Schematic diagram of the experimental setup

The constructed system was setup in a Scientific Manufacturing (SMC) (160 L unit) low tem‐
perature incubator set at 30 ˚C. A Watson Marlow (504S) peristaltic pump was used to sup‐
ply the feed solution to the SFMBRs at a flow rate of 3 ml/hr. The SFMBRs were fitted with
two way flow 0.2 μm Millipore air filters, to ensure a monoseptic culture in the system and
for aeration. The feed solution initially consisted of 1 % (w/v) orange peel solution which
was prepared by adding 10 g milled orange peel to a 1 L Schott bottle. The 1 L solution was
filtered through a Whatmann No 1 filter paper and the filtrate produced (orange peel ex‐
tract) was fed to the system for 2 days, in a feed batch mode, to initiate spore germination
and biofilm development on the membrane. Thereafter, a feed solution consisting of the or‐
ange peel extract and free cyanide solution (280ppm) was fed to the SFMBR.
The total reduced sugars (TRS), such as glucose, fructose, sucrose, were measured using the
dinitrosalicylic (DNS) acid colorimetric method [17]. The Merck cyanide (CN-) (09701) and
Merck ammonium (NH4+) (00683) test kits were used to measure the free cyanide and
NH3/NH4+ concentrations, since this is a by-product of the cyanide metabolism. The utilisa‐
tion of the TRS increased for the pure orange peel extract feed in comparison to the control
MBRs (Figure 15). The initial feed was rich with TRS and therefore, the metabolism of the
TRS was observed. The change in the TRS utilisation for the orange peel extract containing
cyanide concentration of 1.7%, 15.2%, 23.7% and 28.8% at day 2, 4, 6 and 8, respectively and
therefore the rate of metabolism was drastically hindered which resulted in reduced metab‐
olism of the TRS.
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Figure 15. TRS versus time for feed, control and MBR

Figure 16. Biofilm development on day (a) 0 and (b) 8
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The biofilm development (Figure 16) on the membrane was slow and homogenous along the
membrane, as opposed to thick biomass at a particular area of the membrane. The formation
of the thin biofilm has its benefits; it allows for better oxygen mass transfer into the biomass,
which is vital since A. awamori, is an aerobic microorganism. Aerobic microorganisms utilise
oxygen for cell maintenance, respiratory oxidation for further growth and for the oxidation
of substrates into metabolic products.
The air filter prevented contamination and maintained the oxygen concentration in the MBR
due to the gaseous venting, releasing by-products, such as carbon dioxide out of the MBR
system and reintroducing oxygen back into the system. The residual cyanide concentration
in the permeate decreased with time and a drastic decrease was observed from day 4 as the
fungus adapted to the feed (Figure 17). There was also a considerable quantity of cyanide
volatilisation compared to actual bioremediation. As shown in the shaken cultures, a majori‐
ty of the ammonia, produced from cyanide hydrolysis, was consumed by the fungus as a
nitrogen source. This was an indication that there was further utilisation of ammonia/
ammonium as the fungus adjusts to the cyanide containing feed.

Figure 17. Discharge cyanide concentration versus time for feed, control and MBR
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Figure 18. Experimental and theoretical ammonia/ammonium concentration

For the development of a sustainable MBR system for cyanide remediation an alternative
MBR system should be used which limits cyanide volatilisation. Immersed MBRs are bio‐
reactors in which the enzyme(s) and/or microorganism(s) or antibiotic(s) are immobilised
on membrane(s) and biomass is suspended in the solution and compartmentalised in a re‐
action vessel [3]. Sidestream MBRs are when the membrane module and bioreactor are
separate from each other. Immersed and sidestream MBRs are used for conventional bio‐
mass rejection thus allowing for continued biomass utilization [3]. Immersed MBRs re‐
quire less energy than sidestream MBRs. Membrane modules in a pumped sidestream
system utilises more energy due to the high pressures to sustain high volumetric flow
rates [11]. However, immersed MBRs may be difficult to operate and remove fouling dur‐
ing operation. The separated system of bioreactor and membrane unit in a sidestream
MBRs makes it easier to specifically optimise certain parameters for each unit which can‐
not be done in immersed MBRs.
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Figure 19. Side stream MBR system

For the continuous bioremediation of cyanide, a sidestream MBR (Figure 19) would be
ideal since the solid material, yet to be hydrolysed, can be recycled into the continuous
stirred tank reactor (CSTR) and the bioremediated wastewater can be collected as the per‐
meate product. The CSTR can be initially loaded with milled orange peel in a water solu‐
tion and inoculated with A. awamori thus the cyanide containing wastewater can be
continuously fed into the system.

5. Conclusion
Large quantities of organic wastes are generated every year, but it has been shown that
many of the waste, particularly from the agricultural sector, can be utilised as nutrient
source for microbial systems. The use of orange peel has shown to be a rich source for culti‐
vation and supplementation for A. awamori (CPUT) isolate for cyanide remediation. The am‐
monia produced from the cyanide hydrolysis can be used as a nitrogen source by the
fungus, although incomplete metabolism of the ammonia was observed. This could be im‐
proved by changing operating conditions so that the degradation of cyanide, thus the re‐
lease and subsequent consumption of the ammonia is improved.
Challenges that are also evident in bioremediation are due to its volatility, especially in
open/agitated cultures. The hydrolysis of sugar components from the orange peel by merely
boiling it in water is not an effective true solution since this process results in incomplete
hydrolysis/liberation of the sugar components and residual solids. This can be improved by
hydrolysis using microorganism such as A. awamori, as used in this study. The use of an en‐
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closed sidestream MBR would provide a suitable system for complete hydrolysis of the sug‐
ars from the orange peel. The unhydrolysed sugar components in the peel can be recycled
and further hydrolysed depending on the molecular-weight cut-off size of the membranes
used in the reactor. The sidestream MBR can reduce CN- volatilization thus, offer a safe to
operate reactor unit which is easier to clean with an added advantage of optimising each
unit individually.
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Chapter 7

Biodegradation of Cyanobacterial Toxins
Sonja Nybom
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/55511

1. Introduction
Water is an essential natural resource, necessary for drinking, agriculture and industrial
activities, and providing the human population with safe drinking water is one of the most
important issues in public health. Cyanobacteria produce toxins that may present a hazard for
drinking water safety. These toxins are structurally diverse and their effects range from liver
damage, including liver cancer, to neurotoxicity. Toxic cyanobacteria have been reported in
lakes and reservoirs around the world. The World Health Organization (WHO) has set a
provisional drinking water guideline of 1 μg/L for microcystin-LR, one of the most commonly
occurring cyanotoxin worldwide [1].
The occurrence of cyanobacteria and their toxins in water bodies used for the production of
drinking water causes a technical challenge for water treatment and cleaning. Drinking water
should be pure enough to be consumed or used with low risk of immediate or long term harm.
The presence of toxins in drinking water creates a potential risk of toxin exposure for water
consumers. Conventional water treatment procedures are in some cases insufficient in the
removal of cyanobacterial toxins. Besides the chemical and physical methods used, biological
degradation could be an efficient method of water detoxification. Therefore there is a need for
simple, low-cost and effective water treatment procedures.
This review describes problems related to cyanobacterial toxins and safe drinking water,
compares already existing methods of water treatment and cyanotoxin-removal and proposes
novel methods of water decontamination. The majority of cyanotoxin-biodegradation studies
so far have focused on bacteria isolated from water sources exposed to microcystin-containing
blooms. The use of probiotic bacteria is proposed and discussed as a new and efficient means
of cyanotoxin-degradation. The removal of cyanobacterial toxins and other environmental
contaminants from drinking water is of great importance and probiotic bacteria show prom‐
ising results in this respect. There is a high demand for effective and low-cost approaches for
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removing cyanotoxins from potable water due to the significant health risk and inadequate
access to safe drinking water.

2. Cyanobacterial toxins
Cyanobacteria have a long evolutionary history and are among the oldest organisms in the
world. There is evidence of the organisms even from around 3500 million years ago [2].
Cyanobacteria carry out oxygen-evolving photosynthesis. In eutrophic water, cyanobacteria
recurrently form mass occurrences, so-called water blooms. Mass occurrences of cyanobacteria
can be toxic. They have caused a number of animal poisonings and may also pose a threat to
human health.
Cyanobacteria produce many different classes of biologically active compounds, including
hepatotoxic cyclic peptides, microcystins and nodularins, cytotoxic cylindrospermopsins,
neurotoxic anatoxin-a and -a(S), saxitoxins, neurotoxic amino acid β-N-methylamino-Lalanine (BMAA) and non-toxic irritating lipopolysaccharides [3]. Although both neurotoxins
and hepatotoxins are distributed worldwide [4,5], it appears that hepatotoxic blooms of
cyanobacteria are more commonly found than neurotoxic blooms, and neurotoxins are
considered to be of lower risk as they are less stable [6]. In contrast, hepatotoxins are highly
stable and exposure to these toxins has resulted in significant toxicity to both animals and
humans.
Cyanobacteria are ubiquitous in their distribution in both fresh and marine waters. Toxic
cyanobacterial blooms have been reported in most parts of the world, reviewed in [7].
Cyanobacterial blooms are a result of the increasing eutrophication in waterbodies [7]. Most
of these cyanobacteria are harmful to animals and humans because of their production of
toxins. Over the past several centuries, human nutrient over-enrichment in water, particularly
nitrogen and phosphorus, associated with urban, agricultural and industrial development, has
promoted eutrophication, which favours algal and cyanobacterial bloom formation. Decay of
these excessive blooms results in decreased dissolved oxygen and the release of cyanotoxins
in the water, which can result in mortality of animals and even humans [7].
2.1. Microcystins
Globally, the most frequently reported cyanobacterial toxins are cyclic heptapeptide hepato‐
toxins, microcystins (MC). These can be found primarily in some species of the freshwater
genera Microcystis, Anabaena, Planktothrix, Nostoc, and Anabaenopsis. Microcystins are named
after Microcystis aeruginosa, the cyanobacterium in which the toxin was first isolated and
described [8].
Microcystins are cyclic heptapeptides with variable amino acids and a general structure of
cyclo(‐D‐Ala(1)–L-X(2)–D‐MeAsp(iso-linkage)(3)–L-Z(4)–Adda(5)–D‐Glu(iso-linkage)(6)–
Mdha(7), in which amino acid residues at 2 and 4 are variable L-amino acids, D-MeAsp is Derythro-β-methylaspartic acid, and Mdha is N-methyldehydroalanine, while the amino acid
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Adda is (2S,3S,8S,9S)-3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4(E),6(E)-dienoic
acid (Figure 1). The Adda component of microcystins is contributing to their toxicity [4,9].
There are around 100 structural variants of microcystins described in the literature (listed in
[3,10,11]). The most widely-distributed [4] and studied microcystin variant is microcystin-LR
(MC-LR), with the amino acid residues leucine and arginine in positions 2 and 4, respectively,
and a molecular weight of 994. Production of MC-LR is dependent on various factors like strain
specificity, genetic differences and metabolic processes required for toxin production [9]. A
single bloom can have both toxigenic and non-toxigenic strains within it [7]. The toxins are
generally bound to the cell membrane and are released as cells age and die, and under stress.
They can also passively leak out of cells or be released by lytic bacteria [4].
MC-LR is hepatotoxic and a potent tumour promoter. The primary target organ of MC-LR is
the liver [12,13] although it also affects the kidney, gastrointestinal tract and colon [14].
Microcystins are potent and specific inhibitors of serine/threonine-specific protein phospha‐
tases 1 and 2A [15]. Microcystins are distributed in waterbodies worldwide, and the toxicity
on exposure to microcystins has been reported worldwide in fish, animals and humans
(reviewed in [16]). The World Health Organization has set a provisional drinking water
guideline of 1 μg/L for MC-LR [1]; new edition in [17].

Figure 1. General structure of the hepatotoxic cyclic peptides, microcystins.

2.2. Other cyanobacterial toxins
The cyclic pentapeptide nodularin (NOD) is common in brackish water. It occurs in the Baltic
Sea as well as in saline lakes and estuaries. In the Baltic Sea, marine blooms of Nodularia
spumigena are among some of the largest cyanobacterial mass events in the world. Cylindro‐
spermopsin (CYN), originally isolated from the cyanobacterium Cylindrospermopsis racibor‐
skii, is an alkaloid cytotoxin with the structure of a tricyclic guanidine moiety attached to a
hydroxymethyluracil [18] and a molecular weight of 415. Cylindrospermopsin inhibits protein
synthesis and mainly affects the liver [19], but can also affect the kidney, spleen, thymus, and
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heart. It is a cyanotoxin occurring in tropical or subtropical regions that has recently been
detected also in temperate regions.
Cyanobacterial neurotoxins belong to a diverse group of heterocyclic compounds called
alkaloids. Three types of cyanobacterial neurotoxins, anatoxin-a, anatoxin-a(S), and saxitoxins,
are known. A mild neurotoxin, BMAA, has been found in a variety of cyanobacteria [20,21].
Anatoxin-a is a small alkaloid with a molecular weight of 165, and it mimics the effect of
acetylcholine and causes rapid death by respiratory arrest. Homoanatoxin-a (MW 179) is an
anatoxin-a homologue. Anatoxin-a is perhaps the most common cyanobacterial neurotoxin,
especially in North America and Europe, and has caused numerous animal poisonings.
Anatoxin-a(S) is an irreversible acetylcholine esterase inhibitor and its characteristic signs of
poisonings in mice include salivation. Anatoxin-a(S) was first reported in North America
where it has caused animal poisonings and later also in Denmark [22].
Saxitoxins, also known as paralytic shellfish poisons (PSP toxins) were originally isolated and
characterised from marine dinoflagellates [23]. Saxitoxins are sodium channel blocking agents
causing paralysis and have caused human poisonings due to their ability to concentrate in
shellfish [23].
Lipopolysaccharide endotoxins are generally found in the outer membrane of the cell wall
of Gram-negative bacteria, also in cyanobacteria. Bacterial lipopolysaccharides are pyrogen‐
ic and toxic [24]. It is often the fatty acid component of lipopolysaccharides that elicits an
irritant, pyrogenic or allergenic response in humans and mammals. Cyanobacterial
lipopolysaccharides may contribute to human health problems via exposure to mass
occurrences of cyanobacteria.

3. Occurrence and levels of cyanobacteria and hepatotoxins
Toxic cyanobacteria are found worldwide both in inland and coastal water environments.
Cyanobacteria occur in various environments including water, such as fresh and brackish
water, oceans, hot springs, moist terrestrial environments such as soil, and in symbioses with
plants, lichens and primitive animals. Some environmental conditions, including sunlight,
warm weather, low turbulence and high nutrient levels, can promote growth. A high density
of suspended cells may lead to the formation of surface scums and high toxin concentrations.
The toxins are not actively secreted to the surrounding water; most of the toxin is intracellular
in growing cells. The release of toxin occurs during senescence of the cultures and when
cultures shift from growth phase to stationary and death phases. Under field conditions, the
majority of microcystin is intracellular during active growth of the cells [25]. There are reports
of hepatotoxic blooms from all continents around the world [7]. Some of the highest reported
cyanotoxin concentrations in bloom samples (measured by HPLC) have been 7300 μg/g dry
weight microcystin in a Microcystis bloom from China [26], 18000 μg/g dry weight nodularin
in a Nodularia bloom from the Baltic sea [27] and 5500 μg/g dry weight cylindrospermopsin
from Australia [3]. Toxic and non-toxic strains from the same cyanobacterial species cannot be
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separated by microscopic identification. To confirm that a particular cyanobacterial strain
produces toxins, it is important to isolate a culture of that strain, and to detect and quantify
toxin concentrations in the pure culture.

4. Human health effects caused by cyanobacterial toxins
Many cyanobacteria produce potent toxins. As reported in literature, problems caused by
cyanobacteria are encountered around the world and problems related to safe drinking water
production are common (reviewed in e.g. [7]). The human health effects caused by cyanobac‐
terial toxins vary in severity from mild gastroenteritis to severe and sometimes fatal diarrhoea,
dysentery and hepatitis. Microcystins, including the most common variant MC-LR, are
hepatotoxic and potent tumour promoters. Acute symptoms reported after exposure to
microcystin-containing cyanobacteria include gastrointestinal disorders, nausea, vomiting,
fever and irritation of the skin, ears, eyes, throat and respiratory tract, abdominal pain, kidney
and liver damage. There are several reports of human health effects associated with ingestion
of water containing microcystins, with effects ranging from gastroenteritis [28] to liver damage
[12] and even death [29,30].
Humans can be exposed to a range of cyanotoxins contained either in cyanobacterial cells or
released into the water. The dissolved toxins are stable against low pH and enzymatic
degradation and will therefore remain intact within the digestive tract. As microcystins do not
readily penetrate the cell membrane [31], they enter the body from the intestine via the organic
anion transporting polypeptides [32]. From the blood microcystins are then concentrated in
the liver as a result of active uptake by hepatocytes [33]. The toxins are covalently bound to
protein phosphatases in the hepatocyte cytosol [34]. Human health problems are often
associated with chronic exposure to low microcystin concentrations in inadequately treated
drinking water, contaminated food (such as fish, mussels and prawns) or with the consump‐
tion of algal supplements contaminated with cyanotoxins. Exposure routes include the oral
route, through inhalation, through dermal exposure or the nasal mucosa [35,36].
4.1. Risk assessment
Poisonings caused by cyanotoxins produced during heavy blooms have affected both humans
and wild and domestic animals. Both hepatotoxic and neurotoxic poisonings have been
associated with mass occurrences of cyanobacteria [7]. Many reported incidents of human
health effects have involved inappropriate treatment of water supplies. The health risk caused
by cyanotoxin exposure is difficult to quantify, since the actual exposure and resulting effects
have not been conclusively determined. The most likely route for human exposure is the oral
route via drinking water [37], and from recreational use of lakes and rivers [36].
Due to the growing concern about health effects of cyanotoxins especially via drinking water,
WHO has adopted a provisional guideline value of 1.0 μg/L for MC-LR in 1998 [1]. The newest
4th edition to the drinking water guideline was published in 2011 [17]. Assessment of different
water treatment procedures has shown that many of the treatment methods result in a
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reduction of cyanotoxin concentrations to below acutely toxic levels and below the WHO
guideline value of 1.0 μg/L MC-LR in drinking water. During a cyanobacterial bloom the
treatment procedures may however be insufficient, and also when different water treatment
procedures are not used in combination. Therefore it is important to observe the water
treatment efficiency during cyanobacterial blooms.

5. Treatment of drinking water containing cyanotoxins
Water is an essential natural resource, necessary for drinking, agriculture and industrial
activities. Contamination of water can therefore influence humans, agricultural livestock and
irrigated field crops, as well as wildlife drinking the water or living in the aquatic environment.
Drinking water should be pure enough to be consumed or used with low risk of immediate
or long term harm. In large parts of the world, the population has inadequate access to safe
potable water and use sources contaminated with disease vectors, pathogens or unacceptable
levels of toxins and other harmful substances.
Prevention of bloom formation is naturally the most efficient method for avoiding cyanobac‐
terial toxin contamination of drinking water. Cyanotoxins are produced within the cyanobac‐
terial cells and thus toxin removal involves procedures to destroy or avoid the cells.
Cyanotoxins are also water soluble and therefore chemical or biological procedures reducing
the toxicity or completely removing the toxins from the drinking water are needed. If high
extracellular toxin concentrations are present in the raw water, problems will occur for
drinking water treatment plants. Under natural circumstances high toxin concentrations
appear during the breakdown of a cyanobacterial bloom. Cyanobacterial cells are also lysed
in the presence of chemicals, such as potassium permanganate or chlorine [38].
In cyanotoxin-removal from drinking water there is a need for knowledge of the physical and
chemical properties of the toxin, such as the hydrophobicity, molecular size, and functional
groups, the nature of the toxin, i.e., intracellular or extracellular, cyanobacterial growth and
bloom patterns, and effective treatment processes [7]. However, these treatments may not be
sufficient during cyanobacterial blooms or when a high organic load is present, and toxin levels
should therefore be monitored during all steps of water treatment processes. Some of the
existing methods of drinking water treatment are shortly described in the following section.
5.1. Water treatment processes
Most drinking water plants use conventional treatment methods that are unable to yield
complete removal of microcystins or are too expensive [39]. Conventional surface drinking
water treatment utilises coagulation, flocculation, sedimentation, filtration and disinfection as
basic methods. However, conventional treatment may need to be optimised for cyanotoxinremoval, relating to the form of the toxin to be removed (intra- or extracellular), the background
water matrix, and possible dissolved toxin release during the treatment process [40]. Alterna‐
tive processes, such as granular activated carbon, powdered activated carbon, and membrane
filtration have been proven efficient for the removal of microcystins [41]. However, these
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methods are sometimes considered too expensive to exclusively remove a contaminant that is
irregularly occurring.
Coagulation or flocculation involves the aggregation of smaller particles into larger particles
using chemicals, such as ferric chloride or aluminium sulphate. Coagulation can be an efficient
method for eliminating cyanobacterial cells from water, but soluble cyanotoxins are not very
efficiently removed by this method [42]. Coagulation may also cause additional problems such
as lysis of cyanobacterial cells leading to release of toxins. The activated carbon approach uses
either powdered activated carbon, which can be added occasionally when there is a need, or
granular activated carbon adsorbers, which are used continuously [43]. Both microcystins and
cylindrospermopsin can be absorbed by activated carbon [43]. The disposal of the carbon
containing cyanobacterial toxins may present a challenge for this type of treatment.
Rapid filtration is a method usually used after a coagulation step in conventional water
treatment, but does not effectively remove cyanobacterial cells from water. Conventional water
treatment requires regular backwashing of the filters, but if the washing process is inade‐
quately performed, lysis of cyanobacterial cells on the filters can lead to release of toxins into
the water [7]. Two types of membrane filtration, microfiltration and ultrafiltration, are
commonly used to remove contaminants from drinking water. Both microfiltration and
ultrafiltration have been shown to be effective in removal of intact cyanobacterial cells [44].
The most common chemical oxidants used in drinking water treatment are ozone, hydroxyl
radicals, chlorine, chlorine dioxide, chloramine and permanganate. Chlorination and ozona‐
tion are effective for the removal of microcystins [43]. However, there are concerns regarding
the release of toxin when cyanobacteria are chlorinated and with the formation of undesirable
chlorination by-products [45]. Ozonation has been shown to be a very effective method for
destroying microcystins and nodularins. In recent years, many water treatment plants have
included a two-stage ozonation treatment [46].
Removal and inactivation of cyanobacteria and intracellular and extracellular cyanotoxins
most often requires a combination of treatment processes or a multiple barrier approach.
Furthermore, biological treatment of water is a method used for cyanotoxin-removal from
drinking water. Biologically active filtration in the form of river bank filtration and both slow
and rapid filtration have been reported to remove or to inactivate microcystins in drinking
water (e.g. [47,48]) and are discussed more in detail in the following section.

6. Biodegradation of cyanotoxins
Biodegradation is a chemical disruption of organic materials by microorganisms or other
biological agents. Microbial degradation of chemicals in the environment is an important route
for the removal of these compounds. Biodegradation is also one of the essential processes for
the reduction of microcystins in natural eutrophic lakes and reservoirs. Cyanotoxin-degrading
bacteria are distributed all over the world. Of all the cyanotoxin-biodegradation studies, most
have focused on microcystins as a consequence of their biodegradability in drinking water
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sources. This section mainly describes biodegradation studies of microcystins, but studies on
nodularin, cylindrospermopsin, saxitoxins and anatoxin-a have also been performed to some
extent.
People are frequently exposed to cyanobacterial toxins as well as other microbial contaminants
through drinking water. Conventional water treatment procedures discussed in the previous
section are in some cases insufficient in the removal of cyanobacterial toxins from drinking
water, especially during cyanobacterial blooms. If the cyanobacterial cells are not removed by
traditional water treatment methods, the cells and therefore the toxins remain in the drinking
water and must be degraded to non-toxic compounds. Since microcystins have been released
into the water body, the toxins can persist for weeks [20] before they are adequately degraded
by for example bacteria.
6.1. Bacterial degradation of microcystins
Different biological methods have been applied to remove cyanobacteria and their toxins. One
type of these methods is the use of microorganisms or biofilms capable of degrading microcys‐
tins. Biological treatment for removal of toxin contaminants is becoming more useful as toxins can
be removed without the addition of chemicals that may have the potential to produce undesira‐
ble by-products. Biodegradation of microcystins in water has been proven to be very effective as
they can be used a as carbon source by heterotrophic bacteria [25,38,49,50]. Methods utilizing
microcystin-degrading microorganisms can be classified into two groups. One is the use of
biofilms grown on the surface of substrates within bioreactors, such as biological sand [48,51,52],
biofilm-reactors based on immobilised microorganisms [53], biological treatment facilities
combined with conventional treatment processes [54], and granular activated carbon filters [55].
The other group depends on specific microorganisms efficient in microcystin-degradation, such
as bacteria of the Sphingomonas sp. [56,57] and Sphingopyxis sp. [58].
Different variants of microcystins have been demonstrated to be degraded after incubation with
water from a lake in Japan, which is frequently contaminated with cyanobacteria [59]. A more
effective degradation was observed after adding bed sediment or mud from the lake. Christoffers‐
en et al. found out that bacteria can efficiently degrade microcystins in natural waters with previous
cyanobacterial contamination and that the degradation process is rapid and without lag phase [60].
Many other studies have also reported biological degradation of microcystin in natural waters
from lakes and reservoirs, particularly those containing toxic cyanobacterial blooms
[25,50,61,62]. Several strains of the genus Sphingomonas have been reported to degrade
microcystins [49,57,63–67]. Table 1 lists strains reported to degrade different variants of
microcystins and nodularin. A part of the recognised microcystin-degraders so far belonging
to the family Sphingomonadaceae are closely related and possess homologues of the mlrA gene.
Seventeen strains of Gram-negative bacteria with the ability to degrade microcystins were
isolated by Lahti et al. [47]. Other reported microcystin-degrading bacteria include Pseudomonas
aeruginosa [68], Paucibacter toxinivorans [69] and Sphingosinicella microcystinivorans [70]. In a
study of Rapala et al. thirteen bacteria capable of degrading microcystins and nodularin were
isolated from lake sediment [61]. Genomic characterisation of these strains indicated that they
formed a single microdiverse species and a novel genus and species (Paucibacter toxinivorans
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gen. nov.,sp. nov.) was proposed. A bacterium isolated from water samples in Brazil showed
high homology with the Burkholderia genus, belonging to the beta subdivision of proteobacteria
[71], which was the first reported bacterium from the genus Burkholderia as a cyanobacterial
toxin degrader.

Bacterial strain

Degradable toxins

Reference

Arthrobacter sp.

MC-LR

[72]

Bacillus sp. strain EMB

MC-LR, MC-RR

[74]

Brevibacterium sp.

MC-LR

[72]

Burkholderia sp.

MC-LR, [D-Leu1]MC-LR

[71]

Lactobacillus rhamnosus GG and LC-705,

MC-LR, MC-RR, MC-YR, MC-LF, MC-LY, MC-LW

[79,80]

Methylobacillus sp. strain J10

MC-LR, MC-RR

[75]

Microbacterium sp.

MC-LR

[78]

Bifidobacterium longum 46

Morganella morganii

MC-LR

[77]

Paucibacter toxinivorans sp. nov.

MC-LR, MC-YR, NOD

[69]

Poterioochromonas sp.

MC-LR

[81]

Pseudomonas aeruginosa

MC-LR

[68]

Rhizobium gallicum

MC-LR

[78]

Rhodococcus sp.

MC-LR

[72]

Sphingomona stygia

MC-LR, MC-RR, MC-YR

[65]

Sphingomonas sp. 7CY

MC-LR, MC-RR, MC-LY, MC-LW, MC-LF

[66]

Sphingomonas sp. ACM-3962

MC-LR, MC-RR

[25,63,82]

Sphingomonas sp. B9

MC-LR, MC-RR, 3-dmMC-LR, dhMC-LR, MC-LR-Cys,

[67,83]

NOD
Sphingomonas sp. CBA4

MC-RR

[57]

Sphingomonas sp. MD-1

MC-LR, MC-RR, MC-YR

[56]

Sphingomonas sp. MDB2

MCs

[70]

Sphingomonas sp. MDB3

MCs

[70]

Sphingomonas sp. MJ-PV

MC-LR

[49]

Sphingomonas sp. Y2

MC-LR, MC-RR, MC-YR, 6(Z)-Adda-MC-LR

[64,70,84]

Sphingopyxis sp. C-1

MC-LR

[58]

Sphingopyxis sp. LH21

MC-LR, MC-LA

[52]

Sphingopyxis sp. USTB-05

MC-RR

[85]

Stenotrophomonas sp. strain EMS

MC-LR, MC-RR

[76]

17 different strains (Gram-negative,

MCs

[47]

Proteobacteria)
Table 1. Reported microcystin-degrading bacteria

155

156

Environmental Biotechnology - New Approaches and Prospective Applications

Recently, Gram-positive bacteria isolated from freshwater, belonging to Actinobacteria and
identified as Arthrobacter sp., Brevibacterium sp. and Rhodococcus sp., were shown to remove
MC-LR [72]. The mechanism of MC-LR removal for Rhodococcus sp. C1 [73] was shown to be
similar to the previously reported degradation pathway for Sphingomonas by Bourne et al. [63].
A new strain AMRI-03 with close relationship to the genus Bacillus was isolated from a Saudi
freshwater lake [74]. Another strain J10 isolated from Lake Taihu in China was identified as
Methylobacillus sp. [75]. An EMS strain similar to Stenotrophomonas maltophilia was described
by Chen et al. and was the first report of microcystin-degrading bacteria carrying the mlrA
gene in the genus of the gamma division of proteobacteria [76]. Other reported examples of
bacteria with such ability are Morganella morganii and Pseudomonas sp. [77]. Further recent
findings include two isolates from Lake Okeechobee, Florida, capable of microcystin-degra‐
dation and classified as Rhizobium gallicum and Microbacterium sp. [78].
6.2. Enzymatic mechanisms of microcystin-biodegradation
The first proposal of microcystin-biodegradation suggested a proteolytic mechanism [63].
Within the genome of the first isolated microcystin-degrading bacterium, Sphingomonas sp.
ACM-3962, Bourne et al. identified a gene cluster, mlrA, mlrB, mlrC and mlrD, responsible for
the degradation of MC-LR [63,82]. Based on MS-analysis a linear MC-LR (protonated molec‐
ular ion at m/z 1013) and a tetrapeptide (protonated molecular ion at m/z 615) were recognised
as the degradation products. The microcystin-degradation pathway was described as a linear,
three-step process. It was suggested that the mlrA gene encoded an enzyme responsible for
the hydrolytic cleaving of the cyclic structure of MC-LR (ring-opening at the Adda-Arg peptide
bond). The resulting linear MC-LR molecule was then sequentially hydrolysed by peptidases
encoded by the mlrB and mlrC genes to a tetrapeptide, and further to smaller peptides and
amino acids (Figure 2). The final gene, mlrD, encoded for a possible transporter protein that
may have allowed for active transport of microcystin or its degradation products. The genes
mlrA, mlrB and mlrC encode a 336-residue metalloendopeptidase (responsible for lineariza‐
tion of microcystins), a serine protease and a metalloprotease, respectively. Further studies
have confirmed the existence of the mlr cluster components also in other microcystin-degrad‐
ing bacteria; Ho et al. identified homologues of four mlr genes in Sphingopyxis sp. LH21 [52].
Similarly, a homologous gene cluster was also detected in Sphingopyxis sp. C-1 [58].
However, as has been recently indicated, mlrC acts not only on the tetrapeptide but is also able
to hydrolyze linear microcystin without earlier processing by mlrB [86]. Other products of
microcystin-degradation have consequently been documented, but the complete fate of
microcystin-derivatives is still unknown [83,87]. Additionally, enzymes other than proteases
have been suggested to be involved in microcystin-utilisation, and besides typical proteolytic
activity, also decarboxylation and demethylation have been proposed as alternative mecha‐
nisms [87].
Various studies have designed qualitative polymerase chain reaction assays for detection of
mlrA [51,52,56]. Saito et al. reported gene homologues of mlrA in two microcystin-degrading
bacteria, Sphingomonas sp. MD-1 and Sphingomonas sp. Y2, both of which were previously
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within the water body also affects degradation; both the types of organisms present and
their concentration.
Only few studies with respect to the biodegradation of a range of cyanobacterial metabolites
in water bodies have been performed. This is relevant since multiple classes of cyanobacterial
metabolites are often simultaneously present in water bodies. The following sections regarding
the removal of cyanotoxins by probiotic bacteria will assess this issue, and results regarding
the removal of a range of cyanotoxins are presented. The results on a range of bacterial species
demonstrate the feasibility of biodegradation as a possible removal option for microcystins.
The most important practical use of microbial aggregates, such as biological filters and biofilm,
is in biological wastewater treatment, and some new technologies already utilize bacterial
aggregates for degradation [89].
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7. Probiotic bacteria involved in cyanotoxin-removal
Probiotics were earlier defined as “live microbial food supplements which beneficially affect
the host either directly or indirectly by improving its intestinal microbial balance” [90]. Today,
the most commonly accepted definition by WHO states that probiotics are “live microbial food
supplements which, when given in adequate amounts have a demonstrated beneficial effect
on human health” [91]. In order to be effective the probiotic micro-organisms must be able to
survive the digestive conditions, including bile acids, and they must be able to colonise the
gastrointestinal tract at least temporarily without any harm to the host [92]. Only certain strains
of micro-organisms have these properties. Most probiotic micro-organisms are grouped in two
bacterial genera, Lactobacillus (L.) and Bifidobacterium (B.).
The main site of action for the health benefits of probiotic bacteria is the gut. The intestinal
mucosa forms a barrier between the external and internal environment of the human body.
There are several important modes of action for probiotic bacteria, including modification of
gut pH, colonisation ability, inhibition of the colonisation, adhesion and invasion of pathogens,
direct antimicrobial effect, replacement of already adhered pathogens, competing for available
nutrients and growth factors, regulation of the immune system of the host, normalisation of
the gut microbiota, and different metabolic effects (reviewed in [93,94]). It is therefore believed
that by adding these bacteria as probiotics to the diet, the normal microbiota can be altered.
Many probiotic organisms originate in fermented foods, and they have a long history of safe
use in human consumption. Lactobacilli and bifidobacteria common in the food industry
belong to the European Qualified Presumption of Safety (QPS) status organisms, which can
be used in foods and feeds [95].
7.1. Efficiency of probiotic strains in microcystin-removal
Recently published studies have reported efficient cyanotoxin-removal by several strains of
probiotic bacteria [79,80,96,97]. The aim of these studies was to characterise the potential of
probiotic lactic acid bacteria and bifidobacteria in removal of microcystins and cylindrosper‐
mopsin from aqueous solutions. Different physiological conditions possibly affecting the
removal efficiency were studied and the mechanism of toxin removal was investigated.
In an initial screening study, 15 different strains of probiotic lactic acid bacteria and bifido‐
bacteria were tested for their MC-LR removal capacities and evaluated for their potential in
water decontamination [79]. The results showed a reproducible reduction of MC-LR in solution
by the majority of the tested bacterial strains; the most efficient removal was achieved with L.
rhamnosus strains GG and LC-705, B. lactis strains 420 and Bb12 and B. longum 46 [79]. The
removal of MC-LR continued during the entire 24-hour incubation, which indicates that the
removal process is quite slow. The effect of pH during incubation was also studied. pH was
found to have an influence on toxin removal, with a higher removal percentage observed at
neutral pH than at pH 3 [79]. It was also shown that viable bacteria were more efficient in
microcystin-removal than non-viable bacteria [80]. Further studies showed that several strains
were efficient in microcystin-removal and that different physiological conditions, including
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the effect of pH, temperature, toxin concentration, bacterial cell density and cell viability, had
an effect on the removal efficiency [80].
The removal of MC-LR was shown to be temperature dependent, with the highest removal
observed at 37 °C for all studied strains. At 4 °C, practically no removal of MC-LR could be
observed and the removal percentages increased with increasing temperature [79]. This can
be explained by the fact that at 4 °C, the bacterial cells are metabolically inactive, but at 22 and
37 °C, the bacteria become metabolically active, which is required for enzymatic activity. In
addition, the role of glucose in activating the metabolism of the probiotic bacteria was assessed
[96]. Since it was shown that viability is a requirement for efficient toxin removal, glucose was
added as a source of nutrient to the bacterial solutions to enhance the bacterial viability.
Glucose addition improved the removal efficiencies of all tested strains by enhancing both the
removal rate and the amount of MC-LR removed after 24 hours of incubation [96]. Supple‐
mentation of glucose provides energy to the bacteria, and thereby, the microcystin-removal
efficiencies also increase.
To investigate the role of the probiotic bacterial cell density, a range of bacterial cell
densities were screened and tested for their microcystin-removal efficiencies [79]. The
removal of MC-LR was shown to be dependent on the bacterial cell density, with a
minimum of approximately 109 CFU/mL required for significant MC-LR removal [79]. The
removal of MC-LR was further enhanced with increasing bacterial cell density. To assess
whether a combination of several probiotic strains could enhance their microcystinremoval efficiencies the microcystin-removal of three probiotic strains (L. rhamnosus GG, L.
rhamnosus LC-705 and B. longum 46) separately and in combination was studied [80]. With
the probiotic mixture, microcystin-removal percentages of up to 90% could be observed
and the results showed that the removal efficiency was improved with a mixture of the
strains and compared to the individual strains [80].
In addition to MC-LR, probiotic bacterial strains were also incubated with other microcystins,
including MC-RR, -YR, -LY, -LW and -LF. The results of the study show that probiotic strains
were effective in the elimination of several different microcystins from solution [79]. Simulta‐
neous removal of several toxins present in cyanobacterial extracts was also investigated. The
time course for the removal of microcystins present in the cyanobacterial extracts Microcystis
NIES-107 and Microcystis PCC 7820 by the probiotic strain L. rhamnosus GG is shown in Figures
3 a and b, respectively. The removal of all studied microcystins increased over time. The
removal of the microcystins present in Microcystis NIES-107 after 24 hours of incubation was
around 65–85% of total microcystin and for microcystins present in Microcystis PCC 7820
around 60–80%. The toxin-removal was thus shown to be efficient also when several different
microcystins were present in the solution. This indicates that there is no competition taking
place among the toxins during incubation with probiotic bacteria. In addition, the strains were
shown to remove the cytotoxin cylindrospermopsin from aqueous solutions; the removal was
somewhat less efficient, around 30% for all tested strains [80].
Probiotic bacteria have several advantages in comparison with the previously reported
microcystin-degrading bacteria, as they have been classified as food grade, safe bacteria by
the European Food Safety Authority (EFSA) [95]. Therefore probiotic bacteria can safely be
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included in both food and water. Previous studies have also shown the effect of probiot‐
ic bacteria in the removal of other environmental contaminants, such as heavy metals [98]
and mycotoxins including aflatoxins and ochratoxins [99].
12
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Figure 3. Removal of microcystins in cyanobacterial extracts by probiotic strain Lactobacillus rhamnosus GG (a) Micro‐
cystis NIES-107 and (b) Microcystis PCC 7820. Initial concentration of microcystins in extracts: 20-100 µg/L, bacterial
concentration 1010 CFU/mL, temperature 37 °C, average ± SD, n = 3 (modified from [80]).

7.2. Mechanisms of microcystin-degradation by probiotic bacteria
As specific probiotic bacterial strains were shown to be efficient in microcystin-removal,
the subsequent aim was to identify and specify the removal mechanisms. The location and
mechanism of microcystin-removal were investigated by studying a possible extracellular
enzymatic degradation of microcystins [97]. Furthermore, a comparison of the degrada‐
tion pathways of previously identified microcystin-degrading bacteria with probiotic
bacteria was performed.
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The participation of cell-envelope proteinases in microcystin-removal was investigated.
Following standard peptidase assay no proteolytic activity was found in the supernatants of
the bacterial cell cultures of the investigated strains; enzymatic activity was found only in the
cell suspensions. The activity of cell-associated proteinases of probiotic strain L. rhamnosus GG
was measured after incubation with protease inhibitors. The protein inhibitor EDTA was
shown to inhibit MC-LR removal [97]. The results suggest that the main proteolytic activity
observed for the strain was due to metallo-enzymes. A possible extracellular enzymatic
degradation of microcystins by probiotic bacteria was therefore investigated and it was
suggested that extracellularly located cell-envelope proteinases appear to be involved in the
decomposition of MC-LR [97]. A correlation between proteinase activity and MC-LR removal
was also found when these parameters were simultaneously measured. The correlation
between the activity of cell-envelope proteinases and the decrease of MC-LR concentration
suggests that enzymes are involved in microcystin-removal [97]. The findings support the
theory that enzymatic degradation of microcystins occurs when the toxin is incubated with
probiotic bacteria, but the exact mechanism still remains unidentified.
Bacterial degradation of microcystins has previously been reported for strains of Sphingomo‐
nas and the degradation products and patterns have been determined for strains ACM-3962
and B9 [63,66,67,82]. For possible identification of toxin removal by probiotic bacteria, the
removal process of MC-LR for L. rhamnosus GG was compared with the two Sphingomo‐
nas strains, and the degradation products were identified [97]. Linearized MC-LR and the
tetrapeptide were observed for the two Sphingomonas strains, but these degradation
products were not obtained using the probiotic strain, suggesting that the removal
mechanisms between the strains differ [97]. Furthermore, no additional degradation
products could be identified from samples incubated with the probiotic strain, which
suggested that microcystin is rapidly degraded to smaller peptides and amino acids.
Further studies are needed to identify possible degradation products and the precise steps
of the degradation mechanism by probiotic bacteria.

8. Discussion and conclusions
The majority of cyanotoxin-biodegradation studies have focused on bacteria isolated from
water sources exposed to microcystin-containing blooms. As described in this review, it is
clear that many of the cyanobacterial metabolites are susceptible to biodegradation in water
supplies. Currently an increasing focus on bacterial degradation of hepatotoxic cyanobacte‐
rial peptides is being observed [56,59,64,66,76]. Previous studies have demonstrated that
the ability of bacteria to degrade microcystins is related to the presence of the gene mlrA
that encodes a hydrolytic enzyme with specificity to the toxins. The potency to utilize these
bacteria in microcystin-degradation has also been demonstrated in laboratory scale [51,54,
100]. Recently, a new type of bacteria, specific probiotic bacterial strains, was presented to
be efficient in cyanotoxin-removal. Probiotic bacteria have several advantages in compari‐
son with the previously reported microcystin-degrading bacteria, as they have been
classified as food grade, safe bacteria by the EFSA [95]. Therefore probiotic bacteria can
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safely be included in both food and water, and can also safely be used in food technolo‐
gy. Furthermore, the beneficial health effects of probiotic bacteria give them an advant‐
age for the use in different applications. A potential area of use could be probiotic dietary
supplements used as a personal defense mechanism against cyanotoxins in the gastrointes‐
tinal tract when ingested through contaminated drinking water and to reduce the health
risks caused by microcystins, as well as applications in biological decontamination of
microcystin-containing water.
Several reports have showed that biological degradation of cyanotoxins may be a feasi‐
ble method of water treatment. The bacterial strains or possible enzymes identified in the
removal process could be used in a degradation process to remove toxins from drinking
water. Technologies using potential purified enzymes identified in the removal process of
bacteria could be a future approach for efficient cyanotoxin-removal. Today, the best way
for cyanotoxin biodegradation is the use of biofilters with immobilised micro-organisms,
as most water treatment processes already employ a filtration step. Also the removal of
other cyanobacterial toxins, such as anatoxins, saxitoxins, and cylindrospermopsin, should
be taken into account. In conclusion, the development of new water treatment technolo‐
gies using efficient bacteria that would be able to remove or inactivate cyanotoxins, as well
as other types of environmental contaminants, such as heavy metals, viruses and pathogen‐
ic bacteria found in drinking water, is an important aspect to consider in the future.
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1. Introduction
Polycyclic aromatic hydrocarbons (PAHs) are the world’s largest class of carcinogens known
to date, not only because of their ability to cause gene mutation and cancer, but due to their
persistency in the environment. They are particularly recalcitrant due to their molecular
weight, hydrophobic nature and thus, accumulate in various matrices in the environment.
PAHs, also known as polyarenes or polynuclear aromatic hydrocarbons, are formed and
released into the environment through natural and anthropogenic sources. Natural sources
include volcanoes and forest fires while anthropogenic sources include, majorly, incomplete
combustion of fossil fuels, wood burning, municipal and industrial waste incineration. PAHs
containing two or three fused benzene rings are classified as low molecular weight (LMW)
PAHs and are more water soluble while those with four or more benzene rings are referred to
as high molecular weight (HMW) PAHs. They tend to adsorb onto soil and sediment thus,
making them recalcitrant in the environment. Sixteen of these organic compounds have been
identified as priority pollutants due to their hazardous properties, with HMW PAHs being
considered as potential human carcinogens, by the United State Environmental Protection
Agency [1].
The cost of biodegradation technology and the low bioavailability including mass transfer
limitations of PAHs, especially those with high molecular weight, from several matrices into
the aqueous phase for effective enzyme-based microbial biodegradation still constitute major
challenges. However, current research efforts have focused on the combined use of biosurfac‐
tants and enzymes produced from renewable resources such as agricultural by-products and/
or agro-industrial waste, through assisted biostimulation and bioaugmentation, for biodegra‐
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dation of PAHs. Such methods are relatively inexpensive and less invasive as compared to
physico-chemical remediation processes [2-4]. The application of crude biosurfactants
produced by Pseudomonas ssp., Rhodococcus ssp. and several others, have been observed to
achieve a high mobilization rate of PAHs from contaminated environmental matrices [5, 6].
The synergistic effect of biostimulation combined with bioaugmentation using fungal strains
of Rhizopus spp., Penicillium spp. and Aspergillus spp., isolated from PAH contaminated soil, sig‐
nificantly improve the overall bioavailability for the biodegradation of PAHs in comparison to
biostimulation alone [7]. Additionally, several other renewable resources have been used as
sources of both carbon and nitrogen by several microorganisms during the expression of bio‐
surfactants thus enhancing PAH bioavailability and enzymatic biodegradation [8-11]. This re‐
view describes the environmental behavior of PAHs, and how it affects bioavailability. It also
examines the effectiveness of microorganisms used in the production of crude biosurfactants
for the biodegradation of HMW PAHs rather than the direct application of refined extracts,
with a view to minimize the cost associated with enzymatic biodegradation. The chapter fur‐
ther discusses the effects of bioavailability on the biodegradation of HMW PAHs; bioavailabil‐
ity kinetics to quantitatively estimate PAHs bioavailability using different microorganisms;
and enhanced biodegradation of PAHs using crude biosurfactants from renewable resources.

2. Bioavailability of HMW PAHs
2.1. PAHs bioavailability — Definitions and intrinsic factors
Polycyclic aromatic hydrocarbon mobilization and biodegradation are contingent upon their
bioavailability from various matrices. Given the legal and regulatory implications of the
bioavailability concept as part of a risk assessment framework, the term must be clearly
understood in order to establish the minimum level permissible for contaminants like PAHs
in the environment. The understanding of bioavailability is also important to be able to assess
and evaluate the overall success of PAHs biodegradation. Researchers, however, differ in their
opinion as to what the exact definition of bioavailability should be [12].
The following definitions for bioavailability were compiled in Technical Reports published by
the European Centre for Ecotoxicology and Toxicology of Chemicals [13] and the United State
National Research Council [14]: (i) “The ability of a substance to interact with the biosystem;
(ii) “The fraction of the contaminants in the environment that is potentially available for
biological action” [15]; (iii) “The amount/percentage of a compound that is actually taken up
by an organism as the outcome of a dynamic equilibrium of organism-bound sorption
processes, and soil particle-related exchange processes, all in relation to a dynamic set of
environmental conditions” [16]; (iv) “The fraction of a chemical accessible to an organism for
absorption, the rate at which a substance is absorbed into a living system, or a measure of the
potential to cause a toxic effect”. In pharmacology and toxicology, the term relates to the
systemic availability of a xenobiotic after intravenous or oral dosing [17]. Although these
concepts are useful, making direct parallels from the pharmacological usage to contaminants
in soil and sediment or biota can be problematic. For example, microorganisms do not have a
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digestive tract, target organs, or a circulatory system [13]. These concepts may also not be
appropriate as contaminants in soil or aquatic environments, being controlled by, for example,
the rate of desorption and mobilization from solid matrices, are often continuously supplied
to organisms gradually rather than at an acute dose. Environmental scientists often consider
bioavailability to represent the accessibility of a soil-bound chemical for assimilation and
possible toxicity [18, 19] and thus, have tried to adapt the use of bioavailability concept when
considering human exposure to soil-borne contaminants. For example, Ruby [20] including
Kramer and Ryan [21] suggested that the bioavailable portion is the amount of compound that
is removed from soil through desorption processes under physiological conditions. Another
view of bioavailability is represented by the contaminant crossing a cell membrane, entering
a cell, and becoming available at a site of biological activity. Others might think of bioavaila‐
bility more specifically in terms of contaminant binding to or release from a solid phase.
Obviously, the different definitions of the term bioavailability by scientists in various disci‐
plines are capable of causing semantic confusion and thus, garner more attention than
proffering solution to its challenges. The authors, in this chapter, have compiled these opinions
in order to present a simple and workable definition to the term bioavailability as it is important
to estimateF; the extent of contaminants desorption from the sorbed phase, the non-aqueous
phase residue as against the minimum level required in the environment for such contami‐
nants, and thus assessing the overall success of biodegradation. Considering these opinions
about bioavailability, two words are common to almost all, which are; uptake or absorbed and
available. Based on this observation, bioavailability can be defined as the amount of available
contaminants in the environment that can be absorbed by microorganisms and /or biological
products. Other clauses such as the fraction of contaminants taken up or absorbed, the fraction
of contaminant that is potentially available, the mobilization or transportation of contaminants
from the sorbed phase, the amount desorbed from the soil matrices, etc., which are often
included in the definition of bioavailability and thus causing confusion, are intrinsic factors or
features of bioavailability. However, these intrinsic factors are influenced by the physicochemical properties of the contaminants and those of the sorbent.
Hence, studies on bioavailability are very crucial in order to link the quantity of PAHs
taken up by microorganism with the actual amounts that are available to cause adverse
effects in the environment. Many factors have been known to affect PAH bioavailability,
which are [12, 22, 23];
• Physical and chemical properties of PAHs,
• Soil properties (soil organic matter, dissolved organic matter, moisture content, etc.),
• Aging of PAHs in soil and receptor microorganism.
2.2. Effects of physical and chemical properties of PAHs on bioavailability
Bioavailability is influenced by the molecular structure and size of PAHs. LMW PAHs are re‐
moved faster by physico-chemical and biological processes due to their higher solubility, vola‐
tility and the ability of many microorganisms to use them as sole carbon sources in comparison
to the HMW PAHs [24]. Bioavailability changes with time and weathering [25]. Aging is a cen‐
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tral part concerning availability and refers to the process of organic compounds in soil becom‐
ing less susceptible to degradation, extractability and other related processes in a time
dependent manner [26, 18]. Aging increases sorption propensity of soil contaminants making
them more recalcitrant to diffusion and mobility which consequently lead to low bioavailabili‐
ty. Both the physico-chemical properties of the contaminant and the soil characteristics influ‐
ence aging, which may include several steps and processes such as oxidation thus
incorporating the contaminant into natural organic matter [27, 28], slow diffusion into small
pores and absorption into organic matter, or entrapment due to the formation of semi-rigid
films around non-aqueous-phase liquids (NAPL) with a high resistance toward NAPL-water
mass transfer [29].
2.3. Effects of soil or sediment and dredging properties on PAHs bioavailability
Soil properties such as organic matter content, soil texture, soil depth, particle size, pH,
porosity, intrinsic permeability, liquid limit, and cation exchange capacity, influence PAH
bioavailability. Soil properties can vary greatly from one region to another. They can even vary
within the same region spatially and with depth [30]. Microorganisms have different levels of
tolerance to these factors, which affect their growth and other metabolic activities. Soil
structure such as aggregation has been found to decrease PAH availability through physical
sequestration of PAHs in the interior of aggregates [31]. For instance, Nam et al. [32] found
that PAH bioavailability to phenanthrene degraders declined with time in soils which had
more than two percent organic matter. Hundal et al. [33] reported on the retention of large
amounts of phenanthrene by smectite clays. Yang et al. [34] investigated the impact of soil
organic matter on PAHs distribution in soils and reported that when the soil organic matter
was increased from 0.2 to 7.1% the average non-bioavailable amount of acenaphthene,
anthracene, fluoranthene, and pyrene were almost tripled from 436.9 to 1205.8 ng/g.
2.4. Effects of mass transfer on bioavailability of HMW PAHs
The overall PAHs biodegradation can be conceptually divided into the following steps:
desorption to the eqeuous phase; mass transfer to biologically accessible regions; and biological
uptake and transformation [35, 18], as shown in Figure 1. These steps occur sequencially, such
that the overall biodegradation rate can be controlled by any of these steps. Given the sequen‐
tial nature of the process, the impact of desorption rate on overall biodegradation is expected
to be greatest in the case where biodegradation rates are higher relative to desorption rates.
This occurs when the active microorganisms are capable of high biodegradation rates and
either the media is porous thus having a high capacity for the solute, or media has large
diffusion distances [36, 37]. Based on this, it is important to examine how the physical
morphology of surface and subsurface soils can impact the biodegradation of sorbed organic
chemicals. Naturally, soil contains porous particles of different sizes, many of which are
smaller than the size of microorganisms. For example, analysis of one of the coarser sand sizes
from the Borden aquifer in Ontario (Canada), indicated that, roughly 50% of the intraparticle
pore volume resides in pores that are less than 0.1 μm in diameter [38].
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3.1 First–order kinetics
Biodegradation rate of PAHs in the aqueous phase and the rate constant (k) can be determined
using the reaction rate expression as follows:

3. Kinetic models and assessment of bioavailability of PAHs
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Biodegradation rate of PAHs in the aqueous phase and the rate constant (k) can be determined
using the reaction rate expression as follows:

4

-

dC
dt

= kC n

(1)

C - is the concentration of PAH (mg/l), t the time (days), k the rate constant for chemical
disappearance of PAH (days-1) and n, the reaction order, which is unity for first order kinetics
[24, 41]. Based on the assumptions that only dissolved forms are available for biodegradation
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radation rate can easily be determined. The rate equations can also be simplified by making
certain assumptions. Particularly, the steady-state approximation which assumes a negligible
change in the concentration of the enzyme-substrate complex during the course of the reac‐
tion. Furthermore, the Michaelis–Menten reaction mechanism presupposes that catalysis is ir‐
mechanism presupposes that catalysis is irreversible and that the enzyme is not subject to any product
reversible and that the enzyme is not subject to any product inhibition. This limits the
inhibition. This limits the suitability of using this model to predict biodegradation rates where chemical
suitability of using this model to predict biodegradation rates where chemical surfactants have
surfactants have been known to inhibit product formation [44].
been known to inhibit product formation [44].
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where Q - is the sorbed amount of PAH (mg/g soil), x the mass of PAH (mg), m the mass of soil (g), C the
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Figure 4. A plot of the linearized form of the Freundlich isotherm.
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ing formulations for reversible and instantaneous sorption–desorption processes with
first-order biodegradation reactions in both liquid and solid phases, including the as‐
sumption that the liquid-phase degradation rate coefficient is not affected by the pres‐
ence of solids. Under the sorption–desorption equilibrium assumption, the liquid-phase
contaminant disappearance rate can be expressed as:
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Using integration, the concentration of PAHs in the aqueous phase at any particular time
during the biodegradation process can be determined as:
C = C0exp (E f B f k1t )

(7)

where, Ef is the enhanced transformation factor (dimensionless);
E f = 1 + Rsl K d f s ks / k1
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Rsl is solid/liquid ratio (mg/l);
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(10)

where C is the liquid-phase concentration of contaminant (mg/l), C0 the initial liquidphase concentration (mg/l), t time (min), k1 the first-order liquid-phase degradation rate
coefficient (min-1) which can be determined from biodegradation assay, Kd the sorption
distribution coefficient (dimensionless), fs the fraction of attached biomass in the system
(dimensionless), ks the first-order sorbed-phase degradation rate (min-1), m the sorbent
mass (g), and Vl is the liquid volume (l).
The bioavailability factor (Bf) range from the above equation is between zero and unity. A Bf
approaching unity indicates that the effect of sorption is practically negligible while a Bf
tending towards zero shows that biodegradation will be significantly limited by sorption [36].
On the other hand, if there is no sorbed-phase degradation by the attached biomass, Ef is unity
and the enhanced bioavailability model reduces to bioavailability model which assumes
sorption-desorption and only liquid-phase biodegradation. An Ef > 1 indicates that biodegra‐
dation is faster than that expected based on the liquid-phase degradation while Ef < 1 indicates
slower rates [49].
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3.5. Effects of temperature on bioavailability
Studies have demonstrated that temperature optimization had a positive effect on biodegra‐
dation of hydrophobic organic compounds especially for PAHs in a soil historically contami‐
nated with these hydrocarbons. These findings indicated that in-situ remediation processes
are accelerated with elevated temperature in a range between mesophilic and thermophilic
temperatures. However, at a high temperature, the activity of fungal and bacterial populations
is reduced [50]. Temperatures in the thermophilic range (50 to 60°C) are shown to greatly
accelerate decomposition of organic matter, in general [51]. Microbial utilization of hydrocar‐
bons can occur at temperatures ranging from -2 to 70°C. Iqbal et al. [52] investigated the ability
of indigenous aerobic microorganisms to degrade low and HMW PAHs in sewage sludge fed
in continuous bioreactors. It was reported that when the temperature increased from 35 to
45°C and at 55°C, biodegradation of the high molecular weight PAHs was enhanced from 50
to 80%. The results also showed improved kinetic rates with elevated temperature. A reduction
in kinetic rates was associated with a decrease in contaminant concentrations over time;
however, the kinetic rates were found to be dependent upon the contaminants desorption and
environmental factors than concentration; i.e. significant kinetic rates was observed in the
ambient and high temperature biodegradation processes.
Temperature elevation coupled with moisture optimization was also determined to enhance
the bioremediation of such contaminated soil. Raising the temperature also decreases adsorp‐
tion, which makes more organic material available for microorganisms to degrade. With the
synergistic effects of elevated temperature and sufficient moisture content, White et al. [53]
determined that moisture and slurrying soil containing organic compounds dramatically
enhanced bioavailability and the rate of biodegradation. Reports also show that desorption
resistant HMW PAHs were more efficiently metabolized in slurried than in unslurried soil
suggesting that temperature and moisture optimization needs to be combined with efficient
nutrient delivery systems for soils/sediments.
Furthermore, temperature plays a role when nutrients are added for biodegradation. Previous
studies indicate that at 10°C, biodegradation rates were not affected by the addition of
phosphorus or nitrogen. However, at 20°C, biodegradation was increased by the addition of
phosphorus [54]. This suggests that temperature optimization needs to be combined with
sufficient and suitable nutrient amendments. Sartoros et al. [55] considered the biodegradation
of a mixture of two PAH compounds, pyrene and anthracene, by a developed enrichment
culture with the addition of surfactant at a low temperature of 10°C and discovered a negative
impact on the biodegradation. It was also observed that the overall extent and the maximum
specific rate of PAHs mineralization decreased with the decrease of temperature; the variation
of total PAH concentration had negligible effect. However, at 25°C the addition of a surfactant
enhanced the mineralization of PAHs. These results have important implications on the use
of surfactants for in-situ bioremediation since groundwater temperatures are often at or below
10°C.
In a bioaugmentation system, where allochthonous or genetically engineered microorganisms
are added into contaminated soil to aid the operation of indigenous microbes, microbial
population can decline rapidly following their introduction into such natural soil, and growth
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of the engineered populations in microbiologically undisturbed soils is a rare phenomenon
due to microbiostasis [56, 57]. Furthermore, temperature variability is one of the principal
contributors leading to the decline of microorganisms introduced into a 'hostile' soil microen‐
vironment. In high temperature treatments, the response and survival of the microorganisms
will be compromised compared to ambient temperature treatments. The microbial concentra‐
tion increases under ambient temperature thus significantly increasing remediation activity.
Results suggest that the stimulated growth and activity of indigenous microbes with elevated
temperature in non-inoculated treatment indicates a positive relationship between optimum
temperatures and better biodegradation performance.

4. Enhancing bioavailability of HMW PAHs using biosurfactants from
renewable resources
4.1. Effects of biosurfactants on sorbed PAHs
Biosurfactants are surface active agents produced by microorganisms. Table 1 shows some of
these microorganisms and the different groups of biosurfactant they produce. All biosurfac‐
tants consist of two parts, a polar (hydrophilic) moiety and a non polar (hydrophobic) group.
A hydrophilic group consists of mono-, oligo- or polysaccharides, peptides or proteins and a
hydrophobic moiety usually contains saturated, unsaturated and hydroxylated fatty acids or
fatty alcohols [58]. Due to their amphiphilic structure, biosurfactants show a wide range of
properties, including the lowering of surface and interfacial tension of liquids, the ability to
form micelles and micro-emulsions between two different phases, the ability to increase the
surface area of hydrophobic water-insoluble substances, and thus increase the water bioavail‐
ability of such substances. In comparison to their chemically synthesized equivalents they have
many advantages; they are environmentally friendly, biodegradable, less toxic and nonhazardous. They have better foaming properties and higher selectivity; they are active at
extreme temperatures, pH and salinity, and can be produced from wastes and from various
by-products. This feature makes the production of cheap biosurfactants possible and the
concomitant effects of utilizing waste substrates and reducing their environmental pollution
[59-63]. Biosurfactants increase the bioavailability of PAHs resulting in enhanced growth of
the degrading microorganism and the biodegradation of the contaminants.
An important feature of the physico-chemical properties of surfactants is their hydrophiliclipophilic balance (HLB) [64, 65]. The HLB value indicates whether a surfactant will produce
a water-in-oil or oil-in-water emulsion. Emulsifiers with lower HLB values of 3 to 6 are
lipophilic and promote water-in-oil emulsification, while emulsifiers with higher HLB values
between 10 and 18 are more hydrophilic and promote oil-in-water emulsion formation [5]. A
classification based on HLB values has been used to evaluate the suitability of different
surfactants for various applications. For example, it has been reported that successful surfac‐
tants are those with the ability to promote desorption of contaminants from contaminated soils
and are normally those with HLB values above 10 [66].
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Biosurfactant
Group

Class

Glycolipids

Rhamnolipids

Microorganism

Applications in Environmental Biotechnology Reference
s

Pseudomonas aerugi‐

Enhancement of the degradation, dispersion, emulsifi‐

[69, 71]

nosa, Pseudomonas sp cation of different classes of hydrocarbons and vegeta‐
ble oils; removal of metals from soil.
Trehalolipids

Mycobacterium tuber‐

Enhancement of the bioavailability of hydrocarbons.

[72]

Recovery of hydrocarbons from dregs and muds; re‐

[73, 74, 69]

culosis, Rhodococcus er‐
ythropolis, Arthrobacter
sp., Nocardia sp., Cory‐
nebacterium sp.
Sophorolipids

Torulopsis bombicola,

Torulopsis petrophilum, moval of heavy metals from sediments; enhancement

Fatty acids,

Corynomycolic

phospholipids

acid

and neutral

Spiculisporic acid

Torulopsis apicola

of oil recovery.

Corynebacterium lepus

Enhancement of bitumen recovery.

[75]

Penicillium spiculispo‐

Removal of metal ions from aqueous solution; disper‐

[76]

rum

sion action for hydrophilic pigments; preparation of

lipids

emulsion-type organogels, microencapsulation

Lipopeptides

Phosphati-dyle‐

Acinetobacter sp., Rho‐

thanolamine

dococcus erythropolis

Surfactin

Bacillus subtilis

Increasing the tolerance of bacteria to heavy metals.

[77]

Enhancement of the biodegradation of hydrocarbons

[78]

and chlorinated pesticides; removal of heavy metals
from a contaminated soil, sediment and water; increas‐
ing the effectiveness of phytoextraction.

Polymeric bio‐

Lichenysin

Bacillus licheniformis

Enhancement of oil recovery

[79]

Emulsan

Acinetobacter calcoace‐

Stabilization of the hydrocarbon-in-water emulsions.

[80]

surfactants

ticus RAG-1
Alasan

Acinetobacter radiore‐

[81]

sistens KA-53
Biodispersan

Acinetobacter calcoace‐

Dispersion of limestone in water.

[82]

Stabilization of hydrocarbon-in-water emulsions.

[83]

ticus A2
Liposan

Candida lipolytica

Mannoprotein

Saccharomyces cerevi‐
siae

Source: Pacwa-Płociniczak et al. [85]
Table 1. Biosurfactants producing organisms: classification and application in environmental biotechnology.

[84]
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Another feature is the Critical Micelle Concentration (CMC); which is the concentration above
which the formation of micelles is thermodynamically favored [67]. The mobilization mecha‐
nism occurs at concentrations below the biosurfactant CMC. At such concentrations, biosur‐
factants reduce the surface and interfacial tension between air-water and soil-water systems.
Due to the reduction of the interfacial force, contact of biosurfactants with a soil-oil system
increases the contact angle and reduces the capillary force holding the oil and soil together.
Above the biosurfactant CMC, the solubilization process takes place. At these concentrations,
biosurfactant molecules aggregate to form micelles, which dramatically increase the solubility
of the oil. The hydrophobic part of the biosurfactant molecules interconnect inside the micelle
while the hydrophilic ends are then exposed to the aqueous phase on the exterior. Conse‐
quently, the interior of a micelle creates an environment compatible for hydrophobic organic
molecules. The process of incorporation of these molecules into a micelle is known as solubi‐
lization [68]. The formation of micelles leads to a significant increase in the apparent solubility
of hydrophobic organic compounds, even above their water solubility limit, as these com‐
pounds can partition into the central core of a micelle. The effects of such a process are the
reduction of surface and interfacial tension, enhancement of mobilization and mass transfer
of contaminants from soil particles into the aqueous phase, and consequently the bioavaila‐
bility of the hydrophobic contaminants for microbial attack [69, 70].
4.2. Biosurfactants production using agricultural and industrial wastes
The bioconversion of waste materials is considered to be of importance for the development
of sustainable biotechnology processes in the near future because of its favorable economics,
low capital and energy cost, reduction in environmental pollution, and their relative ease of
operation [86, 10, 87, 88]. Producing usable products from agricultural and industrial waste is
therefore a feasible and favorable option [89, 90]. Modern society produces high quantity of
waste materials through activities related to industries such as those in the forestry, agriculture
and municipal sectors [86, 91].
The use of the alternative substrates such as agro-based industrial wastes is one of the attractive
strategies for the economic production of biosurfactants to enhance biodegradation of
environmental hydrophobic contaminants. It has been suggested that successful approaches
to more economical production technologies of biosurfactants will be a collaborative approach
involving process development and sustainable raw material supplies. According to Marchant
and Banat [92], emphasis should be on the cost effective management of downstream proc‐
essing. These inexpensive agro-industrial wastes substrates include olive oil mill effluent, plant
oil extracts and waste, distillery and whey wastes, potato process effluent and cassava
wastewater [10]. These waste materials are some examples of food industry by-products or
waste that can be used as feedstock for biosurfactants production. Similarly, vegetable oil
wastes can be used for biosurfactant production as they are lipidic carbon sources and are
mostly comprised of saturated or unsaturated fatty acids with 16 to18 carbon atoms chain.
Studies involving the application of a variety of vegetable oils for biosurfactants production
from canola, corn, sunflower, safflower, olive, rapeseed, grape seed, palm, coconut, fish and
soybean oil have been reported. The world production of oils and fats is about 2.5 to 3 million
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tons, 75% of which are derived from plants and oil seeds [93]. The high content of fats, oils and
other nutrients in these wastes make them invaluable cheap raw materials for industries
involved in useful metabolite production. Furthermore, from an economical point of view,
nutrient rich agricultural residues can be employed for producing useful biological products
such as biosurfactants. These materials are among the most abundant organic carbon available
on earth [94] and they are the major components of different waste streams from various
industries.
In recent times, studies have been focused on the application of agro-industrial wastes or byproducts for the production of biosurfactants which are used in crude form or the direct use
of surfactants producing strains for biodegradation processes. This is due to the high cost of
biosurfactant purification and the stability including sustainability provided by these biosur‐
factants producing strains in biodegradation processes. The production and properties of a
biosurfactant, synthesized by Bacillus subtilis LB5a strain, using cassava wastewater as a
substrate was investigated. The microorganism was able to grow and to produce a surfactant
on cassava waste, reducing the surface tension of the medium to 26.6 mN/m and giving a crude
surfactant concentration of 3.0 g/L after 48 h [95]. The biosurfactant obtained was capable of
forming stable emulsions with various hydrocarbons. Panesar et al. [96] investigated the
suitability of molasses, the sugar industry by-product, for biosurfactant production using
Pseudomonas aeruginosa strain ATCC 2297. An attempt was also made to replace the costly
nitrogen sources with agro-industrial by-products to formulate low cost medium for biosur‐
factants production. The strain was found to displayed maximum emulsification activity on
molasses medium after 120 h of incubation under optimized conditions. Biosurfactants
production by a strain of Pseudomonas aeruginosa using palm oil as a sole carbon source was
also investigated [97]. The P. aeruginosa strain gave emulsification index results of 100% when
diesel was used as an oil phase and was able to reduce surface tension of three tested inorganic
media to approximately 33 mN/m. Wan-Nawawi et al. [98] also reported the versatility of a
bacterial strain isolated from a hydrocarbon-based source at a palm oil mill. The strain showed
a high bacterial growth on sludge palm oil with a surface tension of 36.2 mN/m and was
therefore proposed for biosurfactant production by liquid state fermentation.
4.3. Application of biosurfactants for enhancing PAHs bioavailability
Only limited numbers of microorganisms are capable of degrading HMW PAHs. Hence their
biodegradation is limited by their low bioavailability to the microorganisms, which is due to
their hydrophobicity, low aqueous solubility and strong adsorptive capacity in soil [99, 100].
Berg et al. [101] described an emulsifying agent produced by P. aeruginosa UG2 that increased
the solubility of hexachlorobiphenyl added to soil slurries, resulting in a 31% recovery of the
compound in the aqueous phase. Griffin et al. [102] demonstrated that rhamnolipids from
bacteria, in combination with the oleophilic fertilizer Inipol EAp-22, increased the degradation
rate of hexadecane, benzene, toluene, o- and p-cresol and naphthalene in aqueous-phase
bioreactors and in those containing soil. They also reported increased rates of biodegradation
of aliphatic and aromatic hydrocarbons by pure bacterial cultures.
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The efficiency of biosurfactants in the remediation of soil contaminated by phenanthrene and
polychlorinated biphenyls (PCBs) was also reported [103]. In an investigation of the capacity
of PAH-utilizing bacteria to produce biosurfactants using naphthalene and phenanthrene,
Deziel et al. [104] quantified biosurfactants production that was responsible for an increase in
the aqueous concentration of naphthalene. This indicates a potential role for biosurfactants in
increasing the solubility of such compounds. Similarly, Zhang et al. [105] determined the effect
of two biosurfactants on the dissolution and bioavailability of phenanthrene and reported
increases in both solubility and the degradation rate of phenanthrene. Kanga et al. [106] applied
glycolipid biosurfactants produced by Rhodococcus sp. H13A and a synthetic surfactant (Tween
80) for enhanced substrate solubility. Using naphthalene and methyl-substituted derivatives
in crude oil as representative of the PAH content, they observed that both surfactants lowered
surface tension in solutions from 72 to 30 mN/m. The biosurfactants were efficient in increasing
the solubility of the hydrocarbons, particularly the substituted derivative. In a laboratory
column study, Noordman et al. [107] applied biosurfactants for the enhanced removal of
phenanthrene from phenanthrene-contaminated soil, eluting the contaminant with an
electrolyte solution containing rhamnolipid. The enhanced removal of phenanthrene occurred
mainly by micellar solubilization.
Microbially produced biosurfactants were studied to enhance crude oil desorption and
mobilization in model soil column systems [108]. The results showed that the ability of
biosurfactants from Rhodococcus ruber to remove the oil from the soil core was 1.4 to 2.3 times
greater than that of a synthetic surfactant (Tween 60), of suitable properties. The biosurfactant
was less adsorbed to soil components than synthetic surfactant, thus rapidly penetrating
through the soil column and effectively removing 65–82% of the crude oil. Chemical analysis
showed that the crude oil removed by the biosurfactant contained a lower proportion of highmolecular-weight paraffins and asphaltenes.
The capability of biosurfactants and biosurfactant-producing microorganisms to enhance
organic contaminants’ availability and biodegradation rates was reported by several authors
[109, 110, 104]. Kang et al. [111] used sophorolipid in studies on biodegradation of aliphatic
and aromatic hydrocarbons and Iranian light crude oil under laboratory conditions. The
addition of this biosurfactant to soil increased biodegradation of tested hydrocarbons with the
rate of degradation ranging from 85% to 97% of the total amount of hydrocarbons. Their results
indicated that sophorolipid may have the potential for facilitating the bioremediation of sites
contaminated with hydrocarbons having limited water solubility and increasing the viability
of microbial consortia for biodegradation. The solubility and utilization of pyrene as a sole
carbon source by the biosurfactant-producing bacterial strains; Bacillus subtilis DM-04,
Pseudomonas aeruginosa mucoid (M) and nonmucoid (NM), isolated from a petroleum-contami‐
nated soil were studied [112]. It was reported that the biosurfactants produced by the bacteria
under the study were capable of enhancing the solubility of pyrene in aqueous media and can
influence the cell surface hydrophobicity of the biosurfactant-producing strains that results in
a higher uptake of pyrene.
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5. Conclusion
Although environmental biotechnology is regarded as an eco-friendly technology for the
clean-up of PAH-contaminated ecosystems, the successful application of this technology is
still restricted by the enormous costs of its operation and the limited bioavailability of the
contaminants to degradative micro-organisms, especially HMW PAHs, due to sorption and
sequestration. Many bacteria, fungi and algae and their products have been applied to degrade
a range of LMW PAHs, such as naphthalene, fluorene and phenanthrene; however, their
activity towards HMW PAHs containing five or more fused benzene rings, such as Ben‐
zo(a)pyrene and Benzo(ghi)perylene, is limited. Application of biosurfactants produced using
agricultural and industrial wastes may be promising for reducing the costs of biodegradation
technology as well as enhancing bioavailability of HMW PAHs. However, there is a dearth of
research on this subject. Bioavailability model could be a vital tool to estimate and assess the
success of bioremediation; therefore, more research is needed in this area, considering
variations in environmental conditions that could limit field simulation of laboratory results.
The synergistic effects of increased temperature and moisture with biosurfactants application
have been shown to enhance biodegradation efficiency; however, kinetic investigation is
important under these conditions to provide an understanding of biodegradation rate in
situation where these conditions cannot be controlled such as in a typical field operation.
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Polyhydroxyalkanoate (PHA) Production from
Carbon Dioxide by Recombinant Cyanobacteria
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Takuo Onizuka and Hideo Akiyama
Additional information is available at the end of the chapter
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1. Introduction
Global warming is the urgent issue of our time, and the carbon dioxide is a greenhouse gas of
the major concern. There are various research activities for carbon dioxide mitigation, such as
CO2 recovery from the flue gas of industrial sites, underground and undersea CO2 storage,
and also chemical/biological conversion of CO2 into the industrial materials [1].
On-site CO2 fixation by bioprocess is based on the activities of photosynthetic organisms. The
fixation of CO2 by photosynthetic microorganisms can be an efficient system for the CO2
mitigation, but one of the major problems of this system is the effective utilization of the fixed
biomass. The biomass produced by photosynthetic microorganisms must be utilized as a
resource, or it will be easily degraded by microorganisms into CO2 again. Cyanobacteria are
procaryotic photosynthetic microorganisms and can provide a simple genetic transformation
system for the production of useful materials from CO2. We have established an efficient
vector-promoter system for the introduction and expression of foreign genes in the marine
cyanobacterium Synechococcus sp. PCC7002, and examined the production of biodegradable
plastic, polyhydroxyalkanoate (PHA), by genetically engineered cyanobacteria. The PHA is a
biopolymer accumulated by various microorganisms as reserves of carbon and reducing
equivalents. PHAs are linear head to tail polyesters composed of 3-hydroxy fatty acid mono‐
mers (Figure 1), have physical properties similar to those of polyethylene, and can replace the
chemical plastics in some applications, such as disposable bulk materials in packing films,
containers, and paper coatings [2]. PHA applications as implant biomaterials, drug delivery
carrier, and biofuel have also been investigated [3]. The commercial mass production of PHA
from corn sugar by using the genetically enigineered microorganism was started in 2009 in the
United State and China [3].
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Since most of the industrial CO2 emission sites locate in the seashore area in Japan, we choose
a marine cyanobacterial strain for the fixation and utilization of CO2. The marine cyanobacterial
strain Synechococcus sp. PCC7002 (Agmenellum quadruplicatum PR-6, ATCC 27264) [4] was
obtained from the American Type Culture Collection, and cultured at 30 °C in medium A [5]
under continuous illumination (50 μmol photons m-2 s-1) by bubbling with 1% CO2 in air.

2.1. Construction of a shuttle-vector between E

For the construction of a shuttle-vector between E. coli and Synechococcus sp. PCC7002, we
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digestions, respectively, and were ligated to generate the shuttle-vector pAQJ6 (Figure 2; both
SmaI and StuI are blunt-end forming restriction enzymes). The effect of the four ORFs on the
transformation efficiency was examined, and ORF943 was found to be important for the
maintenance of the shuttle-vector. From this result, the simplified shuttle-vector pAQJ4 with
the full ORF943 was designed (Figure 2).
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previously reported [4, 9]. With this system, we can obtain several million of cyanobacterial
transformant in one experiment, thus this shuttle-vector system can also be applied for the
construction of cDNA libraries using cyanobacteria as host cells.
An example of the use of this shuttle-vector for cDNA library is the construction of cDNA
library of the halotolerant marine green alga Chlamydomonas W80 for the isolation of anti-stress
genes [10]. C. W80 shows a surprisingly high oxidative stress tolerance caused by methyl
viologen (MV), which is reduced by the photosynthetic apparatus generating highly toxic
superoxide (O2-). C. W80 tolerates up to 200 μM of MV [11, 12], while other oxygen-evolving
photosynthetic organisms such as higher plants, algae and cyanobacteria usually tolerate only
less than 5 μM of MV. This alga is a prominent genetic resource of anti-stress genes, and various
unique anti-stress genes, such as ascorbate peroxidase [13], glutathione peroxidase [14], and
the novel salt and cadmium stress related (scsr) gene [15], have been isolated from this alga.
Using the cDNA library of C. W80 constructed in pAQJ4 shuttle-vector, we isolated anti-stress
genes by a functional expression screening in cyanobacteria. The principle of the screening
method was based on the acquisition of stress-tolerance of the cyanobacterial cells carrying
the genes of C. W80, and a unique anti-stress gene (a new member of group 3 late embryo‐
genesis abundant protein genes) was successfully isolated [10].
2.2. Promoter for the expression of the genes on shuttle-vector
An effective promoter is important for the expression of the genes on shuttle-vector. The
promoter of the RuBisCO (rbc) gene of S. PCC7002 was chosen for the source of strong
promoter, and the rbc gene was isolated by screening the genomic library of S. PCC7002.
RuBisCO is one of the key enzymes of Calvin–Benson cycle (photosynthetic CO2 fixation cycle),
and the most abundant protein in photosynthetic organisms. Our genomic clone of the rbc gene
(DDBJ Accession No. D13971) is 4234 bp long, and has 962 bp of five prime untranslated region
(5' UTR) of rbc large subunit (rbcL). To determine the location of the promoter activity in the
5’-UTR of rbc gene, we constructed CAT (chloramphenicol acetyltransferase) reporter gene
construct in pAQJ4 vector, and examined the promoter activities of the 5’-UTR of rbc gene by
introducing various deletions into this region. The promoter activity was found to be located
in the region close to the coding region of rbcL, and the 304 bp fragment of the 5' UTR containing
the promoter region was used for the promoter for pAQJ4 vector. In addition to the promoter,
we also introduced multiple cloning site (MCS) into pAQJ4 vector, and the expression shuttlevector pAQ-EX1 (DDBJ Accession No. AB071392) was finally developed.
Figure 3 shows the map of the shuttle-vector pAQ-EX1. The transformation efficiency of pAQEX1 for S. PCC7002 cells was about 6 x 105 cfu / μg DNA [16].
The transformation of the fresh water cyanobacterium S. PCC7942 with pAQ-EX1 vector was
also examined [16], and the S. PCC7942 cells were successfully transformed with this vector,
although the transformation efficiency (4.0 x 102 cfu/ μg DNA ) was much lower than that for
S. PCC7002. Since S. PCC7942 cells do not have the pAQ1 plasmid, which is the origin of pAQEX1 vector, there is no possibility of homologous recombination between pAQ-EX1 and pAQ1
in S. PCC7942 cells. We can, therefore, expect a higher stability of pAQ-EX1 vector in S.
PCC7942 cells than in S. PCC7002 cells, and actually the pAQ-EX1 plasmid was quite stably
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Figure 5 shows the principles of the selective pressure for the maintainance of plasmid in con‐
ventional antibiotics selection (Figure 5A) and our recA complementation (Figure 5B) systems.
In the conventional antibiotics selection system, the antibiotics-resistant (Ab-R) gene casette is
introduced in plasmid, and the loss of the plasmid makes the host cells sensitive to antibiotics. In
the recA complementation system, the recA gene in the genome of the host cells is inactivated by
homologous recombination, and the function of genomic recA gene is complemented by the re‐
cA gene on the plasmid. In cyanobacteria, recA null mutation is lethal, and the host cell without
plasmid can not survive. Generally, cyanobacteria have several copies of genome [24] and recA
null mutant cells carrying a plasmid with E. coli recA gene were generated by three steps as fol‐
lows (Figure 6); i) generation of recA partial mutant of S. PCC7002 by homologous recombina‐
tion with kanamycin resistance gene (km) cassette, ii) introduction of shuttle-vector with E. coli
recA gene into the recA partial mutant cells, and iii) conversion of the partial recA mutant into the
recA null mutant by further homologous recombination. The use of recA complementation as a
selection pressure is a simple and versatile method; only the E. coli recA gene on the plasmid, and
the partial recA mutant host are required, and the recA null mutant can easily be obtained by
subculturing the cells in the medium with kanamycin (Km). Unlike cyanobacteria, recA null
mutation is not lethal in E. coli, thus this complementation system is not applicable for E. coli.
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PHAs are linear head to tail polyesters composed of 3-hydroxy fatty acid monomers (Figure
Figure 6. Procedure for generation of recA null mutant cells carrying plasmids with E. coli recA gene
1), and there are at least 100 different 3-hydroxy alkanoic acids among the PHA constituents
[25]. The first PHA discovered was poly(3-hydroxy-butyrate) (PHB). It is a highly crystalline
thermoplastic
many properties
with polypropylene,
and the most abundant of the
4. PHAsharing
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PHAs in nature. The PHB biosynthetic pathway consists of three enzymatic reactions catalyzed
by three distinct enzymes (Figure 7A), 3-ketothiolase (PhaA), acetoacetyl-CoA reductase
4.1. Vector construct with recA complementation system for PHA production
(PhaB), and PHA synthase (PhaC). These three enzymes are encoded by the genes of the
phbCAB operon (Figure 7B). There are several well established PHA production systems using
PHAs are linear head to tail polyesters composed of 3-hydroxy fatty acid monomers (Figure 1), and ther
natural microorganisms such as Wautersia eutropha, Methylobacterium, and Pseudmonas, and also
3-hydroxy alkanoic acids among the PHA constituents [25]. The first PHA discovered was poly(3-hydro
using recombinant bacteria such as E. coli [2, 26], and intracellular accumulation of PHA of
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We investigated the production of PHA by the recombinant cyanobacteria with the recA complemen
cyanobacterial expression system [35].
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the end of cultures were 7.5 x 10 to 1 x 10 /ml, and the passage of culture was done by diluting
the culture into a fresh medium at a dilution ratio of 1:1,000. Figure 10 shows the changes in
the PHA productivities in the transformant cells of the recA null mutant (Figure 10A), wild
type (non- recA -mutant) (Figure 10B), and recA partial mutant (Figure 10C). The PHA
Figure 10. The stability of PHA productivity in the recA null mutant transformant (A),
partial mutant transformant (C). All the transformants (recA null mutant, wild type, an
figure 8. The cells were subcultured in the antibiotics free medium for five times at on
determinated at the end of each culture. The PHA productivities were expressed as the
antibiotics (passage number 0, shown as black bars).
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productivities were expressed as the percentage to the PHA content in the cells cultured with
antibiotics (passage number 0, shown as black bars in Figure 10). The PHA productivities in
the recA null mutant (Figure 10A) were kept at the approximately same level with that of
passage number 0 at the passage numbers 1 through 4 in the antibiotics free medium, but
suddenly decreased to 45% of the passage number 0 at the passage number 5. On the other
hand, the PHA productivities in the wild type (non- recA -mutant) transformant significantly
decreased at the passage number 1 (45% of the passage number 0), and no PHA production
was detected at the end of passage number 2 (Figure 10B). Interestingly a partial positive effect
for the PHA productivity was observed in the recA partial mutant (Figure 10C); the PHA
productivity decreased gradually during the consecutive culture passages to a trace level of
PHA production at the passage number 6. These results indicate that the recA complementation
effectively acted as a selection pressure in the recA null mutant for the maintenance of the
plasmid carrying the pha genes, at least for 3 to 4 passages at a dilution rate of 1:1,000. The cell
number (and also culture scale) can be increased 109 times with three culture passages at a
dilution rate of 1:1,000, and therefore this antibiotics-free PHA production system is applicable
to the large scale PHA production. The reason for the sudden decrease in PHA productivity
in the recA null mutant at the passage 5 is not clear, but this might not be caused by the loss of
plasmid in the cyanobacterial cells because the cells of passage numbers 4 (high PHA produc‐
tivity) and 5 (low productivity) did not show any difference in colony forming ability on the
antibiotics (carbenicillin) plates. The decrease in the PHA productivity at the passage numbers
4 and 5 might, therefore, be attributed to the other reasons, such as the mutation in pha genes
and/or the inhibition of the expression of pha genes on the plasmid.
4.2. PHA production by transformant cyanobacteria cells
Figure 11 shows the electron micrograph of the control wild type S. PCC7002 (A), and the PHA
accumulating recA null mutant transformant (Syn-pha/Ac) (B) cells. The small PHA granules
aligning along the thilacoid membrane were observed in the Syn-phaAc transformant cell. The
molecular mass distribution of the PHA was estimated with the gel permeation chromatog‐
raphy (GPC). The molecular mass distribution of the PHA from the Syn-pha/Ac transformant
was a little shifted to the higher side compared to that of the standard PHA from W. eutropha
(Figure 12), but in the range previously reported for various microbial PHAs. The main
component of the hydroxyalkanoic acid of the PHA from the Syn-phaAc transformant was
hydroxybutyric acid (more than 98%), and a small amount of lactic acid (0.5 to 1.5 %), and a
trace amount of hydroxyvaleric acid were also contained.

To obtain a higher PHA accumulation in the cyanobacterial cells, the nutrient condition of the
culture was also examined. Since it is reported that the nitrogen and phosphorus supplies,
much affect the PHA accumulation in microorganisms [36, 37], the Syn-phaAc transformant
cells were cultured in the medium containing various concentrations of nitrogen (NaNO3) and
phosphorus (KH2PO4) sources, and the cell growth and PHA accumulation were compared
(Figure 13). There was a clear negative relationship between cell growth and PHA accumula‐
tion, and nitrogen limitation seemed to be effective for the accumulation of PHA although the
cell growth was significantly suppressed in the nitrogen limited medium. The maximum PHA
, wild type (non-recA-mutant) transformant (B), and recA
nd recA partial mutant) carry the construct Ac plasmid of
ne week intervals, and the PHA contents in the cells were
e percentage to the PHA content in the cells cultured with

nsformant was examined in comparison to the wild
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accumulation was 52% of cell dry weight, the highest among the ever reported PHA accumu‐
lation in cyanobacteria. Accordingly the two-staged culture system consisting of cell growth
and PHA production phases should be applied to increase the total productivity (g per liter
culture) of PHA. Asada et al. reported that acetyl-CoA flux is the limiting factor in PHA
production by genetically engineered cyanobacterium [32], and the high PHA productivity in
Syn-phaAc transformant cells suggests the abundant intracellular supply of acetyl-CoA in S.
PCC7002.

Figure 11. Electron micrograph of wild type S. PCC7002 (A) and PHA accumulating Syn-pha/Ac transformant cells (B)
in the early exponential growth phase (OD550=2). The PHA content in the Syn-pha/Ac transformant cell is approxi‐
metly 10% of the dry weight. Scale bars represent 0.5 μm.
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Our study is the first practical approach for the antibiotics-free maintenance of plasmid in
cyanobacteria, and with this system the fixation and direct conversion of CO2 into the useful
bioplastics can be realized under low maintenance and low cost conditions.
The future research subjects to realize the on-site CO2 fixation and utilization system with
recombinant cyanobacteria are the followings.
Although the promoter derived from the rbc gene was found to be quite effective both in
cyanobacterial and bacterial cells, and the PHA production by the transformed cyano‐
bacterial cells was also quite successful with this promoter, the use of a switchable
promoter (ON/OFF type promoter) might further enhance the PHA production.

2.

Method and system for the efficient harvesting of cyanobacteria at low energy and low
cost should be developed.

3.

Photosynthetic CO2 assimilation only occurs during the day, and the productivity of
biomaterials is much influenced by light condition. The use of cyanobacteria capable of
growing photoautotrophic and also heterotrophic (with waste water) is one possible
solution to this limitation.

4.

Generally biomaterials, such as fuel and plastic, produced from CO2 are low price.
Simultaneous prodcuction of higher value products, such as fine chemicals, can lower the
cost for the production of biomaterials from CO2.
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5. Conclusion
The fixation and direct conversion of CO2 into the useful biomaterials by the transgenic
cyanobacteria are two processes of a promising technology for the coming low carbon
economy. We have developed an efficient shuttle-vector between the marine cyanobacterium
Synechococcus sp. PCC7002 and E. coli, and also a practical antibiotics-free cyanobacterial
plasmid expression system by using the complementation of the cyanobacterial recA null
mutation with the E. coli recA gene on the plasmid. Although considerable researches are still
required to realize the practical on-site applications of the present system to the industrial
emission sites, such as thermal power plants, this technology can be a promising option for
the biological conversion of CO2 into useful industrial materials.
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1. Introduction
In macrobasidial fungi, the properties of compounds of a phytohormonal nature, which are
well known in higher plants and are intensively studied in soil associative microorganisms,
are only described in an unsystematic manner and, apparently, to an insufficient degree.
Auxins are the most studied group of phytohormonal substances. As an object of research,
along with other mycological objects of industrial cultivation, the higher fungus–xylotrophic
basidiomycete Lentinus edodes (Berk.) Sing (Lentinula edodes (Berk.) Pegler or shiitake), which
is of high practical importance and the physiological and biochemical characteristics of
which are obviously insufficiently studied, is of particular interest.
For long enough, there have been speculations that phytohormones, including representa‐
tives of the auxin group, are involved in the processes of cell growth and cytodifferentiation
not only in plants, but also in fungi. Nevertheless, this issue still remains practically unstudied.
Of particular interest are the effects and mechanisms of the action of biologically active sub‐
stances at low doses. At small and ultrasmall concentrations (10–20 – 10–13 M), there is a mani‐
festation of the activity of many natural chemomediators - toxins and antidotes, substances
warning of danger, pheromones, cryoprotectants, and other compounds, including phyto‐
hormones [1]. There is a description of the paradoxical nature of the effect of low concentra‐
tions of toxic substances and drugs, which is particularly expressed in the bimodal or
polymodal dependence dose–effect. It is noted in [2] that the consequences of the effects of
small doses of xenobiotics may be no less serious than the consequences of high single
doses: under their influence, essential links may change and some adaptation systems may
fail, because the body is only able to adapt to effects, which are in the usual range of action.
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There are two main ways of biosynthesis of phytohormone of indole-3-acetic acid (IAA),
namely tryptophan-dependent (Trp-dependent), in the case of which amino acid tryptophan
serves as a precursor to IAA, and tryptophan-independent (Trp-independent), in the case of
which IAA is produced from indole, anthranilic acid, and indole-3-glycerophosphate [3].
Trp-dependent synthesis of IAA by microorganisms can take place in one of the following
four ways (see the scheme below): by indole-3-pyruvic acid and indole-3-acetaldehyde (the
most common way), by tryptamine and indole-3-acetaldehyde, by indole-3-acetamide, and
by indole-3-acetonitrile. According to some reports, indolylacetaldoxime may also be con‐
verted into IAA through indole acetaldehyde [4, 5].

Scheme 1. Tryptophan-dependent biosynthesis of indolylacetic acid in microorganisms. 1 – tryptophan, 2 – indolylpyr‐
uvic acid, 3 – indolylacetaldehyde, 4 – indolylacetic acid, 5 – indolylacetamide, 6 – tryptamine, 7 – indolylacetaldoxime,
8 – indolylacetonitrile
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Many phytopathogenic fungi and bacteria have multiple ways of IAA biosynthesis. The
ways of IAA biosynthesis in macrobasidiomycetes have been at best considered only at the
level of qualitative effect of tryptophan supplementation to a growth medium.
The purpose of the work is to study the composition of a group of indole metabolites, which
accompany the production of IAA by the basidiomycete Lentinus edodes, and to establish
whether this way of biosynthesis of IAA is Trp-dependent or there is a switching to the Trpindependent way during growing xylotroph in the presence of exogenous synthetic analogs
of compounds - precursors to IAA.

2. Experimental
A culture of Lentinus edodes (strain F-249) obtained from the collection of macrobasidiomy‐
cetes of the Department of Mycology and Algology, Moscow State University (Russia) was
used. This fungal culture was maintained on wort agar at 4°С.
As an inoculum, a 14-day culture of L. edodes grown on beer-wort agar (4°Bx) was used. The
temperature of growing was 26°С. The agar blocks with mycelium were cut out in sterile
conditions using a metal punch with a diameter of 5 mm, and served for inoculation of liq‐
uid nutritive media at a rate of two blocks for 20 ml of medium.
The submerged culture of the fungus was grown in synthetic medium (9 g/l of glucose and
1.5 g/l of L-asparagine), as well as in beer-wort (1.2°Bx). To determine the dry biomass, the
mycelium was filtered, weighed on an analytical balance, and dried to a constant weight. To
study the effect of compounds of indolic nature, we added them as solutions in ethanol-H2O
(1 : 1, v/v) mixtures to the medium subjected to autoclave glucose and asparagine immedi‐
ately before planting in sterile conditions. The concentrations of indolic compounds in the
culture medium were 0.1, 1, 10, and 100 mg/l. The effect of IAA on the growth of the culture
was studied in the range of 10–8 – 10–1 g/l.
The indolic compounds were determined in the culture fluid by high performance liquid
chromatography (HPLC) using pure commercial preparations of IAA, Trp, tryptamine
(TAM), indolylacetamide (IAAm), indolylpyruvic acid (IPyA), indolylacetaldehyde (IAAld),
indole, indole-3-acetonitrile, anthranilic acid, and 5-hydroxy-indole-3-acetic acid (5-hy‐
droxy-IAA) as standards. For the identification and quantification of indolic compounds,
samples of the culture fluid were collected under sterile conditions during its growth; then,
they were filtered by membrane filters type 0.22 μM GVPP (Millipore, Ireland) and ana‐
lyzed. Junction reverse-phase HPLC was performed on a medium with chemically bound
hydrophobic residues of C18 (5 μM). The column (150 × 4.6 mm) Luna 5μ C18 (2) (Phenom‐
enex, United States) equipped with a precolumn (type of “security guard”) of the same
brand. As an eluent, a mixture of methanol and water was used (36 : 64 or 50 : 50, v/v). A UV
absorbance detector operating in the wavelength range of 250-300 nm was used. The sample
volume was 20 μl, and the pressure was 12 MPa.
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Mass (m/V) expression of concentration of indolic compounds in liquid media was used. The
selected method of expressing concentrations is used in most published articles relevant to
the subject presented in this work and, therefore, allows for comparisons in the most con‐
venient form [3-5].

3. Results and discussion
3.1. Intermediate products of biosynthesis of IAA in L. edodes
Our assumptions about the existence of Trp-dependent synthesis of IAA in the fungus were
based on the following observations:
1.

A phenomenon of biosynthesis of extracellular Trp by the studied strain of L. edodes was
discovered. In a synthetic medium, initially not containing this amino acid, the concen‐
trations of Trp ranged from 14 mg/l on the 7th day to 24 mg/l on the 21st day. A reduc‐
tion in the concentration was observed on the 7th and 14th days. For all studied ages of
the culture, the introduction of Trp additives (10 and 100 mg/l) into the medium result‐
ed in a significant increase in the content of this substance in the culture fluid compared
to the initial one. The maximum quantity of Trp (about 330 mg/l) was observed on the
14th day in the medium supplemented with 100 mg/l of this acid.

2.

It was revealed that the submerged culture of L. edodes F-249, growing on a glucose and
asparagine medium, was capable of forming extracellular IAA. In a control experiment,
the highest concentration of auxin (about 7.5 mg/l) was observed on the 21st day. At an
exogenous introduction of Trp into the culture medium, the content of IAA increased
and a maximum (9.4 mg/l) was reached on the 14th day in the medium supplemented
with 100 mg/l of amino acid, i.e., with the greatest concentration of Trp.

Thus, at the moment when the method for phytohormone formation by the fungus culture
started to become clear, we discovered the biosynthetic ability of the fungus with regard to
IAA and its precursor Trp.
The main known methods of IAA biosynthesis are associated with Trp. A method, which is
independent of tryptophan (Trp-independent), occurs in plants and among the bacteria de‐
tected in azospirilla and cyanobacteria. To date, the prevailing view is that the contribution
of the Trp-independent way to IAA biosynthesis is not significant; the mechanism of auxin
biosynthesis has not been studied. Nevertheless, researchers’ opinions are divided. Thus, al‐
though previous works prove the existence of an indolylacetamide way in Azospirillum brasi‐
lense [6]; give biochemical and genetic grounds for the usage of the way via IPyA by
azospirilla [7, 8]; and, at the same time, make an assumption that 90% of the IAA in Azospir‐
illum is biosynthesized in the tryptophan-independent way [6].
The data we obtained earlier [9] showed that in the L. edodes F-249 culture medium, there
were intermediate formations as a result of three ways of Trp-dependent biosynthesis of
IAA - through TAM, IAAm, and IPyA. This is consistent with the known data, according to
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which the ability to synthesize IAA simultaneously in several different reactions is found in
various microorganisms, including some fungi. Interestingly, indolylacetaldehyde, which is
an intermediate in the IAA synthesis from both IPyA and TAM, is only found in media sup‐
plemented with IPyA, where IAAld is accumulated in large quantities, but the level of IAA
is at the same time very low. The way via IPyA is not completely realized. None of the sam‐
ples studied had indole-3-acetonitrile, which is another intermediate of IAA synthesis from
Trp. This is consistent with the data of literature, according to which cases of IAA synthesis
by this intermediate have not yet been identified in fungi [5].
3.2. Prerequisites of the Trp-independent way of IAA synthesis in Shiitake
Our assumptions about the possibility of the existence of an IAA biosynthesis way distinct
from the Trp-dependent one in the studied fungal culture were initially based on the follow‐
ing: It is considered in [10, 11] that the bacterial synthesis of IAA is a way to detoxify trypto‐
phan. According to some authors [12], in bacteria, such as A. brasilense, there is no way of
Trp degradation, which is toxic to them, but it can be transformed into IAA. Therefore, for
bacterial producers, Trp is the most effective and “rational” precursor to IAA [13].
For the higher fungi under our study, in contrast to azospirilla, Trp is not toxic at least up to
relatively high concentrations, which a fungal culture creates during submerged cultivation,
i.e., up to 330 μg/ml (see above).
The Trp-independent way is connected to the synthesis of IAA from indole, anthranilic acid,
and indole-3-glycerophosphate. One of the hardest things in proving the Trp-independence
of IAA biosynthesis is that indole is a substance, which can serve as both a precursor to IAA
in Trp-independent biosynthesis and a precursor to tryptophan. Then, Trp synthesized from
indole can also serve as a precursor for IAA [14].
As a result of the study of IAA biosynthesis by bacteria, many authors have come to a con‐
clusion that allows them to make judgments concerning the preferred substances-precursors
of IAA in the context of its biosynthesis. The arguments are as follows:
1.

Bacteria cannot produce IAA by the Trp-independent way when cultured with indole
as a precursor to this phytohormone, because IAA synthesis is not stimulated while
growing bacteria in media containing indole [13]. This suggests that indole is not a pre‐
ferred precursor to IAA compared to Trp.

2.

The use of anthranilic acid or indole for the synthesis of IAA by the non-tryptophan
way using microorganisms is unlikely, because the presence of Trp in the culture fluid
is demonstrated in all experiments.

On the basis of the experimental data obtained in the present paper, one can provide argu‐
ments for and against the coexistence of two alternative ways of IAA biosynthesis in L. edo‐
des, Trp-dependent and Trp-independent. The media with the addition of indole were
characterized by fairly high values of IAA (up to 9 mg/l) on the 14th - 21st days of cultiva‐
tion, and the amounts of formed IAA were not dependent on the initial concentration of in‐
dole. The medium with 100 mg/l of indole was an exception, where the level of IAA

221

222

Environmental Biotechnology - New Approaches and Prospective Applications

decreased on the 21st day and the concentration of IPyA at this point increased dramatical‐
ly. The data are presented in the Table.
Final concentration in the culture fluid, mg/l

Experimental
conditions
Indolic additive,

Cultivation time,

mg/l

days

Control (medium
without indole)

0.1

1

10

100

Tryptamine

Indolyl-

Indolyl-acetic

Indolyl-

acetamide

acid

pyruvic acid

Tryptophan

3

3.7

3.3

3.7

n/d

19.5

7

3.8

3.2

n/d

n/d

13.8

10

4.2

3.1

n/d

n/d

18.6

14

3.4

2.3

3.7

0.9

16.9

21

3.9

3.7

7.4

7.7

23.9

3

3.1

3.4

4.0

1.0

17.5

7

1.3

n/d

n/d

0.3

9.5

10

1.9

n/d

n/d

0.7

10.8

14

2.5

2.6

6.9

5.3

16.1

21

3.3

3.4

9.0

11.6

20.5

3

2.5

2.7

5.5

n/d

14.8

7

1,3

n/d

n/d

0.4

8.3

10

1.5

n/d

n/d

0.9

9.8

14

2.3

2.3

5.6

2.8

16.2

21

2.9

2.7

7.4

5.9

16.7

3

2.9

3.0

3.4

0.5

17.1

7

1.9

n/d

n/d

0.3

9.9

10

1.8

n/d

n/d

0.9

7.9

14

2.4

2.2

6.2

4.7

15.6

21

3.7

2.7

8.1

7.7

17.2

3

3.1

3.5

n/d

0.2

13.9

7

1.2

n/d

n/d

0.4

13.9

10

1.2

n/d

n/d

0.4

10.1

14

2.4

2.2

6.1

4.2

15.5

21

3.3

2.2

2.2

16.7

19.1

Note: n/d - not detectable
Table 1. Effect of indole on the formation of extracellular indole compounds by the mushroom Lentinus edodes F-249
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Thus, the indole stimulated the synthesis of IAA. In our experiments on a synthetic medium,
initially not containing this substance, the concentrations of extracellular Trp ranged from
13.8 mg/l on the 7th day to 9.23 mg/l on the 21st day. This means that there were no formally
noted cases of IAA synthesis in the absence of tryptophan and the Trp-dependent way of
IAA biosynthesis took place in the studied fungal culture. Nevertheless, one can assume
that there is a transfer to the Trp-independent way or a connection between this alternative
ways (which is likely), realizing in the presence of exogenous indole within the concentra‐
tion range of 1∙10–3 – 1∙10–4 g/l (Table).
It is necessary to note the following about the additions of indole: in this case, a background
level of Trp also exists, but, firstly, it is virtually unchanged compared to the control experi‐
ment and the IAA synthesis is by a factor of 1.5–1.9 greater (Fig. 1a).

Figure 1. Synthesis (mg/l) of (a) extracellular indolylacetic acid, and (b) 5-hydroxy-indolylacetic acid by submerged cul‐
tures of Lentinus edodes F-249 on media with an addition of indolic compounds at different durations of cultivation
(days): (I) 3, (II) 7, (III) 10, (IV) 14, and (V) 21. C - control; tryptamine of (1) 0.1, (2) 1, (3) 10, and (4) 100 mg/l; indolyla‐
cetamide of (5) 0.1, (6) 1, (7) 10, and (8) 100 mg/l; indolylpyruvic acid of (9) 0.1, (10) 1, (11) 10, and (12) 1000 mg/l;
indole of (13) 0.1, (14) 1, (15) 10, and (16) 100 mg/l.
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This happens in spite of the reduced fungal biomass under the influence of indole, which
clearly had no positive effect on the growth rates of L. edodes. It caused a significant decrease
in the biomass compared to the control (up to 34% in the medium with 100 mg/l of indole)
and strongly inhibited the growth of the culture (Fig. 2).

Figure 2. Mycelial biomass accumulation (g/l) by submerged cultures of Lentinus edodes F-249 of different ages (days)
on media with an indole addition (mg/L): (1) 0, (2) 0.1, (3)1, (4) 10, and (5) 100.

Secondly, the concentration of Trp in the medium completely remains the same when the
level of exogenous indole is increased by 1000 times (from 0.1 to 100 mg/l), and, therefore,
indole is not presumably a significant precursor to Trp in this case (with further transforma‐
tion of the latter into IAA). The elevated level of indole in the culture medium was increas‐
ing the biosynthesis of IAA, but not tryptophan. Thus, we are talking about the connection
of the Trp-independent way.
Not only in the case of exogenous indole there are signs of this way, but also while inducing
IAA biosynthesis with its exogenous microadditives (1∙10–5 – 1∙10–8 g/l). For example, at an
initial IAA concentration of 1∙10–7 g/l on the tenth day of growth, the level of phytohormone
was about 4∙10–4 g/l; i.e., it had increased by a factor of 4000 (Fig. 3a).
The appearance of anthranilic acid (up to 1.5 mg/l) as a sign of the Trp-independent path
was only marked by us under these experimental conditions (Fig. 3b). At the same time, Trp
itself was not detected in the culture fluid in any of the eight tested concentrations of IAA
additive.
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Figure 3. Effect of exogenous indolylacetic acid additives (mg/l) on the content (mg/l) of (a) indolylacetic acid, and (b) an‐
thranilic acid in the cultural fluid of Lentinus edodes F-249 of different ages (days): (I) 3, (II) 7, (III) 10, (IV) 14, and (V) 21.

Besides anthranilic acid, IPyA is also synthesized in the presence of low concentrations of
IAA (1∙10–4 – 1∙10–8 g/l), but the appearance of IAAld - a product of the conversion of IPyA
during Trp-dependent IAA synthesis - was not observed. This situation with IAAld changes
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at the higher concentrations (1∙10–4 – 1∙10–1 g/l) of exogenous IAA, when on the tenth day of
growth, for example, there accumulated from 3.6 to 8.7 mg/l of IAAld (Fig. 4a).

Figure 4. Effect of exogenous indolylacetic acid additives (mg/l) on the content (mg/l) of (a) indolylacetaldehyde, and
(b) indolylpyruvic acid in the cultural fluid of Lentinus edodes F-249 of different ages (days): (I) 3, (II) 7, (III) 10, (IV) 14,
and (V) 21.
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Consequently, the reasons for the lack of Trp-independency of IAA biosynthesis in bacteria
generally described in the literature do not take place with respect to L. edodes. The obtained
results suggest that anthranilic acid or indole is a quite effective precursor to IAA as com‐
pared to Trp. It also allows for the detection of the effect of low concentrations of exogenous
indolic compounds in the studied fungal culture.
3.3. Effect of small doses of IAA in the submerged culture of Shiitake
The biological activity of IAA at low concentrations has not been studied, the molecular
mechanism of the phytohormonal action of IAA is not finally determined, and there is no
explanation to the two-phase effects of heteroauxin.
In our work, where a culture of the shiitake mushroom was used as a biological object of
study, it was interesting to detect the “effect of small doses” of biologically active substances
of indolic nature.

Figure 5. Mycelial biomass accumulation (g/l) by submerged cultures of Lentinus edodes F-249 of different ages (days)
on media with IAA additives (g/l): (1) 0, (2) 10–8, (3) 10–7, (4) 10–6, (5) 10–5, (6) 10–4, (7) 10–3, (8) 10–2, and (9) 10–1

Under the influence of exogenous IAA, we observed growth stimulation in the submerged
mycelium within a certain concentration range of auxin. It can be noted that, virtually for
the entire range of values on the x axis, the set of curves describing the growth of the fungus
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(dependence of the accumulation of dry biomass on the duration of cultivation) (Fig. 5) is
divided into two groups of curves with the boundary curve corresponding to an IAA con‐
centration of 10–4 g/l.
Above the latter, there is the area of growth activated by auxin (10–8 – 10–5 g/l of IAA). Be‐
low is a region with dependences with opposite properties, where the level of IAA addi‐
tives is 10–1 – 10–3 g/l. During the cultivation periods of 3–7 and 12–28 days (i.e., at all
studied ages of the culture, except for the interval of 8–11 days), the optimal concentra‐
tion of IAA was 10–7 g/l.
During studying the effect of the additives of exogenous IAA on its content in the culture
liquid of L. edodes, the concentration of auxin (10–4 g/l) was a turning point in the sense that
the level of IAA in the medium was higher than originally (Fig. 3a). The concentration of
IAA additives of 10–7 g/l (0.57∙10–9 M) was notable for the fact that it induced a 4100-fold
increase in the level of phytohormone.
When adding IAA, very significant stimulation of IAAld biosynthesis during the cultivation
of the shiitake mushroom was observed (up to 9.7 mg/l) on the 21st day (Fig. 4a). However,
this only occurred up to 10–4 g/l of IAA, below which the effect was absent.
Indole-3-pyruvic acid accumulated in the medium after 21 days of cultivation of the fungus
at all concentrations of auxin (Fig. 4b), but it was only below an exogenous IAA concentra‐
tion of 10–4 g/l that we managed to find significant quantities of IPyA as soon as on the 14th
day (0.56 mg/l).
Synthesis of extracellular anthranilic acid by submerged cultures of L.edodes F-249 of various
ages on media with IAA was not observed up to a concentration of 10–4 g/l (Fig. 3b), below
which the concentration of anthranilate was almost 0.4 mg/l as early as the tenth day of cul‐
tivation. The maximum output of anthranilate (1.5 mg/l) was detected for the experimental
variant with an inducing concentration of IAA of 10–7 g/l (0.57∙10–9 M).
In these omnidirectional effects of exogenous IAA, the abovementioned effect of small doses
of phytohormone had a further illustration. Indeed, just as in [1], a type of a point of sign
change of the biological effect of IAA was the concentration of 5.7∙10–7 M (1.0∙10–4 g/l). In
addition, when IAA was used at a concentration of 10–9 M (1.75∙10–7 g/l), which, according
to the just aforementioned work, promotes a more effective interaction between auxin and
the membrane or the receptor, we observed absolute maxima in the respective series of ex‐
periments (the formation of IAA and anthranilate).
3.4. Effect of IAA and its predecessors on the pigmentation of submerged mycelia of L.
edodes F-249
The value of phytohormones for the morphogenesis of higher xylotrophic fungi has practi‐
cally not been studied. Some evidence of the involvement of IAA phytohormone in the proc‐
ess of morphogenetic differentiation of mushrooms of the Lentinus genus obtained through
simple experiments has existed for a long time, although they are only described in a few
papers [15, 16]. These authors suggest that phytohormones play an important role in the dif‐
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ferentiation of the fungal culture and that the process of morphogenesis is closely related to
the dynamics of the level of endogenous growth regulators, including IAA.
Investigation of the role of phytohormonal substances in the metabolism of L. edodes is of
particular relevance at the stage prior to fruiting, which is characterized in shiitake by the
development of a specialized vegetative formation - brown mycelial film (BMF), because the
biochemical conditions for the genesis of such morphogenetic structures are still poorly un‐
derstood.
In studying the effects of IAA and its precursors, as tryptophan, tryptamine, indolylaceta‐
mide, indolylpyruvic acid, and indole, on the growth of submerged mycelia of L. edodes
F-249, in most cases, there was no change in the morphology of the culture. The only excep‐
tion was the medium with 0.1 mg/l of IAAm. In this medium, there was a decrease in the
time required for the appearance of a brown mycelial film. In the medium with this addi‐
tive, the film appeared as soon as the 17th day, whereas in the control version with other
concentrations of IAAm and in the media with the remaining indole compounds, its forma‐
tion was not observed.
In a study of the intensity of the growth processes of L. edodes in the presence of indolylace‐
tamide, precisely the level of 0.1 mg/l of IAAm in the original culture medium corresponded
to the largest positive effect in regard to the accumulation of mycelial biomass (Fig. 6). At
the mentioned optimal concentration of IAAm, in turn, the increase in biomass was the
greatest precisely on the 17th day (24%).

Figure 6. Mycelial biomass accumulation (g/l) by submerged cultures of Lentinus edodes F-249 of different ages (days)
on media with indolylacetamide additives (mg/l): (1) 0, (2) 0.1, (3) 1, (4) 10, and (5) 100.
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In the studied samples of culture fluid, 5-hydroxy-IAA, an oxidized form of IAA, was present
in the control and in the media with TAM and IAAm at all ages of the mycelium, and its con‐
centration in this case ranged from 0.78 to 2.63 mg/l (Fig. 1b). The only exception was the medi‐
um with 0.1 mg/l of IAAm, where on the 14th–21st days the level of 5-hydroxy-IAA increased
dramatically. As was mentioned above, this version of the experiment differed from the rest by
an early appearance of a brown mycelial film. On the 14th day, there was observed a signifi‐
cant pigmentation of the mycelium, and the film had completely formed by 17th day. We can
assume that 5-hydroxy-IAA is involved in the formation of the BMF.
The existence of extracellular hydroxylating enzymes in mushrooms may be of ecological
and environmental as well as biotechnological relevance. Biocatalytic oxygen transfer by iso‐
lated enzymes or whole microbial (fungal) cells is an elegant and efficient way to achieve
selective hydroxylation. Selective hydroxylation of aromatic compounds is among the most
challenging chemical reactions in synthetic chemistry and has gained steadily increasing at‐
tention during recent years, particularly because of the use of hydroxylated aromatics as
precursors for pharmaceuticals [17].
The accumulation of a large biomass of mycelium is one of the factors necessarily required
to make a transition to the morphogenetic stage prior to fruiting (BMF in the shiitake fun‐
gus), but not a sufficient condition for the development of a BMF. In the formation of myce‐
lium pigmentation, oxidized indole derivatives should be also involved, the participation of
which in the conversion of 5,6-dihydroxyindole-indole → 5,6-quinone → melanochrome →
melanin in the case of catalysis by fungal tyrosinases leading to the formation of melanin
pigments of fungi has been known for a long time [18].
Thus, during the submerged cultivation of the xylotrophic basidiomycete L. edodes, a group
of metabolites of indolic nature was revealed, the composition and quantitative ratio of
which indicated the coexistence of two alternative routes of IAA biosynthesis in L. edodes.
These routes are Trp-dependent (mainly via tryptamine) and Trp-independent, the latter be‐
ing not only implemented in the presence of exogenous indole within the concentration
range of 1∙10-3 − 1∙10-4 g/l, but also at inducing the biosynthesis of IAA by its exogenous
microadditives. The involvement of indole-3-acetamide and 5-hydroxy-IAA in the morpho‐
genetic processes of the shiitake culture has been revealed. There was established the inter‐
relationship of the level of IAAm and 5-hydroxy-IAA with the formation of a brown
mycelial film in the submerged culture and with the processes of growth and development
of fungal mycelia during submerged cultivation.
Despite several biocatalytic processes which have successfully put on the market, much re‐
search remains to be done before enzymes can be used routinely throughout the chemical in‐
dustry [19, 20]. Enzymes as catalysts in chemical syntheses make chemical reactions possible
under mild, environmentally friendly conditions in aqueous reaction mixtures and mostly, en‐
zymes show specificity and selectivity that cannot be achieved by traditional chemical meth‐
ods [21]. Enzymes implemented in the indolic compounds' biosynthesis not only in plants and
bacteria, but also in mushrooms, are capable of catalyzing regio-and stereoselective transfor‐
mations leading to products that are useful as fine chemicals or pharmaceuticals.
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4. Conclusions
An enormous body of knowledge demonstrates that auxin indolyl-3-acetic acid can be syn‐
thesized from tryptophan by plants and bacteria. Only few experiments are done with fungi,
therewith the published works on phytohormonic potentialities of xylotrophic mushrooms
are virtually absent.
The characterization of the group of extracellular indolic compounds of basidiomycete Lenti‐
nus edodes in relation to the submerged cultivation conditions has been presented. The L. edo‐
des F-249 culture has been stated to synthesize the indolic-nature compounds when being
grown in submerged culture. The group of extracellular indolic compounds of shiitake in‐
cludes, in different proportions, the following components: L-tryptophan, β-indolyl-3-acetic
acid, β-indolyl-3-acetaldehyde, β-indolyl-3-acetamide, indolyl-3-pyruvic acid, tryptamine, 5hydroxy-β-indolyl-3-acetic acid.
The time-course production of indolic derivatives in culture liquid of shiitake has been stud‐
ied comparatively to reveal correlations with the growth rates. It has been established that
shiitake is capable of producing indolylacetic acid rather actively in the culture-age depend‐
ent manner. Maximal indolylacetic acid content we marked in experiments was 10.6 mg/l
provided that the initial tryptamine level in the medium was 1 mg/l. The highest levels of
tryptamine (22.8 mg/l), indolylpyruvic acid (13.9 mg/l), indolylacetaldehyde (27.9 mg/l), 5hydroxy-indolylacetic acid (9.2 mg/l) have been observed at different additives of the in‐
dole-group substances, and varied with the fungal culture age. The indolylacetamide level
changed only slightly as compared to reference probe. Starting from the synthetic trypto‐
phan-free medium, the concentrations of extracellular tryptophan became from 13.8 mg/l
(7th day) to 23.9 mg/l (21st day).
On the basis of literature data on physiologically active concentration values for auxins in
plants, we use the concentration range of 10-1- 10-8 g/l of additives to explore the effects of
indolylacetic acid and its precursors upon the shiitake submerged culture. The positive in‐
fluence of exogenic auxin within its concentration range of 2∙10-7 to 2∙10-4 g/l upon the L.
edodes biomass accumulation has been found, a minimal growth-inhibiting phytohormone
concentration being about 5∙10-4 g/l on mineral medium. When inducing the indolylacetic
acid biosynthesis by its exogenous micro-additives (1∙10-5 to 1∙10-8 g/l), the increase in phy‐
tohormone level in the medium (up to 4000-fold) accompanied by the anthranilic acid ap‐
pearance (up to 1.5 mg/l) have been revealed under these experimental conditions
exclusively.
The studies of biosynthetic routes for indolylacetic acid realized by the mushroom culture
under question have been attempted in order to conclude whether the above route is trypto‐
phan-dependent, or tryptophan-independent pathway becomes also involved when the
mushroom grows in the presence of exogenous synthetic analogs of the auxin precursors.
The experimental evidences in favor of co-existence of two alternative pathways for indolyl‐
acetic acid production by L. edodes have been obtained. Those routes are: tryptophan-de‐
pendent (mainly via tryptamine) and tryptophan-independent, the latter being realized in
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the presence of exogenous indole within the concentration range 1∙10-3 − 1∙10-4 g/l or the
auxin micro-additives.
The induction of generative developmental stage by indolic derivative has been revealed for
shiitake. It has been stated that among the compounds - indolylacetic acid precursors, solely
indolylacetamide at a concentration of about 10-4 g/l in L. edodes culture liquid exerts the ex‐
plicitly marked stimulating effect on the occurrence of morphological structure - brown my‐
celial film.
More thorough investigations and specific search for the extracellular indolic compounds
among the huge number of basidiomycetous fungi colonizing litter or lignicelluloses will
surely result in the discovery of further fungal enzymes, as well as may help to understand
better the biological formation of the mushroom growth promoting substances and polycy‐
clic aromatic compounds in terrestrial ecosystems.
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Chapter 11

Role of Biotechnology for Protection of Endangered
Medicinal Plants
Krasimira Tasheva and Georgina Kosturkova
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/55024

1. Introduction
The last two centuries of industrialization, urbanization and changes in land use converting
agricultural and natural areas to artificial surface have led to European plants being considered
amongst the most threatened in the world. In some countries, more than two-thirds of the
existing habitat types are considered endangered. Human activity is the primary cause of risk
for 83% of endangered plant species. Habitat destruction and loss are also a problem because
they lead to the fragmentation of the remaining habitat resulting in futher isolation of plant
population [1]. From another side during the last 10 years an intense interest has emerged in
"nutraceuticals" (or "functional foods") in which phytochemical constituents can have longterm health promoting or medicinal qualities. Although the distinction between medicinal
plants and nutraceuticals can sometimes be vague, a primary characteristic of the latter is that
nutraceuticals have a nutritional role in the diet and the benefits to health may arise from longterm use as foods (i.e. chemoprevention) [2]. In contrast, many medicinal plants possess
specific medicinal benefits without serving a nutritional role in the human diet and may be
used in response to specific health problems over short- or long-term intervals [3].
There is indisputable interest towards traditional and alternative medicine world-wide [4] and
at the same time an increasing application of herbs in medical practices, reported by World
Health Organization (WHO) [5]. Nowadays the centuries-old tradition of medicinal plants
application has turned into a highly profitable business on the world market. Numerous herbal
products have been released like patented medical goods, food additives, herbal teas, extracts,
essential oils, etc [6 - 9].
There is an expansion of the market of herbs and herbs based medical preparations all over
the world. The income a decade ago in the North American market for sales of medicinal plants
has climbed to about $3 billion/year [10]. In South America, Brazil is outstanding with 160
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millions USD for 2007 while in Asia, China is at the leading trade position with 14 billions USD
for 2005, etc. [11]. Similar increase was observed in Western Europe with 6 billion USD income
for a period of two years from 2003 to 2004. The sales increased in Czech Republic by 22 %
from 1999 to 2001 and jumped twice in Bulgaria [12].
Medicinal plants are precious part of the world flora. More than 80 000 species out of the
2 500 000 higher plants on Earth are reported to have at least some medicinal value and
around 5 000 species have specific therapeutic value. The contemporary phytotherapy and
the modern allopathic medicine use raw materials from more than 50 000 plant species
[13]. About two thirds of these fifty thousand plants utilized in the pharmacological
industry are harvested from nature [14]. Small portions like 10%-20% of the plants used
for remedies preparations are cultivated in fields or under controlled conditions [15]. Agesold exploitation of the natural resources and the dramatically increased interest are a real
thread for the biological diversity. Bad harvesting management and insufficient cultiva‐
tion practices may lead to extinction of endangered species or to destruction of natural
resources. Science has already recorded diminishing natural populations, lost in the genetic
diversity, local extinction of many species and/or degeneration of their natural habitats [16].
This alarming situation is raising the questions about special efforts which should be paid
both to protection of the plant populations and to up-to-date knowledge concerning more
reasonable and effective utilization of these plants [12].
Bulgaria as a country with a rich and diverse flora (comprising of 7 835 species) and with old
traditions in herbs’ use faces the same global problems. One of the most serious challenges is
the control and the limitation of the expanding gathering of endangered medicinal plants [17].
The Biodiversitry Act covers Sideritis scardica (mursala tea), Alchemilla vulgaris, Acorus cala‐
mus, Rhodiola rosea, Leucojum aestivum, Gentiana sp., Glycyrrhiza glabra, Ruta graveolens, and some
medicinal plants under special rules of protection and use e.g. Inula helenium, Carlina acanthi‐
folia, Berberis vulgaris, Rhammus frangula, Rubia tinctorum, Atropa belladona, Origanum heracleo‐
ticum etc. More than 750 herbs are used in the folk medicine while 150 - 250 are used in the
official medicine and can be found at the market [18 - 20]. A considerable number of the wild
species are rare, endangered or under protection [21, 22], and 12.8% are endemics [23]. Recently
120 herbs have been traditionally collected from their natural populations, 47 are under
protection, 38 are included in the Red Data Book of Bulgaria, 60 have been cultivated, 35 are
main industrial crops [24]. Bulgarian medicinal plants are famous for their high content of
biologically active substances. Their high value qualities are due to the unique combinations
of specific soil and climatic conditions in the different sites of the country [25]. Bulgaria is the
European leader in herbs export and occupies the 8th world position with trade in 40 countries
all over the world. The greatest export of 50% is to Germany being 3 600 tones in 1991 and
doubling to 6 000 tones in 2 000 [8]. Spain, Italy, France, Austria and USA are also major trade
partners. The export is increasing steadily from 6 - 7 t in 1992 to 12 tones in 2000 – 2003, to 15
- 17 000 tones in 2007 [22, 26 - 28,]. These amounts represented about 70% - 80% out of all
harvested and processed medicinal plants in Bulgaria [27]. The bigger number of these species
is wild growing [29] but recently cultivation in fields has been applied as a measure to protect
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medicinal plants included in the list of protected species. At present about 20% of the medicinal
plants are cultivated, but this share comprises about 40% of the export [24].
Worldwide the constant expansion of herbs’ trade, the insufficient cultivation fields, and the
bad management of harvesting and overharvesting have led to exhaustion of the natural
resources and reduction of the biodiversity. According to the data of the Food and Agricultural
Organization (FAO) at the United Nations annually the flora bares irretrievable losses which
destroy the natural resources and the ecological equilibrium [30]. Four thousand to 10 000
medicinal species were endangered of disappearing at the beginning of this century [14]. To
stop the violence against nature, efforts should be directed both to preservation of the plant
populations and to elevating the level of knowledge for sustainable utilization of these plants
in traditional, alternative, and allopathic medicine [12].
This great issue is in the focus of science which offers different decisions to solve the global
problem. Cultivation of the valuable species in experimental conditions is one of the ap‐
proaches. The latter refers to application of classical methods for multiplication by cuttings,
bulbs, and so forth, as well as by biotechnological methods of in vitro cultures and clonal
propagation for production of enormous number of identical plants. The micropropagation is
considered to have the greatest commercial and iconomical importance for the rapid propa‐
gation and ex situ conservation of rare, endemic, and endangered medicinal plants [31 - 34].
Except for clonal multiplication and maintaining the genetic structure biotechnology is
powerful for modifying genetic information and gene expression to obtain new valuable
compounds with new properties or with increased amounts [35 - 37]. Micropropagation, cell
and callus cultures, metabolic engineering and genetic manipulations are especially appro‐
priate for species which are difficult to propagate in vivo [36].
In Bulgaria quite successful investigations have been performed for in vitro clonal multiplica‐
tion of valuable, endemic, rare and endangered medicinal species: Rhodiola rosea, Gentiana lutea,
Sideritis scardica, Pancratium maritimum, Scabiosa argentea, Cionura erecta, Jurinea albicaulis subsp.
kilaea, Peucedanum arenarium, Linum tauricum subsp. bulgaricum, Aurinia uechtritziana, Silene
thymifolia, Glaucium flavum, Stachys maritima, Astrodaucus littoralis, Otanthus maritimus, Plantago
arenaria, Verbascum purpureum, Alchemilla sps, etc. [38 - 44]
More than 2 000 different species are used in Europe for production of medicinal and other
herbal preparations. Seventy percents of these species are growing in wild nature [17, 29] with
already limiting resources which demands search for alternative methods friendly to nature.
Biotechnological methods seem appropriate ones with their potential for multiplication,
selection and protection of medicinal plants. In this respect biotechnological approaches are
convenient for use of cells, tissue, organs or entire organism which grow and develop in in
vitro controlled conditions, and can be subjected to in vitro and genetic manipulations [33] to
obtain desired substances [45]. These methods are especially appropriate and reasonable to
apply when the targeted species have high economical or trade value, or plant resources are
limited concerning the availability of wild area or good healthy plants, or when the plants are
difficult to grow [46, 47].
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In vitro cultivation may be directed to development of different systems depending on the
practical needs. At present production of a large number of identical plants by clonal micro‐
propagation is the most prominent one. Complex and integrated approaches for cultivation
of plant systems may be the basis for future development of new, effective, safe and high
quality products. These scientific achievements might be used for the establishment of ex
situ and in vitro collections, multiplication of desired species and to obtain raw material for the
pharmaceutical and cosmetic industries [48]. In vitro technologies offer some or most of the
following advantages: easier extractions and purification of valuable substances from tempo‐
rary sources; new products which may not be found in nature; absence of various environ‐
mental and seasonal effects, automation, better control of the biosynthetic pathways and
flexibility in obtaining desired product; shorter production cycles and cheaper less costly
products. Here should also be mentioned the potential of the sophisticated techniques of
genetic engineering, which might be applied respecting the rules of contained use [33; 47]. At
present the methods of plant cell and tissue cultures have found many proper sites for
application in the medicinal plants utilization. The achieved results and the confidence for
further success drive the efforts for wider application of plant biotechnologies in more spheres
concerning medicinal plants [37].

2. Essence of in vitro culture
Plant cell methods and techniques were initially used in fundamental scientific investiga‐
tions at the beginning of their development in the early 60-ties of the last century. Plant
biotechnology is based on the totypotence of the plant cell [35; 49]. This process of de novo
reconstruction of an organism from a cell in differentiated stage is highly linked to the
process of dedifferentiation when the cell is returning back to its early embryogenic/
meristematic stage. In this stage cells undergo division and may form nondifferentiated
callus tissue or may redifferentiate to form new tissue, organs and an entire organism.
Morphogenesis in vitro is realized via two major pathways: (i) organogenesis when a group
of cells is involved for de novo formation of organs and (ii) somatic embryogenesis when
the new organism is initiated from a single cell.

3. Micropropagation
Micropropagation is a vegetative propagation of the plants in vitro conditions (in glass vessels
under controlled conditions) leading to development of numerous plants from the excised
tissue and reproducing the genetic potential of the initial donor plant.
Usually tissues containing meristematic cells are used for induction of axilary or adventitious
shoots but induction of somatic embryos can be achieved from differentiated cells as well.
Micropropagation is used routinely for many species to obtain a large number of plants with
high quality. It is widely applied to agricultural plants, vegetable and ornamental species, and
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in some less extent to plantation crops. One of the substantial advantages of micropropagation
over traditional clonal propagation is the potential of combining rapid large-scale propagation
of new genotypes, the use of small amounts of original germplasm (particularly at the early
breeding and/or transformation stage, when only a few plants are available), and the genera‐
tion of pathogen-free propagules. [50]. Compared to the other spheres of in vitro technologies
clonal propagation has proved the greatest economical and market importance in industry
including pharmaceutical industry which needs for raw material from the medicinal plants is
increasing constantly. It offers faster and alternative way for production of raw material and
from another side overcoming the problems arising from the limited natural resources.
At present, there is a long list of research groups worldwide investigating hundreds of
medicinal species. Various success procedures and recipes for many of these species have been
developed. However, there is not a universal protocol applicable to each species, ecotype, and
explant tissue. From another side all these continuous tedious studies on the standardization
of explant sources, media composition and physical state, environmental conditions and
acclimatization of in vitro plants have accumulated information, continuously enriched, which
is a good basis for elaboration of successful protocols for more species. Wider practical
application of micropropagation depends on reduction of costs so that it can become compa‐
tative with seed production or traditional vegetative propagation methods (e.g., cuttings,
tubers and bulbs, grafting) [50].

4. Metabolic engineering and biotransformation
The plant cell culture systems have potential for commercial exploitation of secondary
metabolites. Similar to the fermentation industry using microorganisms and their enzymes
[35, 51, 52] to obtain a desired product plant cells are able to biotransform a suitable substrate
compound to the desired product. The latter can be obtained as well by addition of a precursor
(a particular compound) into the culture medium of plant cells. In the process of biotransfor‐
mation, the physicochemical and biological properties of some natural products can be
modified [53]. Thus, biotransformation and its ability to release products into the cells or out
of them provide an alternative method of supplying valuable natural products that occur in
nature at low levels. Generally, the plant products of commercial interest are secondary
metabolites, which in turn belong to three main categories: essential oils, glycosides and
alkaloids [51]. Plant cell cultures as biotransformation systems have been highlighted for
production of pharmaceuticals but other uses have also been suggested as new route for
synthesis, for products from plants difficult to grow, or in short supply, as a source of novel
chemicals. It is expected that the use, production of market price and structure would bring
some of the other compounds to a commercial scale more rapidly and in vitro culture products
may see further commercialization [54]. The application of molecular biology techniques to
produce transgenic cells and to effect the expression and regulation of biosynthetic pathways
is also a significant step towards making in vitro cultures more generally applicable to the
commercial production of secondary metabolites [54]. However, because of the complex and
incompletely understood nature of plant cells growing in in vitro cultures, case-by-case studies
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have been used to explain the problems occurring in the production of secondary metabolites
from cultured plant cells.
Genetic manipulations (direct and indirect genetic transformation) are other different
approaches to increase the content biological active substances in plants. Genetic engineering
covers a complex of methods and techniques applied to the genome in order to modify it to
obtain cells and organisms with improved qualities or possessing desired traits. These might
refer to better yield or resistance, as well as, to higher metabolite production or synthesis of
valuable biologically active substances [55]. Gene transfer may be direct when isolated desired
DNA fragments are inserted into the cell most often by electrical field or adhesion. This method
is less used in medicinal plants. Indirect genetic transformation of plants uses DNA vectors
naturally presenting in plant pathogens to transfer the isolated genes of interest and to trigger
special metabolic pathways [56]. Agrobacterium rhizogenes induces formation of "hairs" at the
roots of dicotyledonous plants. Genetically modified "hairy" roots produce new substances,
which very often are in low content. Hairy roots are characterized with genetic stability and
are potential highly productive source for valuable secondary metabolites necessary for the
pharmaceutical industry [57, 58]. Manipulations and optimization of the productivity of the
transformed hairy roots are usually the same as for the other systems for in vitro cultivation
[59]. They also depend on the species, the ecotype, the explant, the nutrient media, cultivation
conditions, etc [60].
All these application of the principles of plant cell division and regeneration to practical plant
propagation and further manipulations could be possible if there are reliable in vitro cultures,
which efficiency depends on many various factors.

5. Factors influencing cell growth in vitro
The ability of the plant cell to realize its totypotence is influenced in greatest extend by the
genotype, mother/donor plant, explant, and growth regulators what was confirmed by the
tedious empirical work of in vitro investigations [61, 62]. Here, some of the specific and most
important requirements will be mentioned in order of understanding the efforts and originality
of some ideas when establishing in vitro cultures of medicinal plants.
Genotypes. Morphogenetic potential of excised tissue subjected to cultivation in vitro is in strong
dependence of the genotype [63]. Genetically plants demonstrate different organogenic
abilities, which were observed for all plants groups including medicinal plants [64 - 72]. Some
of the species (like tobacco and carrot) are easy to initiate in in vitro cultures while others are
more difficult - reculcitrant (cereals, grain legumes, bulbous plants). Many of the wild species
like most of the medicinal plants and especially those producing phenols are more difficult or
extremely difficult to handle.
Donor plant. The donor plant should be healthy, in the first stages of its intensive growth, not
in dormancy. Rhyzomes and bulbs usually need pretreatment with low or high temperatures
for different periods of time [35, 73].
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Explant. The explant type might determine the organogenesis potential and the genetical
stability of the clonal material. Physiological age of the explant is also crucial. Immature organs
and differentiated cells excised from stem tips, axilary buds, embryos and other meristematic
tissues are the most appropriate [35, 62, 73]. However, despite the development of cell and
molecular biology the limits still exist in receiving easy information about the genetic,
epigenetic and physiological status of the explant. Empirical approach is the most common to
specify the chemical and physical stimuli triggering cell totypotence.
Nutrient media. Although more than 50 different media formulations have been used for the
in vitro culture of tissues of various plant species the formulation described by Murashige and
Skoog (MS medium) [74] is the most commonly used, often with relatively minor changes.
Other famous media are those of Gamborg [75; 76], Huang and Murashige [77] Nischt and
Nischt etc. The nutrient medium usually consists of all the essential macro- and micro salts,
vitamins, plant growth regulators, a carbohydrate, and some other organic substances if
necessary [62].
Plant growth regulators. Plant growth regulators, including the phytochormones, are essential
for cell dedifferentiation, division and redifferention leading to callus tissue and organ
formation. The auxins and cytokinins are the most important for in vitro development and
morphogenesis. However, the most appropriate plant regulators and their concentrations in
the nutrient media depend on the genotype, explants type and the donor plant physiological
status. Hence, numerous combinations could be designed and the optimal ones are validated
empirically. All that creates the difficulties of the experimental work, which is dedicated to
find the balance between the factors determining reliable in vitro development.
Cytokinins. Different groups of cytokinins might be used but the most efficient ones for
induction of organogenesis and a large number of buds are the natural cytokinins (zeatin and
kinetin) or the synthetic ones - 6-benzylaminopurine (benzyl adenine (BA, BAP), 6-γ(dimethylallyl-amino)-purine (2iP) and thidiazuron (TDZ).
Auxins. The auxins also are obtained from natural plant materials like indolyl-3-acetic acid
(IAA), indole 3-butyric acid (IBA), α- naphthyl acetic acid (NAA) or are chemically produced
like 2,4-dichlorophenoxyacetic acid (2,4-D), 2,4,5-trichlorophenoxyacetic acid (2,4,5-T),
picloram, etc. The auxins have a wide spectrum of effects on different processes of plant
development and morphogenesis. Depending on their chemical structure and concentration,
they induce or inhibit cell division, stimulate callus or root formation.
Gibberellins. The group of gibberellins includes more than 80 compounds, which stimulate cell
division and elongation. The most commonly used one is gibberellic acid (GA3).
Vitamins and supplements. Growth regulatory functions are attributed to some of the vitamins
B group – thiamine (B1), niacin (vit B3, nicotinic acid, vitamin PP), piridoxin (vit B6), which in
fact are the most popular for in vitro recipes. Supplements like yeast extract, coconut milk,
maize extract and some other might effect tissue growth and bud development.
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The best morphogenesis could be achieved when the optimal balance between the effect of
genotype, explant and growth regulators is identified.

6. Rooting, aclimatization and adaptation
The processes of root formation and adaptation have their specific requirements and not all of
the quoted cases of organogenesis, embryogenesis, regeneration are followed by rhizogenesis
and adaptation. These processes depend on the genotype and in most of the cases on the
ecotype of the species [62], whereas the necessary culture conditions are chosen in an empirical
way. The reduction of the sucrose from 2 % - 3% to 1% - 0.5% stimulates root induction and
formation. Aclimatization of the obtained in vitro plants is a critical moment for establishment
of good protocol for micropropagtion. Adaptation of plants in greenhouse, field or in the
nature is another delicate and difficult stage. Usually in in vitro conditions, regenerants formed
well-developed root system. However, they quickly loose their turgor after transfer to soil.
Their leaves withered and dried. These plants underwent stress due to the changes in humidity
and culture medium.

7. In vitro cultures conditions
The light, temperature and air humidity are important parameters for in vitro cultivation of
the plant cells and tissues. The light is one of the important factors for morphogenetic process
like bud and shoots formation, root induction and somatic embryogenesis. Light spectrum and
intensity as well as the photoperiod are very important for successful cultivation [78]. The
recommended temperature in the cultivation rooms or phytothrone chamber is about 23-25
°C but the cultures of tropical species require higher temperature (27-30°C), while arctic plants
cultures – lower (18-21° C).
Efficient protocolos for in vitro propagation (plant cloning) were established for a long list
of medicinal plants like Panax ginseng [79, 80], Aloe vera [81], Angelica sinensis, Gentiana
davidii [82], Chlorophytum borivilianum [83, - 86), Tylophora indica [87, 88], Catharanthus roseus
[89], Holostemma ada-kodien and Ipomoea mauritiana [90], Saussurea involucrata [91], Kniphofia
leucocephala [92], Podophyllum hexandrum [93], Saussurea obvallata [94], Ceropegia candela‐
brum [95], Syzygium alternifolium [96], Chlorophytum arundinaceum [97], Rotula aquatica [98,
99], etc.
Establishment of micropropagation system is a base for conservation of the species and for
protection of the genefund, as well as for studies of valuable substances in important
medicinal plants. Different strategies are developed as well for establishment of cell cultures
aiming at production of biologically active compounds. These systems could be used for
large scale cultivation of plant cells for obtaining of secondary metabolites. These meth‐
ods are reliable and give possibility for continuous supply of raw materials for produc‐
tion of natural products [45, 82].
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8. In vitro cultures and application of biotechnology in Gentiana,
Leucojum and Rhodiola
In this chapter a small part of the successful in vitro research in medicinal plants and the
application of “green biotechnology” methods for protection of endangered species will be
illustrated by examples from the investigations in the genera of Gentiana, Leucojum and
Rhodiola. These groups of medicinal plants were chosen because the three of them are with
outstanding importance for the pharmaceutical and nutraceutical industries. The species
belonging to them are worshiped for their multiple beneficial health effects and have been
used for thousands of years in folk medicine all over the world. However, their distribution is
at different parts of the Earth – Gentians are the most widely spread in various climatic zones,
Rhodiola covers less territory, predominantly in the cold regions in north and high mountains,
while Leucojum can be found in limited warm and south regions in Europe. Many species from
Gentiana, Rhodiola and Leucojum genera can be found in Bulgaria but most of them are endan‐
gered and included in the Red Book like Gentiana lutea, Rhodiola rosea and Leucojum aestivum.
In world scale level of protection – Leucojum spp are in the list of the most threatend with heavy
measures of restriction. Nearly all Gentiana species are endangered while many Rhodiola
species are under special regime of use. However, one and the same Rhodiola species may be
close to extinction in one country but widely spread (even as a weed) in another country.
Another consideration of ours is the ability of the plants from these genera to be cultivated in
field what was possible for Gentiana, partially for Rhodiola and not possible for Leucojum.
Described here examples illustrate different levels of development of in vitro cultures and
application of biotechnology to the three chosen groups of herbs. Development of in vitro
cultures started about 40 years ago in Gentiana, 25 years ago in Rhodiola and 20 years ago in
Leucojum.
The most intensive in vitro research was carried in Gentiana obtaining all kinds of in vitro
cultures, including somatic embryo cultures, with success in cryopreservation, in biotrans‐
formation and genetic metabolic engineering. Rhodiola occupies a middle position with con‐
siderable success in callus, suspension and micropropagation systems. Cultivation in
bioreactors, biotransformation and genetic transformation were successful.
Leucojum seems to be the most difficult, though protocols for clonal propagation have been
established and gene bank in vitro has been reported (in Bulgaria). Callus, suspension and
organogenic cultures could be obtained and growth in bioreactors with possibilities for
biotransformation and even genetic transformation (though at this stage without synthesis of
galanthamine).
Bulgaria is a pioneer in Leucojum aestivum biotechnology. It is in the frontiers of micropropa‐
gation of Rhodiola rosea and has less investigation in Gentiana in vitro cultures.
Genus Gentiana belongs to family Gentianaceae and is a group of medicinal plants of special
interest. It is a large genus comprising of about 400 species widely distributed in the mountain
areas of temperate zones [100], including Central and South Europe. Most of the species are
interesting to horticulture for their beautiful and attractive flowers but they have more
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important medicinal value, which is due to the production of secondary metabolites in their
roots (Radix Gentianae). The most efficient ones are the bitter secoiridoid glucosides (gentio‐
picroside, amarogentin), xanthones, di- and trisacharides, pyridine alkaloids [66, 101].
Traditionally, the pharmaceutical industry largely depends on wild sources exploiting
intensively the natural areals. The annual drug demands have been much higher than the
production from wild sources [66]. At the same time many gentians are either difficult to grow
outside their wild habitat or their cultivation (if possible) proved to be not economic. Contin‐
uous collection of plant material from natural habitats has led to the depletion of Gentiana
population and many representatives of the genus are protected by law. Some of the gentians
having the status of endangered species, for example, are: Gentiana lutea L. - included in the
Red Book of Bulgaria and of other European and world countries [66]; Gentiana kurroo Royle
- close to extinction and legally protected by law [102]; Gentiana dinarica Beck - a rare and
endangered species of the Balkan Dinaric Alps; Gentiana asclepiadea L. - distributed in South
and Central Europe, Gentiana triflora, Gentiana punctata, Gentiana pneumonanthea - under
protection of its progressively decreasing habitats; Gentiana dahurica Fisch – with exhausted
natural resources though this species could be cultivated in some areas of the northwest of
China; Gentiana straminea Maxim an endangered medicinal plant in the Qinghai-Tibet Plateau
[103]. Due to problems with germination of seeds in in vivo conditions as well as the high
variability of generatively propagated plants these species have attracted the attention of
scientists being aware of the potential of biotechnology. The genetic variability of endemic or
endangered species is usually very low and methods (like in vitro micropropagation) of
conservation and restoration of natural resources have been given much attention in the last
years. Despite the remarkable success of the tedious and wide investigations worldwide in
vitro cultures of Gentiana species proved to be very difficult to achieve because of their low
natural capacity of regeneration which was manifested in the multiplication in vitro, too [104].
First investigations on establishment of in vitro cultures of Gentiana were reported a quarter of
century ago. Wesolowska et al. [105] succeeded in induction of callogenesis in G. punctata and
G. panonica and of organogenesis and rhizogenesis in G. cruciata and G. purpurea. Authors
observed that regenerated plants synthesize secoiridoids, which could not be found in the wild
plants. This raised the hopes for the application of biotechnology techniques to other species
of the Gentiana genus. The next decade the scientists explored the basic factors and plant
requirements for establishment of in vitro cultures and micropropagation in various gentians.
Different explants were tested for development of efficient regeneration schemes.
Using shoots and node fragments as explants, regeneration systems of Gentiana scabra var
buergeri [106], Gentiana kurroo [107], Gentiana cerina, Gentiana corymbifera [65], Gentiana puncta‐
ta [108], Gentiana triflora [109, 110] and Gentiana ligularia [111] were established. Stem segments
with meristem tissue were appropriate explants to initiate tissue cultures and to induce
formation of shoots de novo in four other species of Gentiana: G. lutea G. cruciata, G. acaulus and
G. purpurea [66]. Different explants (shoot tips, lateral green buds, and root segments) were
tested in Gentiana lutea [112]. Leaf explants were used as well to induce shoots of Gentiana
macrophylla [113] and G. kurroo Royle [107, 114]. Vinterhalter et al. [115] micropropagated
Gentiana dinarica Beck using axillary buds as explants.
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Seeds in different stage of maturity were object of quite strong interest as an initial plant
material for in vitro cultures. Considerably high germination of 54 % was achieved when seeds
of G. corymbifera were cultured on a Murashige and Skoog (MS) medium containing 100 mg/l
gibberellic acid (GA3) for 70 days. In the absence of GA3 germination did not exceed 5% [65].
Immature seeds in different stages of ripening were tested in order to find out the most suitable
initial material to obtain in vitro cultures and multiplication of Gentiana lutea. Despite the
addition of 0.5 mg/l of gibberellic acid to the MS medium, the average germination was quite
low 21% [112]. Seedlings from immature and mature seeds of Gentiana pneumonanthe and
Gentiana punctata were also chosen as initial material to excise shoot tips and one-nodal cuttings
for induction of organogenesis and further clonal propagation [104, 116]. Petrova et al. [40]
studied the possibility for micropropagation of Bulgarian ecotype of Gentiana lutea using stem
segments with two leaves and apical or axillary buds excised from mature seeds germinated
in vitro (Figure 1). To increase the germination seeds were treated with 0.03% GA3 for 24 hours.
Some of the seeds were mechanically scarified in the micropile region. Germination was
initiated on three variants of nutrient media based on MS and different concentration from 25
to 100 mg/l of GA3. In these investigations, GA3 and scarification stimulate G. lutea seed
germination. Only 20 % of the non-scarified and 33.33 % of the scarified seeds germinated on
the control medium. Giberrellic acid in concentration of 50 mg/l proved to have optimum effect
resulting in 42.5 % germination for the nonscarified seeds and 60 % for the scarified ones.
Lower and higher levels of GA3 stimulated in a less extend the seed germination but the
response to GA3 of the scarified seeds was stronger than that of the non-scarified ones.
In vitro response is determined, as mentioned before, not only by the explant type but by
the media composition as well and by the effect of the plant growth regulators on the
dedifferentiation and redifferentiation processes undergoing in the explants cultured in
vitro. Many reports, especially at the beginning of the in vitro investigations of gentians,
pointed out that the cytokinine benzyl aminopurine BAP (or benzyl adenine BA) and the
auxines indolacetic acid (IAA) or naphtilacetic acid (NAA) were the best plant growth
regulators for induction of organogenesis and regeneration of plants which allowed
establishment of a micropropagation schemes. Among the numerous examples, some of
them were mentioned below as an illustration.
The initial results of Sharma et al. [107] were very promising reporting fifteen-fold shoot
multiplication of Gentiana kurroo, which was obtained every 6 weeks on Murashige and Skoog's
medium (MS) containing 8.9 μM benzyladenine and 1.1 μM 1-naphthaleneacetic acid. The
efficiency of these plant growth regulators were confirmed in the experiments with other
species. Optimal shoot multiplication of G. dinarica was achieved on MS medium enriched
with 1.0 mg/l BA and 0.1 mg/l NAA [115]. The ideal medium for adventitious buds formation
and for differentiation of calli contained 0.6 mg/l BA and 0.1 mg/l NAA [117] while the ideal
medium for induction of calli from tender stems of Gentiana scabra was by substitution of NAA
with 2,4 D in concentrations of 1.0-1.5 mg/l at the background of the same cytokinin –BA at
lower concentration of 0.2 mg/l.
Momcilovic еt al. [66] observed that the optimal concentrations of the two plant hormones BAP
and IAA were slightly different in the four investigated species Gentiana acaulis L., G. crucia‐
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ta L., G. lutea L. and G. purpurea after different combinations of concentrations were tested (1.14
μM IAA with BA in various concentrations of 1.11-17.75 μM, or 8.88 μM BA with various IAA
concentrations 0.57-9.13 μM). Excised nodal segments of axenically germinated seedlings were
initially transferred to MS, supplemented with 8.88 μM BA and 1.14 μM IAA. Axillary buds
started to grow on all node segments within a few days. Their stems remained short (5 to 15
mm for G. acaulis and G. cruciata, respectively) though the leaves reached a length between 25
mm (G. acaulis) and 120 mm (G. cruciata). Since only the shoots of 5-10 mm were chosen for
subculturing, a four to six-fold multiplication was achieved every 4 weeks. Production of welldeveloped shoots was stimulated by increasing BA concentrations in the presence of 1.14 μM
IAA. Indoleacetic acid concentrations higher than 2.28 μM suppressed shoot size in all
investigated species. Similar observations were made by Zeleznik et al. [112] who induced
shoots proliferation from Gentiana lutea shoot tips on MS medium supplemented with 1 mg/l
of indoleacetic acid (IAA) and 0.1 mg/l benzyladenin (BA) which caused proliferation in one
third of the cultured shoots in a period of 21 days.
The experiments went further in investigating the effect of more plant growth regulators.
Based on the well known Murashige and Skoog nutrient medium and commonly used BAP
and IAA a comparison was made with other cytokinins and auxins.

Figure 1. Seed germination of G. lutea on MG2 medium (MS basal medium enriched with 50 mg/l GA3) [40].

Bach and Pawlowska [116] studied the efficacy of four cytokinins (BA, kinetin, thidiazuron, 2iP) and gibberellin at the concentration of 1.5 μM for propagation of Gentiana pneumonanthe.
The highest multiplication rate was achieved in the culture of the one-nodal cuttings on
medium supplemented with 10.0 μM BA. In other experiments [104] media supplemented
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Figure 2. In vitro micropropagation of Gentiana lutea L. on MPl medium (MS basal medium enriched with 2 mg/l zea‐
tin and 0.2 mg/l IAA) (The mean number of shoots per explant reaching 9 in Vth passage.) [40].

with 2-iP or zeatin and IBA ensured a low multiplication of Gentiana punctata. Clonal propa‐
gation was slightly improved by addition of maize extract to the culture media.
Different concentrations and combinations of BAP (1 – 2 mg/l), zeatin (1 – 2 mg/l), IAA (0.1 –
0.2 mg/l), 2-iP (0.5 mg/l), and 2,4-D (0.5 mg/l) were used for bud induction and shoot multi‐
plication of Gentiana lutea [40]. Best results were recorded on MP1 nutrient medium supple‐
mented with 2 mg/l zeatin and 0.2 mg/ IAA. The mean shoot number per explant was relatively
high reaching 4.57 and the average shoot height - 3.90 cm. Second in efficiency was MP3
nutrient medium supplemented with 2 mg/l BA and 0.2 mg/l IAA inducing 4.00 shoots on
average per explant (Figure 2).
In vitro response may be influenced by other characteristics of the culture media like medium
consistence. Sadiye Hayta et al [118] observed that efficient production of multiple shoots of
G. cruciata L. directly from nodal segments, inducing 3.9 shoots per explants on average was
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stimulated on a semi-solidified Murashige and Skoog (MS) basic medium enriched with 2.22
μM 6-benzyladenine (BA), 2.46 μM indole-3-butyric acid (IBA) [118].
In gentiana’s experiments plant growth regulators were investigated not only as a factor for
establishment of in vitro cultures but as a factor which may effect biosynthesis of the biologi‐
cally active substances in the regenerated plantlets or shoots induced in vitro.
Similar observation about the influence of the plant growth regulators on the synthesis of
secoiridoids, flavonoids and xantones was studied by Mencovic et al. [119]. There was
tendency for a negative correlation between the levels of biologically active substances
produced by the regenerants and the concentration of BAP and IAA added into the culture
media.
Dević et al. [120] were interested in the effect of applied phytohormones on content of
mangiferin in Gentiana asclepiadea L. in vitro cultures. The content of mangiferin in different
plant material was determined by High Performance Liquid Chromatography (HPLC)
analysis revealed that the content of mangiferin in the shoots obtained in vitro varied with
different concentration of applied cytokinine and different auxins. There was no detectable
content of mangiferin in roots obtained in vitro [120].
Rooting is the next crucial step after successful regeneration and multiplication of plants.
Rooting was accomplished successfully in excised Gentiana kurroo shoots grown on MS basal
medium containing 6% sucrose [107]. Pawlowska and Bach [116] observed too that in vitro
multiplied shoots of Gentiana pneumonanthe formed roots on a medium without growth
regulators. However, the auxins IAA, NAA, and IBA at a concentration of 0.5 μM and 1 μM
stimulated rhizogenesis in excised axillary shoots with IAA demonstrating the best effect.
Relatively high percentage of 52 % formation of roots from multiplied shoots of Gentiana
lutea was achieved on MS medium supplemented with 2 mg/l of naphtalenacetic acid (NAA)
[112]. Better results were reported by Petrova et al. [40] for Gentiana lutea when shoots were
transferred to half strength MS medium enriched with either IAA (1 or 2 mg/l), IBA (2 or 3 mg/
l) or NAA (0.5 or 3 mg/l). The best results of 92% and 91% rooting were obtained on half strength
MS nutrient media containing 3 mg/l IBA or 3 mg/l NAA, respectively. Mean root length was
almost equal in the both cases varying from 1.48 cm to 1.95 cm. Spontaneous rooting on plant
Gentiana dinarica growth regulator-free medium occurred in some 30 % of shoot explants.
Rooting was stimulated mostly by decreased mineral salt nutrition and a medium with half
strength MS salts, 2% sucrose and 0.5–1.0 mg/l IBA was considered to be optimal for rooting.
Wen Wei and Yang Ji [117] confirmed that the ideal medium for the rooting culture and rooting
sub-culture of G. scabra tube seedling was 1/2 MS with 0.1 mg/l IAA and 0.3 mg/l NAA. The
highest rooting of 81.7% of G. cruciata regenerants was also observed on half-strength MS
medium supplemented with 2.46 μM IBA [118]. Beside the successful combinations of plant
growth regulators inducing rooting there were reports on less favorable culture media. ButiucKeul et al. [104] report about failure in rhizogenesis induction in Gentiana punctata shoots
transferred on medium supplemented with 1.0 mg/l each NAA and 2iP [104].
Acclimatization and adaptation efficiency varied with the species. In the early experiments,
Pawlowska and Bach [116] achieved 65 % survival of rooted plantlets of Gentiana pneumo‐
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nanthe after being potted in soil in a greenhouse. Further, the plants were successfully planted
outdoors in field conditions. These in vitro regenerants had a greater number of flowers and stems
than plants grown in a natural habitat. In vitro plantlets of Gentiana punctata have been transfer‐
red to soil after six weeks of culture and acclimatization was successfully obtained, too [104].
Peat-based substrate for rooting plantlets of Gentiana dinarica was successfully used, too [115].
Turf/vermiculite mixtures were very appropriate for acclimatization of plants with welldeveloped roots transferred to pots in growth chambers. All the acclimatized plants (100%)
survived, remained healthy and analysis of the content of secondary metabolites in the clones
was determined by HPLC. The presence of gentiopicroside, loganic acid, swertiamarin, and
sweroside in the samples was confirmed. Gentiopicroside was found to be the major com‐
pound [118].
For the purposes of conservation of the endangered species and for restoration of their habitats
it is of a great importance to maintain the genetic stability of the regenerated plants in vitro. In
this aspect the investigations of Kaur R et al [121] are very interesting. Genetic stability of
Gentiana kurroo micropropagated plants maintained in vitro for more than 10 years was studied
using randomly amplified polymorphic DNA (RAPD) and karyotype analysis. A large number
of micropropagated plantlets developed from nodal segment explants were assessed for
genetic variations and compared with donor mother plant maintained in the arboretum. Out
of 20 RAPD primers, 5 displayed the same banding profile within all the micropropagated
plants and donor mother plant. No chromosomal variations were observed by the karyotype
analysis. High multiplication rate of healthy plant material associated with molecular and
karyotypic stability ensures the efficacy of the protocol to be used across a long period for in
vitro propagation of this important medicinal plant species. These results are extremely
important for the application of biotechnological methods and especially of micropropagation
for the multiplication of the species for their conservation when in vitro clones should be
identical to the donor mother plants from the natural habitats.
Somatic embryogenesis is another morphogenetic pathway for regeneration of plants, which
is considered the most efficient way to regenerate plants [122]. In contrast to organogenesis
when the buds and shoots are not formed obligatory from one cell, a somatic embryo derives
from a single cell. This way of development assures greater genetic stability and identity with
the initial plant. It opened new possibilities for large-scale multiplication of valuable plants
with many expectations for mass production of artificial seeds.
However, somatic embryogenesis is more difficult to obtain. Nevertheless, it was successfully
induced in a number of Gentiana species: Gentiana lutea [122, 123], Gentiana crassicaulis, Gentiana
cruciata [123, 124], Gentiana pannonica [123], Gentiana tibetica [123], Gentiana pneumonanthe and
G. kurroo Royle [116, 123, 125, 126, 127], Gentiana davidii var. formosana (Hayata) [128], Gentiana
straminea [103, 129].
Like in the previously described experiments for micropropagation, one of the requirements
leading to success is the appropriate choice of explants. The most commonly used explants
were: leaves from the first and second whorls, the apical dome, and axenic shoot culture used
for Gentiana kurroo (Royle), Gentiana cruciata (L.), Gentiana tibetica (King. ex Hook. f.), Gentiana
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lutea (L.), and Gentiana pannonica (Scop.) [123]; stem explants for initiation of callus and cell
suspension cultures of G. davidii var. formosana [128]; hypocotyl (adjacent to cotyledons) of 10
days old seedlings of Gentiana cruciata [124]; seedling explants (root, hypocotyl and cotyledons)
for Gentiana kurroo (Royle) embryogenic callus [125]; immature seeds (claimed to be superior
initial material) of Gentiana straminea Maxim [129].
Plant growth regulators are the other very important factor for triggering the totipotence of
the plant cell to develop somatic embryo. Unlike organogenesis and shoot formation in
gentians where among the numerous tested plant growth regulators several cytokinines and
auxins could be distinguished as more prominent, in the case with somatic embryogenesis it
was difficult to point out the best ones. In a large number of combinations a wide spectrum of
natural phytohormones and synthetic phytoregulators were examined: auxins like α-naph‐
thaleneacetic acid (NAA), 2,4-dichlorophenoxyacetic acid (2,4-D), 3,6-dichloro-o-anisic acid
(dicamba), and cytokinins: zeatin, 6-furfurylamonopurine (kinetin), N-phenyl-N′-1,2,3thiadiazol-5-ylurea (TDZ), N-(2-chloro-4-pyridyl)N′-phenylurea, 6-benzylaminopurine
(BAP) or benzyladenine (BA), and adenine sulfate. However, the natural auxin indoleacetic
acid is not seen in this list. It makes impression that more auxins of synthetic origin are involved
in the studies.
The role of the plant growth regulators will be illustrated by several examples of establish‐
ment of cell suspension cultures and somatic embryogenesis. One of the pioneer investiga‐
tions was performed by Fu-Shin Chuen et al. [128]. Fast-growing suspension cell cultures
of G. davidii var. formosana were established by subculturing callus, which was initiated
from stem explants on MS basal medium supplemented with 0.2 mg/l kinetin and 1.0 mg/
l NAA. Cell suspension growth was maintained in liquid MS basal medium supplement‐
ed with 0.2 mg/l kinetin and 3% sucrose. The cultures were incubated on an orbital shaker
(80-100 rev/min) at 25 ± 1°C and low light intensity (2.33 μEm-2s-1). The low pH of 4.2-5.2
was crucial for the successful cell division and growth.
Quite interesting work from the early period of somatic embryogenesis was that one of Mikula
et al., [124]. Authors investigated the effect of phytoregulators on Gentiana cruciata structure
and ultrastructure changes occurring during tissue culture. MS induction medium containing
1.0 mg/l dicamba, 0.1 mg/l NAA, 2.0 mg/l BAP and 80 mg/l adenine sulfate was used for
culturing of hypocotyl (adjacent to cotyledons) explants from 10 days old seedlings. During
the first 2 days of culture cell division of epidermis and primary cortex was the first response.
Numerous disturbances of karyo- and cytokinesis were observed, leading to formation of
multinuclear cells. With time, the divisions ceased, and cortex cells underwent strong expan‐
sion, vacuolization and degradation. About the 6th day of culture, callus tissue was formed and
the initial normal divisions of vascular cylinder cells were observed. Cells originating from
that tissue were small, weakly vacuolated, with dense cytoplasm containing active-looking
cell organelles and actively dividing leading to formation of embryogenic callus tissue. During
the 6–8th week of culture, in the proximal end of the explant, masses of somatic embryos were
formed from outer parts of intensively proliferating tissue. Production of somatic embryos
was more effective from suspension culture than from agar medium. Liquid culture made it
possible to maintain the cell suspension’s embryogenic competence for 5 years.
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Quite vast and extensive studies on the establishment of gentians embryogenic cultures and
their biotechnological potentials were carried by a research group with impressive publishing
activity [114, 126, 130, 131]. Culture initiation and intensive callus proliferation of Gentiana
cruciata were stimulated by 2,4-D and kinetin using various explants [130]. However, only
some of the tissues of initial explant were able to form embryogenic callus. Cytological,
ultrastructural and scanning analysis brought evidences that almost each of the cotyledon cells
responded by callus formation and somatic embryo differentiation. Central cylinder of the
hypocotyls gave the best response for embryogenic proliferation compared to other tissues of
hypocotyls. Another medium containing 1.0 mg/l dicamba, 0.1 mg/l NAA, 2.0 mg/l BAP and
80 mg/l SA proved to be very efficient to maintain very long-term cell suspension cultures of
proembryogenic masses. Long-term culture provided opportunities for numerous analysis to
have evidences of the single cell origin of somatic embryos which originated from freely
suspend single cells or single cells from the embryogenic clusters. Medium supplemented with
GA3 helped to complete development and stimulated the somatic embryo conversion in
germlings. Embryogenic potential was genotype dependent with G. tibetica and G. kurroo being
outstanding generating more than hundreds somatic embryos from 100 mg of tissue for more
than two years. Interestingly the regeneration ability was maintained not only in the long-term
suspension cultures but it was demonstrated in the protoplast cultures, too [126].
Protoplasts with very high viability ranging from 88 to 96 % were isolated from cell
suspensions derived from cotyledon and hypocotyl of Gentiana kurroo [126]. Three techni‐
ques of culture and six media were evaluated in terms of their efficiency in producing
viable cultures and regenerating entire plants. The best results of plating efficiency (68.7%
and 58.1% for cotyledon and hypocotyl derived suspensions, respectively) were obtained
with agarose bead cultures in medium containing 0.5 mg/l 2,4-D and 1.0 mg/l kinetin.
Regeneration of plants was also possible when embryos were transferred to half-strength
MS medium. However, flow cytometry analysis revealed increased amounts of DNA in
about one third of the regenerants which limits the application of isolated protoplasts in
the programs for conservation and reproduction of an endangered species. Hence, the
efforts were directed again to cell and tissue cultures examining the factors for efficient
and reliable plant regeneration, even to examining photosynthetic activity in dependence
of the sucrose content in the emryogenic culture media [126].
Fiuk and Rybczyn´ski [123, 125] expanded their studies using leaves derived from axenic shoot
culture of five Gentiana species (Gentiana kurroo, Gentiana cruciata, Gentiana tibetica, Gentiana
lutea, and Gentiana pannonica) and cultured on MS basal medium supplemented with three
different auxins: 2,4-D, NAA, or dicamba in three concentrations of 0.5, 1.0, or 2.0 mg/l; and
five different cytokinins: zeatin, kinetin, BAP, TDZ, and N-(2-chloro-4-pyridyl)N′-phenylurea
in concentrations between 0.25 and 3.0 mg/l depending on the cytokinin activity. After two
months the percentage of embryogenesis was the highest for G. kurroo reaching 54.7% and
depending on plant growth regulators. This gentian was the only species responding to the
all tested combinations of auxins and cytokinins, while none of the 189 induction media
stimulated somatic embryogenesis from G. lutea explants. Efficiency of embryogenesis was
genotype dependent G. tibetica and G. cruciata both produced an average of 6.6 somatic
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embryos per explant, while G. pannonica and G. kurroo regenerated at 15.7 and 14.2 somatic
embryos per explant, respectively. Optimum regeneration was achieved in the presence of
NAA combined with BAP or TDZ. NAA also stimulated abundant rhizogenesis. Somatic
embryos were also regenerated from adventitious roots of G. kurroo, G. cruciata, and G.
pannonica. Somatic embryos developed easily into plantlets on half strength MS medium.
The same research group extended its investigations on the factors influencing efficiency of
somatic embryogenesis in cell suspension of Gentiana kurroo (Royle) - the species revealing the
best morphogenic potential in their previous studies [125]. Suspension cultures were initiated
in liquid MS medium supplemented with 0.5 mg/l 2,4-D and 1.0 mg/l kinetin from embryogenic
callus derived from seedling roots, hypocotyls and cotyledons. Unexpectedly the highest
growth rate was observed for root derived cell suspensions. Further more differences in
aggregate structure depending on their size were detected by microscopic analysis. In order
to assess the embryogenic capability of the particular culture, 100 mg of cell aggregates were
implanted on MS agar medium supplemented with 0–2 mg/l kinetin, 0–2 mg l/l GA3 and 80
mg/l adenine sulfate. The highest number of somatic embryos was obtained for cotyledonderived cell suspension on GA3-free medium, but the presence of the other plant growth
regulators (0.5–1.0 mg/l kinetin, 0.5 mg/l GA3 and 80 mg/l adenine sulfate) determined the best
morphological quality of embryos. The morphogenic competence of cultures also depended
on the size of the aggregate fraction and was lower when size of aggregates decreased. Flow
cytometry analysis revealed 100% uniformity for regenerants derived from cotyledon suspen‐
sion but lack of uniformity of plantlets obtained from hypocotyls suspension. These observa‐
tions were of great significance for the choice of appropriate explants and culture media
conditions for the multiplication of a particular gentian species via somatic embryogenesis.
Cai YunFei et al. [129] confirmed the role of the explant and its interaction with the plant growth
regulators added into the media of Gentiana straminea Maxim. They observed that calli induced
from immature seeds were superior to those from hypocotyls or young leaves in regeneration
via somatic embryogenesis and demonstrated that 2,4-D was efficient for both callus induction
and embryogenesis, IAA is suitable for embryogenic callus proliferation, and BAP promotes
both embryo development and the accumulation of gentiopicroside in the cultures. Experi‐
ments went further in exploring Gentiana in vitro cultures potentials by selecting regenerated
plants for high gentiopicroside content. A highly productive clone was selected. Its cells
contained 5.82 % of gentiopicroside, which levels were two folds higher than the control plants
(1.20-3.73 %). Genetic stability of the regenerated plants was also proved both by cytological
and random amplified polymorphic DNA analyses.
Similar experiments were performed with Gentiana straminea Maxim. MS medium supple‐
mented with 2 mg/l 2,4-D and 0.5 mg/l BA was the best medium for embryogenic callus
induction from leaf explants [103]. Genetic stability of the regenerants was assessed by 25 inter
simple sequence repeat (ISSR) markers. Out of 25 ISSR markers, 14 produced clear, reprodu‐
cible bands with a mean of 6.9 bands per marker confirming that the regenerants maintained
high genetic fidelity.
One of the recent reports [122] presented interesting results for the possibility to use recurrent
somatic embryogenesis in long-term cultures of Gentiana lutea for production of synthetic
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seeds. After induction of somatic embryogenesis in the presence of auxins in the first cycle of
in vitro cultures, recurrent somatic embryogenesis was performed in long-term cultures in the
absence of phytohormones but in the presence of the sugar alcohols mannitol and sorbitol.
Adventive somatic embryos were generated continuously at a high rate along with maturation,
germination and development into plants.
One of the possibilities of biotechnology for conservation of rare species is the establishment
of in vitro germplasm banks, which may include cryopreservation of in vitro multiplied
valuable plant material. There are several interesting publications of one research group
dedicated to this problem [124].
For preservation of proembryogenic masses of G. cruciata, four protocols of cryopreservation
were studied: direct cooling, sorbitol/DMSO treatment, vitrification, and encapsulation. Direct
cooling and sorbitol/DMSO treatment was unsuccessful. Vitrified tissue required a minimum
3 weeks culture on solid medium for cell proliferation to reach the proper fresh weight for
manipulation. Alginate beads with PEMs were transferred directly to liquid medium for postfreezing culture. Vitrification and encapsulation maintained high viability of post-freezing
proembryogenic masses, but encapsulation ensured faster restoration of G. cruciata cell
suspension [124]. A reliable technique for cryopreservation by encapsulation was developed
for two suspension cultures of Gentiana species (Gentiana tibetica and G. cruciata) of different
ages and embryogenic potential. A water content of 24-30% (fresh weight basis) after 5-6 h
dehydration of encapsulated cells of gentians yielded the highest survival (68% for G. tibetica
and 83% for G. cruciata) after cryopreservation. Flow cytometry showed that cryopreservation
did not change the genome size neither of the somatic embryos nor of the regenerants [132].
The embryogenic cell suspension culture of Gentiana cruciata, cryopreserved by the encapsu‐
lation/dehydration method, survived both short- (48 h) and long-term (1.5 years) cryostorage
with more than 80% viability. The (epi)genetic stability of 288 regenerants derived from: noncryotreated, short-term, and long-term cryo-stored tissue was studied using metAFLP markers
and ten primer combinations. AFLP alterations were observed but they were not associated
with the use of cryopreservation, but were probably related to the in vitro culture processes
[133]. These results gave great hopes for the use of cryo-techniques in preservation of valuable
medicinal species.
Genetic transformation was also applied to gentiana species aiming at obtaining higher
production of biologically active substances or biosynthesis of new valuable compounds.
Agrobacterium rhizogenes mediated transformation was achieved in shoots of micropropagated
Gentiana acaulis, G. cruciata, G. lutea, and G. purpurea inoculated with suspensions of Agrobac‐
terium rhizogenes cells [134, 135]. Few years later Menkovic et al [119] after infection with
Agrobacterium rhizogenes managed to obtain nine hairy root clones which differed in the amount
of secondary metabolites. Agrobacterium tumefaciens was also used for inoculation of Gentiana
punctata [136] and Gentiana dahurica Fisch by A. tumefaciens [137]. However, due to the great
opposition in many countries against the genetically modified organisms, especially these ones
with potential use in food and nutraceutical industries genetic transformation experiments
remained more in the laboratory mainly to study the metabolic pathways.
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Genus Leucojum.Leucojum aestivum (summer snowflake) is one of the most worshiped
medicinal plants on the Balkan region and in the world. Leucojum aestivum L. (Amaryllidaceae
family) is a polycarpic geophyte distributed in the wetlands of Central and South Europe
(Mediterranean and the Balkans) and in West Asia. L. aestivum grows on alluvial soils with
high nitrogen levels. The mean size of the plants increased with the water content of the soil.
Seed reproduction is whimsical. Seed set of the plants was not influenced by the size of a
population, but strongly increased with the density of flowering plants. Optimal temperature
for seed germination is 20-25oC [138]. Overharvesting of its bulbs for medical purposes has
brought to a destruction or alteration of its habitats across Europe [138]. Therefore, summer
snowflake has turned into an endangered species and is protected in several European
countries (e.g. Bulgaria, Hungary and Ukraine).
Leucojum aestivum L. is used as a source of galanthamine - an isoquinoline alkaloid produced
exclusively by plants of the family Amaryllidaceae (mainly belonging to the genus Galanthus,
Leucojum and Narcissus). Due to its acetylcholinesterase inhibitory activity, galanthamine is
used for various medical preparations for the treatment of neurological disorders and
especially for senile dementia (Alzheimer’s disease) and infantile paralysis (poliomyelitis). A
very effective Bulgarian remedy to cure poliomyelitis was produced from L. aestuvum in the
middle of the XXth century. This marked tremendous interest and respect of the plant and
enormous demands for raw material. Despite the possibility for organic synthesis, galantha‐
mine is still extracted from natural sources. For industrial purposes L. aestivum plants are
harvested from wild populations in their natural habitats which causes increasing problems
regarding quality of the plant material as well as natural populations depletion. The limited
availability of the plants and the increasing demands for this valuable metabolite has imposed
urgent search for alternative approaches both for protection of the species and for production
of galanthamine. In this respect biotechnology methods could be used for in vitro storage of
genotype accessions from different natural populations with proven alkaloid profiles, for rapid
propagation of this threatened medicinal plant for both industry and natural resource
protection, and for production of its valuable biologically active substances under controlled
conditions. However, not so much data are available in the literature concerning in vitro
cultures of this plant.
The Bulgarian scientists Stanilova et al. [38] and Zagorska et al [139] are pioneer in establish‐
ment of in vitro cultures and micropropagataion of Leucojum aestivum. One of the prerequisites
for their success was the elaboration of a successful procedure for decontamination of the plant
material gathered from nature. Plant material should be used 42 days after collecting. The bulbs
were rinsed for 16 hours with stream water followed by immersion in 70% ethanol for 30 s and
sterilized with 0.1% HgCl2 for 3 min. Relatively good decontamination was achieved for leaf
explants applying hypochlorites – 47.46% using 5% Ca (ClO)2 for 6 min and 54.76% - 15%
NaClO for 20 min. During their initial studies of the morphogenetic potential of the basal and
apical parts of bulbs, stems, leaves and ovaries it was observed that the scales of L. aestivum
possessed the highest regenerative ability producing 4.08 - 4.19 regenerants per explant.
Whereas leaf explants had lower regeneration potential – 1.67 regenerants per explant.
Murashige and Skoog (MS) medium supplemented with 1 mg/l benzyladenine (BA) and 1 mg/
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l kinetin as well as Linsmaier and Skoog (LS) medium enriched with 0.5 mg/l NAA and 0.1
mg/l kinetin proved to be the most suitable for direct organogenesis [38]. Rhyzogenesis was
induced on MS basal medium with reduced sugar content of 15 g/l and enriched with 0.1 mg/
l NAA, 0.1 mg/l kinetin and 0.1 mg/l BAP. Further investigations focused on in vitro clonal
propagation of L. aestivum. Twenty four clones were obtained and most of them demonstrated
high regeneration rates and stable alkaloid profiles. Galanthamine levels of some of the in
vitro obtained clones was as high as galantamine levels of commercially important represen‐
tative of Bulgarian L. aestivum populations. Five clones: four galanthamine-type and one
lycorine-type were selected as promising for further investigations [140].
In Turkey Karaogˇlu [141] confirmed the effectiveness of bulb-scales explants for micropropa‐
gation of Leucojum aestivum and tested immature embryos for initiation of in vitro cultures.
Using 2 and 4 bulb-scales explants the highest number of bulblets (6.67 and 5.83) were achieved
on MS medium containing 1 mg/l BA and 1 mg/l NAA or 2 mg/l BAP and 0.5 mg/l NAA,
respectively. Regeneration capacity of immature embryos was twice lower reaching 2.27
bulblets on MS medium containing 0.5 mg/l BA and 4 mg/l NAA. The best rooting of bulblets
regenerated from bulb scales was obtained on MS medium containing 1 mg/l NAA. Rooted
bulbs were finally transferred to compost and acclimatized to ambient conditions [141].
Later in vitro cultures of Leucojum aestivum were reported in Hungary. Kohut et al. [142]
succeeded to obtain from 81 % to 92 % contamination free material. Prior to surface sterilization
the old leaves and roots were dissected from the bulbs and they were stored at low temperature
of 2–3°C for 1 and 5 week periods. The bulbs, bulb scales and leaves of the bulbs were placed
on MS medium containing 1 mg/l BA and 0.1 mg/l NAA.
Shoot in vitro cultures were initiated also from bulb explants in others’ experiments [143].
However, Gamborg’s B5 medium was used for the initiation and maintaining of the cultures,
which were kept in darkness. This medium contained 30 g/l of sucrose, 1 mg/l 2,4-D, 0.5 g/l
casein hydrolysate, 2 mg/l adenine, and 10 mg/l glutathione. The in vitro cultures were
subcultured at 2.5 month intervals in MS medium supplemented with 1 g/l Ca(NO3)2, 0.5 mg/
l BAP, 0.01 mg/l IBA, and 2.93 mg/l paclobutrazol. During the subcultures, shoot-clumps which
were formed were cut to increase the number of explants, and the newly formed shoot clumps
were separated. The in vitro cultures were maintained at 23-25o C with a 16/8 h light /dark
photoperiod. Later the same research group [144] offered a three step protocol for in vitro longterm conservation of L. aestivum which was used to create a genebank with accessions from 31
Bulgarian populations. For in vitro cultures dormant bulbs were used, which were cut into 8,
16 or more segments. For sterilization, these segments called “twin-scale” were treated with
70% ethanol for 30 s and sterilized with 1% HgCl2 for 3 min. The development of the shootclumps started from the basal parts of the scales at the end of the first week. The development
of in vitro shoot-clump cultures was tested on three nutrient media: МS, B5, and QL with or
without plant growth regulators, BAP (0.5 - 3.0 mg/l), IBA (0.01 - 1 mg/l) NAA (0.2 - 2 mg/l)
and TDZ (1 - 2 mg/l), sucrose (0 - 120 g/l), and charcoal (2g/l). Shoot-clumps were obtained,
from explants cultivated on B5 medium (6), supplemented with 0.5 g casein hydrolyzate, 1
mg/l 2,4-D, 10 mg/l adenine, 10 mg/l glutathione, 30 g/l sucrose, 6 g/l agar. The fastest multi‐
plication however was observed on МS medium with 30 g/l sucrose, 2 mg/l BAP, 1.15 mg/l
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NAA. Increasing sucrose concentration up to 90 g/l resulted in higher mass of the obtained
bulbs. About 1000 regenerated bulbs with well-developed roots were successfully adapted at
ex vitro conditions. Authors observed that plant ex vitro adaptation depended on the bulb size.
The biggest bulbs (over 1.5 cm in size) were the most adapted (99 %) whereas about 60% of
the medium size bulbs (0.5-1.5 сm) and 20% of the small bulbs (less than 0.5 сm) survived.
Mainly easily rooting bulbs were formed on hormone free nutrient medium (МS with vitamins,
sucrose-30 g/l, charcoal - 2 g/l, and pH-5.6) [144].
Callus cultures from young fruits of Leucojum aestivum L. were obtained, too [145]. Nondifferentiated cell growth was stimulated by high concentrations of the auxin 2,4-D (4 mg/l)
and the cytokinin BA 2 mg/l. Callus tissue formed regenerants when 1.15 mg/l NAA and 2 mg/
l BA were added to the MS medium.
Somatic embryos were formed from callus tissues cultivated on MS medium containing 2
μМ or 5 μМ picloram (4-amino- 3,5,6-trichloropicolinic acid) and 0.5 μМ BAP [146]. Regener‐
ation of plants was possible on medium enriched with zeatin (0.5 μМ). Authors observed that
the processes of differentiated or non-differentiated growth leading to somatic embryogenesis
or callus growth, respectively, were influenced by ethylene or its precursor ACC (1-aminocy‐
clopropane-1-carboxylic acid). At higher concentrations (25 μМ) of picloram callus cultures
produced ethylene (9.5 nL/g fresh weight: F.W.) whereas no ethylene was detected in cultures
of somatic embryos cultivated on medium supplemented with 0.5 μМ NAA and 5 μМ zeatin.
Application of ACC increased ethylene production thus suppressing callus growth and
enhancing somatic embryos induction and globular embryos development. Another effect of
ACC was to induce galanthamine production in somatic embryo cultures (2% dry weight).
However, galanthamine production in callus cultures was induced by silver thiosulphate (STS)
though in low levels (0.1% dry weight). These results are promising for use of somatic embryos
cultures in bioreactors for production of galanthamine [146].
Alkaloid content in Leucojum aestivum wild plants and their in vitro cultures was studied
in a series of experiments carried out by a Bulgarian research group [143, 145, 147 - 150].
Callus cultures were obtained from young fruits of Leucojum aestivum on MS nutrient
medium supplemented with 4 mg/l 2,4 D and 2 mg/l BAP. Further, shoot cultures were
established by subculturing the obtained calli on the same nutrient medium supplement‐
ed with 1.15 mg/l NAA and 2.0 mg/l BAP. These in vitro systems were used to study the
growth and galanthamine accumulation. The authors observed that the amount of
accumulated galanthamine strongly depended on the level of tissues differentiation. The
maximum yield of biomass (17.8 g/l) and the maximum amount of accumulated galantha‐
mine (2.5 mg/l) were achieved under illumination after the 35th day of submerged cultiva‐
tion of one of the lines L. aestivum -80 shoot culture.
The alkaloids of intact plants, calli and shoot-clump cultures of L. aestivum were ana‐
lyzed by capillary gas chromatography – mass spectrometry (CGC-MS). In one series of
experiments fourteen alkaloids of galanthamine, lycorine and crinane types were identi‐
fied (11 in the intact plants and eight in the in vitro cultures) in alkaloid mixtures extract‐
ed from intact plants and in vitro cultures. Excellent peak resolution for the alkaloids was
exhibited and isomers of galanthamine and N-formylnorgalanthamine were well separat‐
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ed [147]. Applying the same methods of CGC-MS, extracts from bulbs collected from 18
Bulgarian populations and from shoot-clumps obtained in vitro from eight different
populations were subjected to analysis and nineteen alkaloids were detected. Typically,
galanthamine type compounds dominated in the alkaloid fractions of L. aestivum bulbs but
lycorine, haemanthamine and homolycorine type alkaloids were also found as dominant
compounds in some of the samples. Galanthamine or lycorine as main alkaloids present‐
ed in the extracts from the shoot-clumps obtained in vitro. The galanthamine content ranged
from traces to 454 μg/g dry weights in the shoot-clumps while it was from 28 to 2104 μg/
g dry weight in the bulbs [143]. In other investigations twenty-four alkaloids were detected
analizing intact plants, calli and shoot-clump cultures. Shoot-clumps had similar profiles
to those of the intact plant while calli were characterized with sparse alkaloid profiles.
Seven shoot-clump clones produced galanthamine predominantly whereas another three
were dominated by lycorine. It was also observed that illumination stimulated accumula‐
tion of galanthamine (an average of 74 μg/g of dry weight) in shoot-clump strains while
in darkness galanthamine levels were two folds less (an average of 39 μg/g of dry weight).
The shoot-clumps, compared to intact plants, accumulated 5-folds less galanthamine. The
high variability of both the galanthamine content (67% and 75% of coefficient of varia‐
tion under light and darkness conditions, respectively) and alkaloid patterns indicated that
the shoot-clump cultures initiated from callus could be used as a tool for improvement of
the in vitro cultures production of the valuable substances [148]. The investigations extended
on the alkaloid patterns in L. aestivum shoot culture cultivated at temporary immersion
conditions where 18 alkaloids were identified, too. The temperature of cultivation influ‐
enced enzyme activities, catalyzing phenol oxidative coupling of 4'-O-methylnorbelladine
and formation of the different groups Amaryllidaceae alkaloids. Decreasing the tempera‐
ture of cultivation of L. aestivum 80 shoot culture led to activation of para-ortho' phenol
oxidative coupling (formation of galanthamine type alkaloids) and inhibited ortho-para'
and para-para' phenol oxidative coupling (formation of lycorine and haemanthamine types
alkaloids). The L. aestivum 80 shoot culture, cultivated at temporary immersion condi‐
tions, was considered a prospective biological matrix for obtaining wide range of Amarylli‐
daceae alkaloids, showing valuable biological and pharmacological activities [150]. The most
recent report was about successful cultivation of shoot culture of summer snowflake in an
advanced modified glass-column bioreactor with internal sections for production of
Amaryllidaceae alkaloids. The highest amounts of dry biomass (20.8 g/l) and galantha‐
mine (1.7 mg/l) were obtained when shoots were cultured at temperature of 22°C and 18
l/(l h) flow rate of inlet air. At these conditions, the L. aestivum shoot culture possessed
mixotrophic-type nutrition, synthesizing the highest amounts of chlorophyll (0.24 mg/g DW
(dry weight) chlorophyll A and 0.13 mg/g DW chlorophyll B). The alkaloids extract of shoot
biomass showed high acetylcholinesterase inhibitory activity (IC50 = 4.6 mg). The gas
chromatography–mass spectrometry (GC/MS) profiling of biosynthesized alkaloids revealed
that galanthamine and related compounds were presented in higher extracellular propor‐
tions while lycorine and hemanthamine-type compounds had higher intracellular propor‐
tions. The developed modified bubble-column bioreactor with internal sections provided
conditions ensuring the growth and galanthamine production by L. aestivum shoot culture
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[149]. The influence of the nutrient medium, weight of inoculum, and size of bioreactor on
both growth and galanthamine production was studied in different bioreactor systems
(shaking and nonshaking batch culture, temporary immersion system, bubble bioreactor,
continuous and discontinuous gassing bioreactor) under different culture conditions. The
maximal yield of galanthamine (19.416 mg) was achieved by cultivating the L. aestivum
shoots (10 g of fresh inoculum) in a temporary immersion system in a 1l bioreactor vessel
which was used as an airlift culture vessel, gassing 12 times per day (5 min) [151].
Completely different types of experiments were the attempts of genetic transformation with
Agrobacterium. Agrobacterium rhizogenes strain LBA 9402 has been tested [152] for its capacity
to induce hairy roots of this monocotyledonae plant. Diop et al. [152] have developed an
efficient transformation system for L. aestivum, which could be used to introduce genes
encoding enzymes of isoquinoline alkaloid biosynthesis into L. aestivum to enhance the
production of target molecules in this medicinal plant. However, the transformed roots
obtained did not synthesize galanthamine.
At this stage of in vitro research establishment of organogenic cultures and optimization of
galanthamine production by differentiated cells using the methods of biotransformation are
more promising and reliable.
Genus Rhodiola is highly varied among others in family Crassulaceae (comprising of 1500 species
in 35 genus). The genus Rhodiola includes over 200 quite polymorphic species, out of which 20
species (Rh. alterna, Rh. brevipetiolata, Rh. crenulata, Rh. kirilowii, Rh. quadrifida, Rh. sachalinensis,
Rh. Sacra etc.) have pharmacological properties and are used for production of medical
preparations [153].
Intensive and unscrupulous exploitation of the natural habitats in many countries has led to
extinction of these species in these regions [154]. This provoked nature-protecting measures
to be undertaken like (1) cultivation under appropriate conditions, (2) protection of the
populations in the protected areas, (3) including the species in Red Books of rare and endan‐
gered plants species. Rhodiola species contain various quantities of salidrosid – one of the most
important ingredients in the biological active complex [155 - 159]. Salidroside content in plants
varies depending on the genetical structure, the developmental stages, the plant age, the
ecological and agrobiological conditions [160] what is one of the reasons for the scientists to
look for conditions minimizing these effects by biotechnological way of more controlled
production of this biologically active compound. From another hand extracts from medicinal
plants are rich in other metabolites bringing to the multiple health benefits [159] what
stimulates search and identification of more biologically active substances which can be
produced in cultures in vitro.
In Bulgaria Rhodiola rosea (Golden root, Roose root) (Sedum roseum (L.) Scop., S. rhodiola DC.)
is under protection of the Act for biological diversity [161]. Rhodiola rosea is included in the Red
Books of Republic of Buryatia AR, of Yakut ASSR, of Mongolia; “Rare and Extinct Plant Species
in Tyva Republic,” “Rare and Extinct Plant Species in Siberia,” in Great Britain—Cheffings &
Farrell, in Finland—category “last concerned.”(according to IUCN Red List Categories and
Criteria: Version 3.1 (IUCN, 2001).
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Rhodiola rosea species are worshiped for their roots and rhizomes therapethical role in many
diseaases. Rhadix et Rhizoma Rhodiolae of Rh. rosea are used in medicine for optimization of ownbody biochemical and functional reserves of the organism, for stimulation of body’s nonspe‐
cific resistance for regulation of the metabolism, central nervous system, cardiovascular system
and the hormonal system [162 – 164] for rehabilitation after heavy diseases, for prophylactics
of onco disease [153, 159, 165], etc. Rhodiola quadrifida (Pall.) Fisch. et May is a perennial grassy
plant growing predominantly in some highland regions of the former USSR (Altai, Sayan), in
East Siberia, in some mountainous regions of China (Sichuan) and in high mountain regions
of Mongolia. It is used in traditional medicine of Mongolia and Tibet, against fatigue, stress,
infections, inflammatory diseases and protection of people against cardiopulmonary function
problems when moving to high altitude [166; 167]. The phytochemical composition of the
ingredients (without cinnamic alcohol and rosiridin) is similar to that of Rh. rosea [168]. Rhodiola
kirilowii is a Chinese medicinal herb. Roots and rhizomes extracts are used in Asiatic medicine
independently of their adaptogenic properties also as antimicrobial and anti-inflammatory
drugs [169, 170]. Rhodiola sacra grow in the Changbai Mountain area, Tibet and Xinjiang
autonomous regions in China. In Tibetan folk medicine, Rhodiola Radix is used as a hemostatic,
tonic and contusion releaf factor. Positive effects on learning and memory have been reported,
too [171, 172]. Rhodiola crenulata is distributed in the high cold region of the Northern Hemi‐
sphere in the high plateau region of southwestern China, especially the Hengduan Mountains
region including eastern Tibet, northern Yunnan and western Sichuan. It has strong activities
of anti-anoxia, antifatigue, anti-toxic, anti-radiation, anti-tumour, anti-aging, and activeoxygen scavenging [173, 174]. Rhodiola sachalinesis A. Bor. is used as a drug of “source of
adaptation to environment” in Chinese traditional medicine. Salidroside can effectively
enhance the body’s ability to resist anoxia, microwave radiation, and fatigue. Furthermore, its
effect on extending human life was also found [175]. Rhodiola imbricata Edgew commonly
known as rose root, is found in the high altitude regions (more than 4000 m altitude) of India.
The radioprotective effect, along with its relevant superoxide ion scavenging, metal chelation,
antioxidant, anti-lipid peroxidation and anti-hemolytic activities were evaluated under both
in vitro and in vivo conditions [176]. Rhodiola iremelica Boriss. – is an endemic plant of Middle
and South Ural mountain. It is included in the Red Book of Republic of Bashkortostan
(Bashkiria) in the category of rare and endangered species. Rh. iremelica is located in places
with different climatic conditions making them unique [177].
Despite the incontestable/undisputed interest to Rh. rosea and the wide intensive research
in phytochemistry, the potential area of the plant biotechnologies, remains less studied and
exploited in comparison to other medicinal species. Some of the researchers studied the
possibility for induction of calli cultures, biotransformation and organogenesis. Other
authors focus their research on Rhodiola potential for regeneration and investigation of
biologically active substances. Experiments are focused mainly in two directions: 1) looking
for possibilities for in vitro synthesis of valuable metabolites and/or 2) establishment of
effective systems for micropropagation, for reintroduction of the plant in nature or in the
field for protection of the species.
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Pioneer experiments on golden root in vitro cultures were initiated 20 years ago [178] from a
Russian scientist who described rooting of assimilating of sprouts R. rosea. Later a few other
reports have appeared concerning the effect of culture media composition and of explant type
on the ability for callogenesis, organogenesis and regeneration of R. rosea, as well as other factors
influencing growth and morphogenesis. Using leaf segments Kirichenko et al. [179] studied callus
and regeneration ability for propagation in vitro of rose root while Bazuk et al. [180] focused on
the rooting potential of shoots obtained from stem segments with two adjacent leaves. Investi‐
gations that are more detailed were carried using seeds and rhizomes from three ecotypes from
the High Altai and South Ural region, which served as the explant source to study induction of
callogenesis and organogenesis [181]. Explant development was observed on MS media
containing various phytoregulators (BAP, IAA, NAA, IBA, 2,4-D). Very high percentage of 86%
of the explants formed abundant calli on MS medium supplemented with 0.1 - 0.2 mg/l IAA. BAP
and IAA in concentrations of 0.2mg/l and 0.1mg/l, respectively, was the optimal combination for
multiple bud formation in Rhodiola rosea from stem segments, while for Rhodiola iremelica the
efficient concentrations were lower—0.1 mg/l BAP and 0.05 mg/l IAA. The processes of effi‐
cient callogenesis and organogenesis were influenced by ecotype differences. Adaptation of
regenerants in vermiculite for two weeks in conditions of high humidity (85–90%) and later in
mixture of soil, peat, and vermiculite in proportion of 1 : 1 : 1 was successful, but with consider‐
able differences in the survival rate (from 10% to 95%). In the later experiments [182], the effect
of 5% or 10% v/v liquid extracts of Rh. rosea extracts on the morphogenic abilities of Rh. rosea and
Rh. iremelica were studied. Different in vitro responses were provoked. Bud induction was
stimulated by the lower concentration and inhibited by the higher ones leading to formation of
8.5 shoots per explant in the first case and 1.1 in the second case.
Unlike the previously described investigations with the Altai ecotype of Rhodiola rosea the
optimal concentrations of the cytokinin BAP were 10–15-fold higher for induction of in vitro
cultures from immature leaves explants from a Tibetan ecotype of golden root [183]. The
authors noted interaction between the growth regulators and the illumination of the cultures.
Two mg/l BA and 0.2 mg/l NAA added to the MS medium stimulated formation of incompact
callus tissue. However, when explants were cultivated under dark conditions, higher concen‐
trations of the same phytoregulators BA (3 mg/l) and NAA (0.25 mg/l) were more efficient. MS
medium containing 2 mg/l BA and 0.25 mg/l NAA induced shoot multiplication while rooting
was induced on MS medium containing 0.5 mg/l or 1 mg/l IAA.
In Bulgaria the first investigations on Rhodiola rosea were on the content of polyfenols and
salidrosid in the local populations in Rila, Pirin and Balkan Mountain [184]. The highest salidrosid
levels in the rhizome and root were found in the plants from Rila Mountain while the lowest ones
in the plants from Pirin Mountain 1.55 % and 0.72 %, respectively. From another side polyphe‐
nols were in highest concentration in rose root from Pirin population. Salidrosid is accumulat‐
ed in roots and rhizomes while polyphenol content is equal in all parts of the plant [185, 186].
Seeds of Rhodiola rosea lose their germination potential for a relatively short perod of time
compared to other species. Stratification is one of the approaches for overcoming this problem.
Revina et al. [187] reported about higher germination up to 75 % after treatment of seeds for one
month at temperatures of 2-4 оС. Other authors confirm the role of stratification [188] and report
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about stimulation of germination up to 50-75 % after subjecting seeds to lower temperatures of
-5оС for a period of 3 months [189]. Dimitrov et al. [190] applied a new approach for in vitro
cultivation of seeds. Golden root germination of seeds started on the 7th day of cultivation and
lasted until the 40th day reaching from 37.5% to 97.0% depending on media composition.
Germination was stimulated when seeds were cultured on MS basal medium enriched with
50-100 mg/l giberrellic acid. These high concentrations of GA3 enhanced germination while lower
concentrations of 5-25 mg/l GA3 favored obtaining of seedlings with bigger size [43].
The initial investigations for establishment of golden root in viro cultures in Bulgaria were
dedicated to find out a suitable ecotype for in vitro experiments [190 – 192]. Tasheva et al. [193,
194] optimized seed germination in vitro and later report the first successful results for in
vitro propagation of Rhodiola rosea. A large number of explants isolated from in vitro seedlings
(stem segment with leaf node, apical bud, explants excised from the seedling root basal area)
and in vivo plant (apical bud, adventitious shoots, stem expalnt, rhizome buds, rhizome
segments) were used to study in vitro response [195] on Murashige and Skoog (MS) basal
medium containing various hormonal combinations including benzyladenine, kinetin, zeatin,
2-ip etc. In vitro development led to formation of plantlets, leaf rosette, various type of callus
(compact green, pale, soft liquidy) and callus degeneration without bud formation. The
authors observed that the explants of seedling and apical bud are more suitable for mass clonal
propagation. Multiple shoots proliferation from leaf node explants was most effective on
nutrient medium containing 1.0 or 2.0 mg/l zeatin, 0.1 mg/l IAA and 0.4 mg/l GA 3 (Figure 3
a, Figure 3 b). Rooting in vitro proved to be the most efficient on nutrient medium containing
IBA (2.0 mg/l), IAA (0.2 mg/l) and GA3 (0.4 mg/l) [195]. Interestingly, it was observed that the
coefficient of propagation varied during the different seasons. Highest level of proliferation
was recorded in May-June, when the mean number of shoots per explant was 6.78, while
during the cold seasons multiplication was relatively lower with 2.11 shoots per explant [196].
Adaptation of obtained plants was done under controlled conditions in a cultivation room for
2-3 months and later grown plants were transferred to green house, where survival rate
reached high levels of 85% (Figure 3 c). After 6 months, these regenerants were rooted in natural
conditions in the Rhodopes Mountains experimental field where the survival rate was 68%,
after winter has passed. In April, vigorous vegetation was observed with formation of sprouts,
floweres, seeds and rhizomes like plants in their natural environment.
Genetic stability of in vitro regenerated plants is very important for micropropagation aiming
production of elite plant material or conservation of the species. Chromosome number in the
root tip cells of in vitro regenerats of Rhodiola rosea was examined. All the plantlets though
obtained on different media had 22 chromosomes which number was identical with the diploid
chromosome number of 2n = 22 of the wild plant. These results indicate that the regeneration
schemes developed by authors [197] favor stability of the initial caryotype. This fact is very
important for the purposes of restoration of the species and for creating nurseries and fields
of Golden root serving the pharmacological needs.
Another very important fact is the ability of in vitro obtained plants to synthetize salidroside
what was confirmed by the analysis of one and two years old regenerants. Salidroside content
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in all the samples taken from the roots of regenerants reintroduced in nature was higher than
those in plants, which developed from seeds in the mountains [198].
Roots and rhizome from one year old plant regenerants growing in the green house have lower
salidroside content compared to the plants growing in the experimental field in the mountains
at an altitude of 560 m. However, at the same conditions high levels of rosavin 3.2 % and 3.3
% were detected in green house plants and in mountain plants, respectively (unpublished
data). Golden root extracts used in major part of the clinical research are standardized to 3.0
% of rozavins and 0.8% salidroside, which is a ratio of 3:1. This ratio was 10.75:1 in the
experiments of the authors (unpublished data) for green house one year old regenerants.
Similarly one and three years old regenerants growing in the mountains had higher portion
of rozavins compared to salidroside (1 : 8.6 and 1 : 3.75, respectively) which was very positive
fact (unpublished data)
Recently replanting of Rhodiola rosea regenerants in natural conditions was reported from other
authors, too [199] but unlike the previous report [43] reintroduced regenerants differ mor‐
phologically. Several types of explants and nutrient media were used to reveal the morpho‐
genic potential suitable for elaborating shemes for micropropagation [199]. The most efficient
combinations were when explants from shoot nodes and apices were cultured on MS medium
containing 2.0 mg/l NAA, followed by hormone free MS, then KN (1 mg/l kinetin and 0.5 mg/
l NAA), and AZ (0.2 mg/l IAA and 2 mg/l zeatin). The in vitro generated neo plantlets reached
survival rate over 90% after transfer to septic environment in a hydroponic system for 5-7 days.
After acclimatization, the regenerants were potted into soil until the first summer when they
were transferred to their native habitat (at 1750 m altitude in Ceahlău Mountains, Romania).
During the next summer about 73.5 % of the few dozens of reintroduced regenerants survived.
This percentage dropped at 57 % during the third year. It was observed that the in vitro
regenerants of Rh. rosea developing in their natural habitat differed in leaf color (light green),
compared to the native individuals of this region (green- grey).
For the first time an original protocol for in vitro micropropagation of Rhodiola rosea in a RITA
bioreactor system was reported [200]. Three clones were obtained from in vitro germinated
seedlings of wild Finland golden root. Stimulation of organogenesis was studied using
thidiazuron and zeatin. Two to four μM thidiazuron stimulated shoot induction but inhibited
shoot growth while 1-2 μM zeatin favored shoot growth and leaf number per shoot. Multipli‐
cation rate of the clones differed significantly but the most efficient was obtained on solidified
medium enriched with 2 μM zeatin. In the bioreactor 0.5 μM thidiazuron maintained rapid
shoot proliferation but induced hyperhydracity at higher concentrations. However, hyperhy‐
dracity was abolished when shoots were transferred for 4 weeks on gelled medium enriched
with 1-2 μM zeatin. Shoots formed roots for 5-6 weeks on medium without phytoregulators.
Regenerants transferred to soil in the green hause surved at high rate (85–90%) and after
acclimatization had normal shoot and leaf morphology.
After establishment of reliable Rhodiolain vitro cultures, research has continued for their
implementation for practical use like production of valuable secondary metabolites in
bioreactors, for biotransformation, for manipulation of the metabolic pathways and metabolic
engineering. Biotransformation is a key mechanism to increase production of the biologically
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Figure 3. In vitro regenerants of Rhodiola rosea Bulgarian ecotype: (a) and (b) – propagated plants on MS medium
enriched zeatin; (c) – two years old regenerants growing in green house.

active compounds in callus cultures. There are few reports on golden root callus cultures with
acompaning analysis of their biologically active metabolites and description of the parameters
for their efficient synthesis in vitro. The first attempts dated a decade ago [201]. Callus was
induced on leaf explants of Rhodiola rosea and transferred into MS liquid medium. Thus
obtained suspension culture was used to to study the possibility to increase synthesis of rosavin
and other cinnamyl glycosides. In the cells for about 3 days, more than 90% of the added
transcinnamyl alcohol (optimal concentration of 2.5 mM) was transformed into various
unidentified products. However, one of them, 3-phenyl-2-propenyl-O-(6′-O-α′-L-arabinoryr‐
anosyl)-β-D-glucopyranoside, found in the intracellular spaces, both of green and yellow
strains of cell cultures, was defined as potential rozavin by very precise methods.
Biotransformation was used for increasing of biologically active substances production in
callus culture in Rhodiola rosea. The effect of different precursors of biologically active sub‐
stances on the biomass and the metabolite production was studied in Rhodiola rosea compact
callus aggregates in liquid medium [202, 203]. Cinnamyl alcohol concentrations up to 0.1 mM
in media did not bring to a significant deviation from the control; 2 to 5 mM changed slightly
callus color from dark to light green. In these cultures rosin content was elevated to 1.25 % dry
weight while rosavin was 0.083% dry weight. Cinnamyl alcohol induced synthesis of four new
products, too. Tyrosol from 0.05 mM and 2 mM did not influence callus growth while
concentrations of 3 mM up to 9 mM caused decrease in biomass production. Two mM of tyrosol
were the optimal levels for salidroside production reaching 2.72 % dry weight. Addition of
glucose had no positive effect on salidroside accumulation but doubled the rosin production.
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Callus tissues cultivated on solid media could produce active substances characteristic for the
species [204] Rh. rosea Addition of yeast extract in the media doubled salidroside content (from
0.8 % to 1.4) and was twice as high as in five-year-old roots of the intact plants. In the later
experiments [205] Rh. rosea callus induced from axillary buds or from seedling hypocotyls
transformed exogenous cinnamyl alcohol into rosin. However, the biotransformation process
was more efficient in the hypocotyl callus where the application of 2.5 mM cinnamyl alcohol
resulted in the increase of rosin content up to 1056.183 mg/100 g on solid medium and 776.330
mg/100 g in liquid medium. Callus tissue obtained from axillary buds and treated in the same
way produced rosavin in a higher concentration of 92.801 mg/100 g and reached 20% of the
amount produced by roots [206].
Krajewska-Patan et al. and György et al. [205, 202, 203] obtained and maintained callus from
Rh. rosea in liquid medium adding different precursors of the biologically active substances to
increase the synthesis of the substances from the main biologically active complex.
The same Bulgarian group successfully established callus cultures, too [207]. Induction of
callogenesis was achieved from leaf explants, isolated from in vitro propagated plants, on
MS media enriched with BAP in concentration from 0.5 mg/l to 2.0 mg/l; 2-iP—0.3 and 3.0
mg/l; 2,4-D—from 0.1 to 2.0 mg/l; IAA—0.2, 0.3 and 1.0 mg/l; NAA—0.5, 1.0, 1.5 mg/l;
glutamine—150 mg/l and casein hydrolysate 1000 mg/l. The highest response of 62.85 %
and 73.17 % formation of callus was observed on two media, both containing 1 mg/l BAP
and either 1 mg/l or 0.5 mg/l 2,4-D (Figure 4 a, b, c, d, e, f, g, h). The authors observed
(unpublished data) that when calli were cultured on media with the same phytoregula‐
tors as mentioned above but with higher content of sucrose (3 % instead of 2 %) the
induction of of callogenesis was several folds lower and variations in callus structure and
color were noted. Sucrose concentration influenced synthesis of biologically active substan‐
ces. Phytochemical analysis revealed that at 2 % sucrose in the medium salidroside and
rozavins were not detected in the calli (unpublished data)
Similar investigations were performed with other Rhodiola species. Rh. sachalinesis calli
cultured with 5% sucrose produced high salidrosid content (0.41 % on the basis of dry wt) than
normal root (0.17 %) [208]. A compact callus aggregate strain and culturing system for high
yield salidroside production was established in Rhodiola sachalinensis [209].
Organogenic callus was obtained from leaves with efficiency of 88.33 % [210]. Among the
yellow, green, and red colored calli, only green callus formed buds though with poor efficiency.
Despite this, regenerated plantlets were rooted on half strength MS medium. Experiments with
Rhodiola sachalinesis proved that cryopreservation of calli is possible followed by successful
recovery of fresh and green tissues for 6 weeks. Isolation of protoplasts was also reported for
this species [211].
in vitro cultures were obtained from Rh. crenulata, Rh. yunnanensis, Rh. fastigata [212, 213] and
Rh. quadrifida [214] proving the role and interactions of the explant type, genotype and
phytohormones for the efficiency of in vitro response and regeneration was also function of
the genotype and the phytohormones. The authors underlined the role of 2,4-D and BA for
production of biologically active substances. Similar observations about the role of the explant,
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Figure 4. Various callus cultures induced on MS basal medium enriched with: (a) – BAP (1 mg/l), 2,4-D (1 mg/l) and
3% sucrose; (b) - BAP (1 mg/l), 2,4-D (1 mg/l) and 2% sucrose; (c) – BAP (1 mg/l), 2,4-D (0.5 mg/l) and 3% sucrose; (d)
– BAP (1 mg/l), 2,4-D (0.5 mg/l) and 2% sucrose; (e) – BAP (1 mg/l), 2,4-D – 1 mg/l, Casein hydrolysate 1000 mg/l and
3 % sucrose; (f) – BAP (1 mg/l), 2,4-D – 1 mg/l, Casein hydrolysate 1000 mg/l and 2 % sucrose (g) – BAP (1 mg/l), NAA
(0.5 mg/l), Casein hydrolysate 1000 mg/l and 3% sucrose; (h) BAP (1 mg/l), NAA (0.5 mg/l), Casein hydrolysate 1000
mg/l and 3% sucrose;
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the temperature of cultivation and the pretreatment duration on salidroside synthesis in
Rhodiola kirilowii callus were made by others [215].
Genetic transformation opens new perspectives for production of biologically active com‐
pounds. Hairy roots induced by Agrobacterium rhizogenes grow faster accumulating greater
biological material. Genetic transformation of Rhodiola sachalinensis was performed with
Agrobacterium rhizogenes [216, 217]. The authors studied conditions for high salidroside
production (the major compounds from the roots of Rhodiola sachalinensis) when precursors
(tyrosol, tyrosine, and phenylalanine) and elicitors (Aspergillus niger, Coriolus versicolor, and
Ganoderma lucidum) were added into the medium. For high salidroside production, the optimal
light intensity, pH value and nitrogen levels were determined, too. The optimal concentration
for the elicitor was 0.05 mg/l while the optimal concentration of the precursor was 1 mmol/l.
The 1000 lx scatter light, pH 4.5 - 4.8, and nitrogen (NH4+: NO3- =1:1) concentration of 80 mmol/
l were the optimal condition for salidrosid production. Authors conclude that hairy roots can
be used as alternative material for the production of secondary metabolites of pharmaceutical
value in Rhodiola.
Examples, given here, though covering a small part of the enormous and tedious work on
medicinal plants, and more particularly on representatives of the genera of Gentiana, Leuco‐
jum and Rhodiola, which are protected in Bulgaria, could give impression on the potential of
different spheres of plant biotechnology (Table 1). The most promising ones being in vitro
clonal propagation of endangered species to create in vitro and ex situ collections, and for
obtaining of raw material and valuable compounds (Figure 5).

Figure 5. Relative share of the achievements in different spheres of biotechnology in the three genera: Gentiana, Rho‐
diola, Leucojum.
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yes

G. acaulis
G. tibetica

Yes

yes

Yes

yes

yes

yes

G. dahuria

yes

yes

G. triflora

yes

G. ligularia

yes

G. cerina

yes

yes

yes

yes

G. asclepiadea
Rh. rosea

yes

Yes

yes

Yes

yes

Rh. crenulata

yes

yes

Rh. kirilowii

yes

Rh. quadrifida

yes

Rh. sachalinensis

yes

yes

Rh. yunnanensis
Rh. iremelica

yes

yes

yes
yes

Yes

yes

Rh. fastigata

yes

Rhodiola coccinea

yes

Leucojum aestivum

yes

yes
yes

Yes

yes

yes

yes

yes

yes

Table 1. Examples of biotechnological achievements in Gentiana, Rhodiola and Leucojum species.

9. Conclusions
Presented data and results in this chapter aimed at enlightening the potential of plant bio‐
technologies in protection of valuable plant species, including the medicinal ones, which have
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become rare or are close to extinction as a result of the intensive industrialization, urban
economy and climatic changes. One of the measures for overcoming this global problem could
be the cultivation of valuable medicinal plants in experimental conditions. For this purpose
along with the traditional methods for cultivation fields and nurseries, “green” biotechnolo‐
gies can be used. Many scientists have realized that plant biotechnology is an important tool
for multiplication and conservation of the endangered and rare populations of medicinal
plants. Using environmental friendly in vitro technologies a great number of identical plants,
can be propagated, regenerated and transferred back in nature thus restoring and expanding
wild habitats. From another hand, the areas of the medicinal plants will be less subjected to
vulnerable exploitation if the valuable raw material could be obtained by alternative means.
In this sense by micropropagation of plants, enormous amounts of biomass can be produced
continuously and/or for short period of time. In addition, production of biologically active
substances in laboratory conditions contributes to less utilization of the natural resources and
thus protecting the species. The fact that in vitro cultures, cells, tissues, organs and plantlets
can produce metabolites, specific for the intact donor plant, is of tremendous importance for
production of desired compounds. Development of more sophisticated instrumentation and
original approaches allowing biotransformation and metabolic engineering is a revolutionary
step for high technological production of valuable substances and biologically active com‐
pounds demanded from the food, nutraceutical, pharmaceutical and cosmetic industries.

Nomenclature
MS – Murashige and Skoog medium, 1962; BAP – N6-benzylaminopurine; IAA – Indolyl-3acetic acid; 2-iP – 6-(y,y-dimethylallyl amino) purine; 2,4-D – 2,4- dichlorophenoxyacetic acid;
NAA - α- naphthyl acetic acid; TDZ – Thidiazuron; Kin – Kinetin; GA3 – Gibberellic acid; IBA
– Indole 3-butyric acid
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1. Introduction
The subject of biological and biochemical bases for immune and defense reactions of an
organism to e.g. pathogens is a very broadly defined question. Although the substance of
immunology has common ground, it is otherwise perceived in the case of humans and
animals, while different aspects are highlighted in the case of plant organisms. While in the
case of human the emphasis is put on research aimed to develop a variety of therapies to
heal autoimmune disorders, in plants the studies focus on the effect of various biotic, abio‐
tic and anthropogenic stress factors on plant organisms. Biotic stress factors include: fun‐
gal infectious diseases, insect pests or excessive occurrence of herbivorous mammals while
abiotic stress factors include: atmospheric conditions (extreme weather events, relative hu‐
midity deficiencies), soil properties e.g. fertility, physiographic conditions or different stress
conditions: oxidative, i.e. load of oxygen, sodium chloride, water deficit or stress caused by
the effect of heavy metals (lead - Pb, mercury - Hg, iron - Fe etc.), while anthropogenic
stress factors include: air, water and soil pollution, forest fires or improper forest manage‐
ment. The impact of anthropogenic factors, which has escalated in recent decades, causes
changes in the natural environment and ecosystems of certain regions of the globe. Forest
trees, as important elements of the ecosystem, are vulnerable to climate and environmen‐
tal changes. This suggests that it is important to thoroughly understand and explain the
problem of dieback of trees as a result of the impact of stress factors on the forest environ‐
ment, especially that the determination of the cause-effect relationship is more complex than
previously believed.
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The phenomenon of dieback of economically important forest trees due to pathogenic fungi
as biotic environmental components is not fully understood yet. This can be explained by
the fact that the disease process of trees depends among others on the properties of host
plants as well as on characteristics of fungi – the potential causal agents of diseases. These
both groups of organisms are affected by environmental factors, that may increase or de‐
crease the susceptibility to diseases. In most cases the assessment of the host plant suscepti‐
bility and the properties of pathogenic fungi are done by evaluating the frequency of disease
symptoms’ outbreak in relation to the presence of a certain fungal species and based on the
pathogenicity tests. The implementation of such tests is often very difficult, because in the
case of forest ecosystems we are dealing with perennial plants.
A new method of research, that shows the relationship (interactions) between the two or‐
ganisms involving the stimulation or inhibition of their growth was developed in the eight‐
ies. This is dual cultures research (involving two organisms), in which one of the organisms
is callus (in vitro cultured plant tissue that covers plant wounds in embryonic or non-embry‐
onic stadium), while the second organism is the studied fungal species. [4] from the Slovak
Academy of Sciences, and [8] from the University of New Brunswick in Canada were the
first ones who studied the pathogenicity in dual in vitro cultures at the embryonic level.
Such research was conducted later in Finland [31, 21], Germany [28, 24], Norway [13, 12],
Slovakia [7, 33] and in Great Britain [3].
Based on previous research conducted in Poland [Nawrot–Chorabik unpublished, 19, 20] it
may be stated that such experiments are promising, because the development of reliable
tests in dual cultures involving fungi and embryonic stadium of their host plant tissues may
provide the basis to the evaluation of the pathogenicity and severity of hazard caused by
these fungi. It may also allow the selection of plant genotypes that are more resistant to cer‐
tain pathogens, which is particularly important in the cases of fungi known for their ability
of epiphytic occurrence. The selection at the embryonic level of tree genotypes resistant to
infection would emerge a new direction in the resistance breeding [14].
The aim of this chapter is to present in a condensed way current issues and results of re‐
search on interactions between fungi and the host plant callus in dual cultures. This would
bring the attention to the usefulness of this method to study pathogenicity and to the oppor‐
tunities of its application in the forest practice.

2. Materials and methods
The in vitro cultured tree callus is the plant material necessary to establish a dual culture and
fungus is the second organism which the dual culture consists of. The fungal material grow‐
ing in dual culture with callus needs to be isolated and identified. The callus initiation in the
case of gymnosperm trees is based on a biotechnological method – somatic embryogenesis,
involving the initiation of callus on disinfected primary explant (e.g. zygotic embryo isolat‐
ed from a seed). There are also dual cultures, in which two different fungi grow in one culture.
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2.1. Stages of dual cultures
Dual cultures consist of the following steps:
• Obtaining a considerable amount of non-embryogenic or embryogenic callus of the stud‐
ied plant species, e.g. by using a somatic embryogenesis method.
The in vitro initiation of non-embryogenic (unorganized mass of dividing cells, in nature – cells
that cover wounds) or embryogenic (unorganized mass of dividing cells, able to form somat‐
ic embryos and in later stages of organogenesis – to regenerate plants in the process of
micropropagation) callus in sufficiently large amounts is an essential element to establish a
dual culture (Fig. 1). To achieve this objective, an optimal method for obtaining callus (e.g.
somatic embryogenesis) should be selected, disinfection of explants should be developed and
media together with growth regulators, concentration of sugars and other components neces‐
sary for the proper growth of callus should be selected individually for each species [18].
• Selecting the best genotypes (lines) of callus, which should be proliferated until obtaining
at least 15 clones of each genotype weighing 300 - 500 mg each [15, 16, 17].
• Isolation and identification of fungi.
Fungi should be properly selected, most preferably with different ecological statuses, corre‐
sponding to the studied host plant species. Moreover, they need to be isolated and identi‐
fied. Traditional methods of fungal identification based on mycelial morphology may be
complemented by using molecular techniques based on DNA sequences that allow rapid se‐
lection and identification of these organisms.
• Adaptation of fungi selected for dual culture to grow on an “enriched” medium, dedicat‐
ed to the proliferation of plant callus.
Mycelial fragments of 0.5 x 0.5 cm are transferred from malt extract agar (MEA) onto a me‐
dium on which the callus has already been cultured, i.e. the medium with high concentra‐
tion of macro- and micronutrients and other components (such as casein hydrolyzate, mesoinositol, growth regulators). Fungal identification based on their phenotypic features should
be repeated after about 1- 3 weeks.
• Establishment of dual cultures (fungus – plant callus).
Dual cultures are established in sterile Petri dishes with solidified callus-proliferation medi‐
um. Fungal inoculum of 0.5 x 0.5 cm should be placed in the center of the sterile Petri dish
while the host-plant callus with a diameter of 1.0 - 1.5 cm and weighing 500 mg should be
put 5.0 mm from the edge of the dish [19]. Very slow-growing fungi, e.g. Lophodermium sedi‐
tiosum should be placed closer to the callus. Replicates of cultures (their number depends on
the frequency of embryogenesis and proliferative capacity of callus genotypes) are stored in
the dark in incubators or phytotrons at 25ºC +/- 1ºC and humidity of 40 – 50%. Moreover,
anomalies in callus cells exposed to stress should be microscopically analyzed and immune
proteins should be identified. In order to identify the molecular basis for fungal pathogenici‐
ty on embryonic level in dual in vitro cultures, genetic analyses using molecular markers are
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applied. Previously acquired knowledge supported by practice in dual in vitro cultures al‐
lowed the Author of this paper to draw attention to the aspects of the possible research di‐
rections. The analyses may therefore be directed towards: understanding the type of
interactions between the tested organisms and assessment of the pathogen behavior under
the influence of host plant callus and the callus behavior under the influence of the patho‐
gen, as well as towards the selection of pathogen-resistant plants. Therefore, dual culture ex‐
periments may be conducted on one - selected callus genotype or on multiple genotypes,
depending on whether we want to select genotypes resistant to the pathogen, or rather to
thoroughly investigate the genotype of the pathogen.
• Conducting measurements together with macro- and microscopic observations summar‐
ized with statistical analysis.
Friedmann’s test results:
Species of fungus:

Average ranks:

F

p

G4

G5

G6

Control

H. abietinum

11.846

0.0079*

2.95

1.77

3.14

2.14

H. parviporum

22.773

0.0001*

3.14

2.14

3.41

1.32

H. annosum

17.487

0.0006*

2.27

3.09

3.23

1.41

Table 1. Results of Friedman’s ANOVA for dual cultures of Heterobasidion fungi with the callus of Abies alba. *
differences statistically significant at α = 0,05

Species of

Direction of the

fungus:

mycelium range

Heterobasidion
abietinum

Heterobasidion
parviporum

Heterobasidion
annosum

Mean

Compared directions of
mycelium range
towards callus -

Difference

control

20.28

towards callus

20.76

towards callus - control

0.480

oppositely to callus

21.19

oppositely - control

0.914

control

19.52

oppositely

towards callus oppositely

p*

- 0.434

0.070

towards callus

24.01

towards callus - control

4.490

+

oppositely to callus

23.94

oppositely - control

4.420

+

control

20.96

towards callus oppositely

0.029

towards callus

22.82

towards callus - control

1.862

+

oppositely to callus

22.79

oppositely - control

1.939

+

Table 2. The statistically significant differences of the fungal growth of Heterobasidion species in dual cultures with
Abies alba callus (towards the callus and oppositely to it) when compared to the control mycelium (t – Student’s test
for dependent variables).*statistically significant differences (+) in the growth of the objects compared, with
confidence level 95%

Measurements of mycelial growth range are carried out in the directions towards and oppo‐
site to the callus. Macro- and microscopic observations of fungi and callus are carried out in
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terms of phenotypic changes in tissues with particular reference to anomalies in the callus
cells subjected to stress. Measurements and observations are performed every 24 hours (in
the case of fast-growing fungi) or every 48 hours (in the case of slow-growing fungi). Based
on the results on the growth of tissues, a Friedman’s repeated-measures analysis of variance
should be performed to verify whether there is a statistically significant difference in the
growth of the analyzed fungi towards the examined genotypes (lines) of callus (Tab. 1). To
determine inhibition or stimulation of fungal growth it is recommended to perform a t-Stu‐
dent test for dependent variables based on measurements of average length of the mycelial
radius (Tab. 2).
• Biochemical analyses:
- identification of PR-type immune proteins (pathogenesis-related proteins) in plant callus.
After establishing a dual culture, hyphae grows at different rates towards the living callus
tissue. Once the mycelium approaches the distance of about 1-2 mm to the callus or stops its
growth at some distance from the callus, the callus tissue should be sampled for the analysis
of proteins. The callus may be stored in a freezer at - 81°C, in sterile, 0.5 ml Eppendorf tubes.
The next step is the quantitative determination of fresh and dry weight of plants (callus),
protein extraction and their quantitative determination using e.g. [1] using bovine albumin
as a standard. This method may be modified according to the specific needs. Further bio‐
chemical analyses concern separation of proteins depending on their mass (length of poly‐
peptide chain) using vertical electrophoresis in the presence of SDS (SDS-PAGE
electrophoresis). The samples need to be properly prepared (buffer optimization, selection
of centrifugation time and voltage – usually 10-30 mA/1mm of gel thickness). For proper
electrophoretic separation of proteins according to their weight, the samples need to be re‐
duced in appropriate temperature and buffer before applying to gel. Mercaptoethanol or
DTT (dithiothreitol) need to be used for this purpose. Both compounds reduce the disulfide
bridges (S-S) between proteins, therefore denaturizing the secondary structure of proteins.
This procedure is intended to exclude that the heavier but more “packaged” protein mi‐
grates faster in the gel than the protein with lower weight but less “packaged”. To obtain
good electrophoretic separation, the sample volume must not exceed 10% of the path vol‐
ume and the amount of proteins applied to the wells of the gel must fit within the range of
10-50 μg. Furthermore, the excessive amount of salt in the sample needs to be reduced, as its
ionized form may cause smudging and heterogeneity of bands. Staining of bands on the gel
requires selection of the most common staining methods such as using Coomassie Brillant
Blue. The bands are visualized using a gel documentation system with a digital camera. The
image of the obtained bands is used to determine the length of proteins with respect to the
marker and to establish which of them may qualify as immune proteins produced by the
callus tissue.
- introducing elicitors that induce plant defense responses.
Because of the need to maintain sterile conditions, defense reactions may be induced only
with sterile elicitors added to culture media. In such cases specific toxins produced by a
pathogen, or post-culture filtrates of the studied fungi are often applied. Mycelia are cul‐
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tured in liquid aerated media which are subsequently filtered. In this case, we examine the
response of tissues or individual cells to the entire spectrum of metabolites excreted by fungi
into media. These studies are often based on callus cultures as well as on cell suspensions or
protoplasts.
• Inoculation of in vitro acquired somatic seedlings with the studied fungus.
When carrying out further steps of the somatic embryogenesis process, after a year of re‐
search we obtain somatic plant seedlings on embryogenic callus, which then may be subject‐
ed to classical pathogenicity tests.

Figure 1. Dual cultures in vitro (callus - fungus): a - Pinus sylvestris - Lophodermium seditiosum, b - Abies alba - Hetero‐
basidion parviporum, c - Abies alba - Heterobasidion abietinum, d, e - Pinus sylvestris - Phacidium lacerum, f - Abies alba
- Geosmithia sp.; Bars a, b, e = 7.0 mm
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3. The possibilities of using dual cultures
Studies on dual cultures in the world started in the second half of the eighties. At that time
the in vitro studies were conducted on endophytic fungi and host plant callus. These experi‐
ments included both forest trees and herbaceous plants [8, 27]. Analyses of dual cultures in
subsequent years involved selected fungal species with pathogenic [3, 29, 13, 2], endophytic
[24] and ectomycorrhizal properties [28, 22, 21]. Saprotrophic fungi were most often subject‐
ed to studies for comparative purposes (negative control) [3]. In Poland those studies were
initiated in 2006 at the Department of Forest Pathology, University of Agriculture in Kraków
(Nawrot–Chorabik unpublished). Defense reactions of embryogenic tissues towards various
isolates of Heterobasidion fungi were studied on the selected genotypes of in vitro cultured
callus of silver fir. In subsequent years the analyses were supplemented with tests on fungi
with different ecological status [19, 20]. The research is continued and cover biochemical, cy‐
tological and other aspects.
3.1. Pathogenic organisms
Different organisms were taken into consideration as pathogens in dual cultures: bacteria,
fungi and fungi-like organisms (Chromista), and were tested with different plants: agricul‐
turally cultivated, fruit trees and parasitic flower plants [2]. Given the chronology of re‐
search in dual cultures it may be observed that they gradually become more and more
important, which is reflected in the application of more complicated analyses presented by
the authors of publications. One of the first research in this field was carried out by [4, 5, 6],
who conducted in vitro studies of spruce, beech, birch and poplar. They attempted to deter‐
mine the role of basidiomycete fungi (Basidiomycota) in the phenomenon of dying back of
some forest tree species. The observed stimulation of fungal growth by the callus was signif‐
icant for the necessity of studying dual in vitro cultures. This phenomenon was the earliest
reported in 1981 by [5], who decided to introduce dual cultures into pathogenicity research.
These authors showed that wood decay-causing fungi, capable of infecting living tree tis‐
sues were stimulated by the callus, while the development of fungi that are able to colonize
only dead tissues was inhibited. Based on these results it occurred that the degree of growth
stimulation is positively correlated with fungal virulence. [3], taking into account the
changes that occur in the forest environment under the influence of different pathogenic and
saprophytic fungal species in dual in vitro cultures with beech, considered the implications
of wider use of such methods for clarifying forest pathology issues. Experiments have
shown that the specificity of fungal species towards the particular plant tissue or organ may
be better demonstrated using dual systems than with any other methods. It was additionally
stated that the dual culture method may be appropriate in the case of forest fungi, because it
provides a model of cell division which is similar to the cambium of trees [3]. In the experi‐
ment of [13] or [29] the growth of pathogenic fungi was observed in the presence of callus
obtained from a few genotypes of Norway spruce (Picea abies) and Mediterranean cypress
(Cupressus sempervirens). [13] demonstrated a clear effect of the spruce callus on the growth
of the mycelium. This result was consistent with conclusions drawn by [4]. In the experi‐
ments of [13] two genotypes of plant callus differed significantly in their susceptibility to
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pathogenic fungi. The growth of Heterobasidion annosum cultured with the spruce callus of
one genotype was significantly inhibited after 60 hours, while after the same time of culture
with another genotype – it was not inhibited. Changes involving the reduction of matter of
living callus while increasing the share of dead callus were observed in tissue cultures of
sweet chestnut (Castanea sativa) affected by the virulent strain of Cryphonectria parasitica. In
this case, the research in dual cultures fully confirmed the in vivo observations [25]. Many
studies show that virulent pathogens are stimulated by the callus in dual cultures, while
saprotrophic fungi or fungi that re-colonize wood are inhibited by the callus [5, 3, 13, 33].
This phenomenon was previously noted by [5], who decided to introduce dual cultures into
the study of pathogenicity, including basidiomycete fungi causing wood decay of living
trees. Among fungi occurring on fruit trees, considerable attention was given to the applica‐
tion of dual cultures in the selection of apple trees resistant to apple scab caused by Venturia
inaequalis. However considering bacteria and fruit trees combination, the majority of studies
were focused on Agrobacterium tumefaciens - the cause of root galls and Erwinia amylovora the cause of fire blight. On the other hand, among the supergroup Chromista the genus Phy‐
tophthora, which includes the causal agents of phytophtoroses of different trees, shrubs and
ornamental plants [23], was mainly taken into consideration. An example of the earliest
practical use of tissue cultures in plant protection was the cultivation of virus-free poplar
hybrids [23]. The usefulness of dual cultures to evaluate the pathogenicity of fungi was also
confirmed with regard to parasitic flowering plants. Hemlock dwarf mistletoe (Arceuthobium
tsugense) occurring on Tsuga was colonized in vivo by two fungi: Cylindrocarpon cylindroides
and Colletotrichum gloeosporioides. The dual culture analysis with fungi and the mistletoe tis‐
sue showed high pathogenicity of both fungal species, which colonized the plant tissue in‐
ter- and intracellularly causing cell walls’ degradation [2].
3.2. Endophytic fungi
Some of the earliest papers on endophytic fungi in dual cultures were focused on cultures of
bigleaf maple (Acer macrophyllum) [27] and herbaceous plants: red deadnettle (Lamium pur‐
pureum) and wood sage (Teucrium scorodonia) [24]. The effects of interaction between the en‐
dophyte Cryptodiaporthe hystrix and the callus of its host – bigleaf maple were studied in
dual cultures as mutual interactions. All C. hystrix isolates inhibited the growth of callus (the
opposite situation was in the case of fungus, whose growth was always strongly stimulated
by the callus presence). The Authors suggest that C. hystrix and its host (Acer macrophyllum)
exist in a near-equilibrium state for a certain time, i.e. in natural conditions maple is able to
prevent the extensive growth of C. hystrix in its tissue. But eventually C. hystrix not only did
inhibit the growth of callus, but finally overgrew and killed it [27]. This may indicate that C.
hystrix represents the group of endophytes that may become pathogenic when the plant is
under stress conditions. The dual culture analyses confirm the results of the studies con‐
ducted in vivo, emphasizing that when the plant is under stress conditions (industrial im‐
missions, parasitic insects, adverse weather conditions) and when aging of the plant organs,
endophytes may become pathogenic [9, 10, 11]. Studies on dual in vitro cultures may con‐
tribute to obtaining more detailed results, that provide the basis for determining which spe‐
cies of endophytic fungi are able to cause the tree disease under stress [27]. Among
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herbaceous plants, the studies in dual cultures with endophytes were conducted on the host
plant and non-host plants (red deadnettle - Lamium purpureum and wood sage - Teucrium
scorodonia) [24]. Endophytic fungi: Coniothyrium palmarum, Geniculosporium sp. and Phomop‐
sis sp. under the influence of the herbaceous host plant callus were characterized by in‐
creased growth – as opposed to the behavior of the same fungi in dual cultures with the
callus of non-host plants [24].
3.3. Ectomycorrhizal fungi
The first research on ectomycorrhizal fungi in dual cultures was initiated in Germany [28] at
the Institute of Botany in Tübingen, where Norway spruce (Picea abies) callus and mycorrhi‐
zal fungi: Amanita muscaria, Lactarius deterrimus, Hebeloma crustuliniforme, Suillus variegatus
were studied. Pathogenic fungus, that does not stimulate mycorrhization, i.e. Heterobasidion
annosum was used as control. The results were unambiguous: only two of the studied my‐
corrhizal fungi (S. variegatus and L. deterrimus) caused distinct response of spruce cells,
which - wrapped with Hartig net - were characterized by better nutrient exchange, especial‐
ly in the interaction zone of dual cultures. Additionally, irregularities in cell structures of the
callus were observed, including the cell cytoplasm, which withdrew in favor of the fungal
hyphae. Similar studies were conducted at the Institute of Botany in Finland in cooperation
with the Forest Research Institute in Slovakia [22]. The research was conducted on three
genotypes of Scots pine (Pinus sylvestris) callus and ectomycorrhizal fungi: Laccaria bicolor, L.
proxima, Pisolithus tinctorius, Paxillus involutus and Suillus variegatus. Research in dual cul‐
tures was conducted on the effect of these fungi on initiation and proliferation of embryo‐
genic callus [22]. Depending on the fungal species, positive (better callus growth) or
negative (browning, necrosis of the callus) embryogenic tissue reaction was observed. Ob‐
servations of callus cells’ behavior under the influence of stress factor (fungi) showed that
the hyphae of Laccaria bicolor “penetrated” embryogenic cells of Scots pine and by entwining
them, it caused positive growth reaction [22]. A few years later [21] retook the research in
dual cultures of fungus Pisolithus tinctorius and Scots pine. This time it was demonstrated
that this fungus improves the in vitro germination of somatic embryos of pine. To accom‐
plish this task, somatic embryos of Scots pine, induced in vitro on embryogenic callus, were
subjected to mycorrhization. The Authors, through multi-faceted research methodology, us‐
ing a variety of media containing different sugar concentrations and other necessary breed‐
ing procedures, obtained the desired effect in dual cultures. Using this method they
improved one of the most difficult stages of somatic embryogenesis of Scots pine, i.e. germi‐
nation of somatic embryos into seedlings.

4. Protein as a symptom of fungal virulence
Proteins produced by the host plant cells are important determining factors as to whether
plant tissues defend themselves against the pathogen attack, or do not exhibit defensive
characteristics. Dual cultures (fungus – plant callus tissues) may be helpful in protein analy‐
sis, because in vitro conditions are favorable both to research of proteins as well as other
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compounds produced by plants under stress conditions (phenols, reactive oxygen forms,
carbohydrates). Moreover, in vitro studies on embryonic level may be applied to in vivo con‐
ditions, in which obtaining relevant results seems difficult to achieve, especially since the re‐
sistance protein synthesis is observed not only during the pathogen attack, but also during
the exposure of plant cells to abiotic stress factors such as drought or frost. Protein analyses
were conducted in dual cultures by [27]. It was found that water-soluble metabolites, pro‐
duced by the bigleaf maple callus could have been responsible for stimulating the mycelial
growth. Similar results were presented by [24], who argued that the metabolites, excreted by
three endophytes studied by them in dual cultures both with the callus of herbaceous host
plant and with the callus of non-host plant, caused necroses and death of callus cells. These
metabolites were nonspecific, as they inhibited the growth of not only one of the hosts Lamium purpureum, but also Lepidium sativum and Cantharis fusca. The current molecular
analyses on DNA and protein cooperation are among the most promising research areas.
The processes such as transcription, replication and reparation of DNA engage proteins that
function as transcription factors (activators, repressors). Because many transcription factors
are responsible for regulation of specific groups of genes (e.g. related to cell cycle), the activ‐
ity of these proteins has a significant impact on the basic cellular processes, such as callus
proliferation, differentiation, organogenesis and others, e.g. response to stress factors (in‐
cluding plant pathogens). The fact that the plants show a high degree of specificity in the
detection of the pathogen leads to varying degrees of resistance, which involves the entire
mechanism of biochemical reactions. Genes trigger the corresponding proteins that are de‐
signed to eliminate the pathogen. In recent years studies have been aimed at the so-called
pathogenesis-related proteins, which have been described for various plant-pathogen inter‐
actions. In such situation we speak of PRs (pathogenesis-related proteins), whose functions
made them the potential antimicrobial proteins. PRs were determined and identified bio‐
chemically for 14 different plant families. The following enzymatic proteins were identified
biochemically: α-1,3 – glucanase (PR-2); chitinase (PR-3, PR-4, PR-8, PR-11); proteinase
(PR-6); peroxidase (PR-9) [32]. These proteins, encoded by the corresponding genes, occur‐
red in tissues infected by pathogens [34].

5. Phenolic compounds involved in defense reactions
Phenolic compounds are the most numerous group of secondary metabolites with many dif‐
ferent properties. Especially phytoalexins (Greek: phyton - plant, alexein - defend) are of great
importance in the immune responses of plants to abiotic and biotic stresses. [30] proposed to
refer to the products of higher plants, that are absent or present in trace amounts in healthy
tissues, but accumulated in large quantities after the pathogen attack, as phytoalexins. Cur‐
rently, phytoalexins are defined as low-molecular derivatives of phenols, accumulated in
plants under the influence of various stress factors, such as heavy metals, UV light, drought,
frost, pathogens, elicitors and fungicides. They are nonspecific chemical compounds, prod‐
ucts of the host plant cells and are intended to stop the pathogen growth after the host plant
comes into contact with the parasite, and cause defense reactions only in living cells. More‐
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over, plants resistant and susceptible to the pathogen should differ in the phytoalexin for‐
mation rate and defense reaction should be limited only to the affected tissues and their
nearest neighborhood. In order to produce alexins, a signal is needed from reactive forms of
oxygen. Elicitors, triggering phytoalexins’ production, include: arachidonic acid produced
by Phytophthora infestans, β-1,3- β-1,6-hepta-glucoside produced by Phytophthora megasperma
and protein cryptogein produced by Phytophthora cryptogea [26]. The other phenolic com‐
pounds exhibiting direct antibiotic effect include chlorogenic acid, which is a strong fungi‐
cide, bacteriocide and virucide. Plant tissues which contain higher concentrations of this
acid are more resistant to pathogens.

6. Callus tissue necrosis as the effect of hypersensitive response to stress
factors
The hypersensitive response is the effect of stress applied to e.g. callus tissue growing in du‐
al culture with the pathogenic fungus. It involves killing the plant’s own cells infected by
the pathogen, therefore the infection is limited and isolated from the healthy tissue, which
prevents the replication and spreading the infected cells in the plant organism. The dying
back of cells, which results from the hypersensitivity, is accompanied by necrosis of tissues
infected by the pathogen (Fig. 1). However, this type of necrotizing involves different pro‐
gram than the necrosis caused by the change in pH, temperature or hypoxia. Both processes
- necrosis (localized cell death within a living organism) and apoptosis (programmed cell
death) differ in morphological, biochemical and physiological changes. Necrosis consists in
a loss of membrane integrity, cell swelling and disintegration of organelles. This leads to in‐
flammation (rapid increase of heat emission by the advantage of catabolic processes over
anabolic ones). Necrosis is not associated with the plant development, it does not involve
proteases or nucleases, does not require signal transduction or calcium ions and protein
phosphorylation. During apoptosis, due to the adverse impact of external conditions, the
cell disintegrates into small apoptotic bodies, that retain cell organelles. These bodies are ab‐
sorbed by other neighboring cells, which is why apoptosis is not accompanied by inflamma‐
tion [26]. The plant tissue infected by the pathogen triggers a series of active defense-related
processes. This is why the mechanism and effect of pathogenesis is complicated. During the
defense reaction plant cells may simultaneously launch several signal transduction path‐
ways, which finally results in visible necroses, reflected in the subsequent physiological con‐
dition of plants subjected to stress factors.

7. Conclusions
Many experiments were carried out using pathogenic, endophytic, ectomycorrhizal or sap‐
rotrophic fungi and the embryonic stadium of in vitro cultured host plant tissue. Results of
these experiments indicated diverse applicability of dual cultures in forest practice. Accord‐
ing to the Author of this paper, developing reliable in vitro assays may provide a basis for
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the evaluation of the pathogenicity and the degree of threat posed by fungi. This may also
enable the selection on embryonic level the plant genotype that is more resistant to the
pathogen, which is particularly important for fungi known for their ability of epiphytic
occurrence. Moreover, the studies of dual in vitro cultures may provide more detailed re‐
sults which would be the basis for determining which species of endophytic fungi are able
to cause the disease in trees under stress conditions. Interactions observed in dual cul‐
tures may be used to assess the biotrophic properties of various fungal species or lower taxa
(strains, varieties, physiological races). These studies may provide the basis for more prop‐
er determining of etiology of many diseases and to determine the correlation between the
type of protein produced by the callus and the degree of fungal virulence. Conditions, which
plant tissues (callus) are subject to during conducting dual cultures induce anatomical changes
in callus cells, which may be used in identifying the mechanism of stress factor effect on
cyto-physiological changes in plant cells. In the case of positive results of analyses, the dual
cultures may give rise to new techniques used in pathogenicity studies in forest pathology.
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